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Abstract— In this paper, we consider problem of positioning of
mobile phones, different approaches were produced for these
targets using GPS, WiFi, GSM, UMTS and other sensors, which
exist in today smart phone sensors. Location awareness in gen-
eral is emerging a tremendous interest in different fields and
scopes. Position is the key element of context awareness. How-
ever GPS produces an accurate position, it requires open sky and
does not work indoors. We produce an innovative robust tech-
nique for positioning which could be applied on terminal-based
or network-based architecture. It depends only on Received Sig-
nal Strength (RSS) and location of Base Transceiver Station
(BTS). This work has been completely tested and analyzed in
Egypt' roads using realistic data and commercial android smart
phone. In general, all performance evaluation results were good.
Mean positioning error was about 120 m in urban and 394 m in
rural.

Keywords— Cell-ID, BTS, GDOP, GPS, GSM, ITS, MCC, MNC,
RSS, UMTS, WiFi.

I. INTRODUCTION

Cellular phones and smart phones are being used by more
people in modern life. Several applications are used; context-
aware applications gain more interest. Positioning plays the
main role in context-aware applications. Positioning is a proc-
ess to obtain the spatial position of a target [1]. There are vari-

ous methods to do so. In general, positioning is determined by:

- A positioning method for position calculation.
- A descriptive or spatial reference system.
- An infrastructure and protocols for positioning process.

It is obvious that GPS [2] provides most accurate positions,
it is commonly used with navigation applications and some of
emergency applications. Also some of traffic analysis applica-
tions use GPS-enables smart phones as probes for traffic data
collection like [3][4]. Since GPS requires line of sight to the
satellite and not all phones equipped with GPS, more attention
has been gone to alternatives like WiFi. It is commonly used

! This work is part of EGTNS [35][41], Egypt Traffic and Navigation System.

in urban and sub-urban areas, hot spots are everywhere. WiFi
has been used for localization in many researches [5][6][7]
and also commercial applications [7][17][43].

However, WiFi-based localization techniques addressed
several challenges, not all cellular phones are equipped with
WiFi too. Also, WiFi raised privacy concerns especially at
“War-Driving” [16]. Therefore, GSM-based localization tech-
niques appeared again. According to [9], GSM represents
about 85% of today’s cell phones. GSM consumes minimal
energy compared to WiFi and GPS as in [42]. Several meth-
odologies and approaches produce efficient GSM based local-
ization techniques. For example, using Cell-ID [10][11].
Time Advance (TA) is also used in combination with Cell-ID,
as in [13]. Other techniques are used also like Angle Of Arri-
val (AOA), Enhanced-Observed Time of Difference (E-OTD)
and Time Difference of Arrival (TDoA) as in [1][14]. Almost
all of these techniques have been produced for academic pur-
poses.

After the revolution of smart phones and mobile applica-
tions development some approaches have been implemented
specially those who use accessible parameters from operating
systems and do not require modification on software or hard-
ware layer. Most of these approaches use parameters like RSS
and TA, some systems use the famous Centroid algorithm [19],
which was first used in wireless sensors networks. Then it has
been used in cellular environment with different im-
plementations [20][21]. It is clearly known that some ap-
proaches require transform RSS into distance. In order to
achieve these transformations, radio propagation models are
used. In a default scenario, any GSM phone sends Network
Measurements Report (NMR) every 480 ms in active mode.
These reports contain information about signal strength of
serving base station and cells marked as neighbours for serv-
ing base station. Thus, core network can simply calculate po-
sition of any active subscriber. In idle mode, some paging
techniques could be used to receive the same NMR as in [1].

This research provides detailed implementation for
E-Lateration technique with adaptive propagation model. The
rest of paper is organized as follows. Section II gives an in-
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sight to propagation models and other RSS-based localization
techniques in cellular environment. Section III and IV present
detailed methodologies proposed and evaluated by authors,
followed by trial results in Section V. Finally, Section VI pro-
vides a conclusion and suggests possible directions for future
research.

II. BACKGROUND

A. Positioning Methods

According to [1], positioning methods can be classified into
proximity sensing, pattern matching and hybrid methods.
Proximity sensing includes lateration, AOA and dead reckon-
ing. Pattern matching includes fingerprinting-based tech-
niques [6][7] and Database Correlation Methods (DCM).
Among the existing methods of positioning we are interested
in the circular lateration method. If the positioning is based on
range, the fixed position can be calculated by means of a cir-
cular lateration, determining the intersection of the circles
formed by the radii of the target in relation to nearby base sta-
tions. The ranges of a target in relation to » base station are
obtained by measurements. As a prerequisite, the method of
circular triangulation requires that the ranges r; between the
target and a number of base-stations i=/,..., n are known in
advance. It is necessary to enable the application of the
method. Knowing the range between a terminal and a single
base-station limits the target position to a circle around the
base station, with the range given by the circle radius, as
shown in Figure 1 (a). If we add the range of another base sta-
tion, then the target position can be reduced to the two points
in which both circles intersect Figure 1 (b). The range of a
third base station leads, finally, to an unambiguous target po-
sition Figure 1 (c).
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Figure 1. Circular Triangulation.

The calculation of target position is based on the
Pythagorean theorem [25]. If (X;, Y;) are the well-known co-
ordinates of the i-th base station in the Cartesian coordinate
system, and if (x, y) are the unknown coordinates of the target
to be calculated, then range r; between the i-th base station
and the target can be expressed by Equation 1.

7”1'2 = (X; _x)z + (Y _Y)Z (D

Then, the geographical position of the target could be esti-
mated. If the coordinates of the base-stations are given by lati-
tude and longitude, or if the target position must be expressed
in latitude and longitude, the ellipsoidal coordinates can be
transferred to Cartesian coordinates and vice versa, in order to
apply the equation. Other positioning techniques like Google’s
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MyLocation [30], it does not use RSS explicitly, but rather es-
timate the cell phone location as the location of the cell tower
the phone is currently associated with. Jie Yang in [33] proved
that using estimating position based on cell tower with Max
RSS has better accuracy than normal Cell-ID technique. Posi-
tioning in wireless sensor networks is hot topic. Several coarse
grained localization techniques are proposed like the famous
centroid [19]. The algorithm which can be performed on each
unknown uses the location information of all beacons in its
own range to calculate its position as the centroid as shown in
Equation 2. In this formula, P(x, y) indicates the position of
unknown node given by its two dimensional coordinates.

The known position of antenna j is given by Bj (x, ). The
number of beacons which are within the communication range
of the unknown node is indicated by m.

1 m
PGoy) = — > B(x,y) @)
j=1

J. Blumenthal in [31] proposed the featured Weighted Cen-
troid Localization (WCL), which quantify each beacons posi-
tion with a quantification function that uses the distance from
an unknown node towards each beacon in range. The quanti-
fier is described as shown in Equations 3, 4.

Z?:1 (Wij- B (x, 3’))

Pi(x,y) = o 3)
j=1Wij
1
Wy = —<g (4)
(dyj)

Where w;; describes the quantification for beacon j used by
node i. The distance between beacon j and node i is given by
d; and g symbols is a controllable parameter, which ensures
that remote beacons still impact the position determination.
Choosing best value of g in cellular environment is com-
pletely different from wireless sensor networks. It always
ranges between 0.5 and 3. Some of recent researchers [32]
proposed a correction function to WCL, however it is difficult
to generalize its case in practical especially in dense urban ar-
eas where different sources of attenuation affect the signal.

B. Propagation Models

To transform RSS into valid range it is important to utilize
the path loss or attenuation a pilot signal experiences when
travelling from the sender to the receiver. Signals on different
media behave in different ways, depending on the physical
properties of the respective medium. They are always subject
to attenuation and different types of noise, which basically ap-
pear on all media but with different degrees. The attenuation
is a function not only of the range between sender and re-
ceiver, but also of the wavelength and the path loss gradient.
The path loss is determined by more or less complex mathe-
matical models that have been tailored according to the spe-
cial circumstances of the environment under consideration, for
example, indoor versus outdoor and degree of obstacles. The
simplest of these models is obviously the Friis free space
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equation [26], which allows for considering environmental pa-
rameters only in the form of the path loss gradient.
A number of dedicated and more accurate models have been
proposed for positioning purposes, for example, the famous
COST231 [27] and Hata model [23] which considers environ-
ment either urban, suburban or rural and many other parame-
ters like antenna height frequency, distance, base station
height, mobile height, street width, angle between the street
and the propagation direction, buildings average height and
separation.

In general, propagation models could be categorized into
three main groups empirical models, semi-deterministic mod-
els and deterministic models which is site specific and require
enormous number of geometry information about the cite,
very important computational effort and accurate.

III. ENHANCED LATERATION APPROACH

In this section, we describe E-Lateration system for GSM
phones localization. We start by introduction about KML lan-
guage followed by Haversine formulas and finally circle inter-
sections and position calculation.

A. Keyhole Markup Language (KML)

Google submitted KML to the OGC to be evolved within
the OGC consensus process. KML Version 3.0 will be an
adopted OpenGIS implementation specification that will have
been harmonized with relevant OpenGIS specifications that
comprise the OGC standards baseline. We used KML [28] to

visualize E-Lateration and clearly illustrate intersection points.

Also, compare our approach results with other positioning
techniques. Some of experiment results will be illustrated in
Section V.

B. Great-Circle Functions

It is important to distinguish between Euclidean distance
and great circle distance or Haversine distance. The first is
well known and applied for planar system, however almost all
of positioning system applies it to evaluate their results.
Ecludian distance cannot be used due to the curvature of the
Earth’s surface. Haversine distance gives the great-circle dis-
tance between two points on a sphere from their longitudes
and latitudes. We used implementation of great-circle func-
tions by Ed Williams in [29]. For example, calculation of mid-
point lat,, lon,, for two points (lat|, long,) and (lat,, long,) is
expressed in Equation 5.

Bx = cos(lat,).cos(long, — long,)
By = cos(lat,).sin(long, — long,)
lat,, =
atan Z(Sin(latl) + sin(lat,) ,\/((cos(latl) + Bx)? + Byz))

lon,, = lon; + atan 2(By,cos(lat;) + Bx) 5)

To find a destination point lat,, long, given an initial point
lat;, lon,, degree 0 and distance d. Formula in Equation 6 was
used.
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latd =
asin (sin(latl) * COS (%) + cos(laty) * sin (%) * cos(@))

. . sin d
lon, = lon, — asin (sm(g) * —cos?(l(;t)l))
(6)

Where R is Earth radius, d in Km and 6 in radian. There is a
special case if cos (lat;) = 0, then lon,; = lon;. Other functions
like calculating bearing between two points and distance be-
tween two points could be found in [29].

C. Circles Intersections and Position Calculation

However calculating intersection points appears easily
through one of famous circle intersection algorithms like [34],
Practical implementation of E-Lateration technique is quite
different. First, we define formula for normal circle intersec-
tion, as shown in Figure 2. We did not transform (x, y) from
cartesian to geodetic coordinates (/at, long) since transforma-
tion error is very small and could be neglected. This assump-
tion is valid in small distances only.

R

Figure 2: Intersection of Two Circles.

Calculate the distance d between the centres of the circles
P] and P().

d:|P1-P()| ford < rot+r; andP,, =Xn, Vn

Calculate a, b as in Equations 7, 8.

2 _ 24 g2
a=(7'0 ;ld ) 7

b = \1? —a? (8)

Then, P; (x3, y3) could be calculated as shown in Equation 9.

h(y1 = ¥0) — h(x; — xp)
zi%, }’3=}’2+%

After practical tests, we found that sometimes d > r, + r;
(Circles are far away) at this case, midpoint of two antennas is
calculated using formulas in Equation 5. Also, sometimes
d < |rp - r;| which means that one circle contains the other.
Figure 3 shows practical implementation with real dimensions.
At this case we calculated midpoint of nearest-contours Py, .
In order to calculate P,,. , we calculated bearing 8 between the
two antennas Py, P; starting with circle with greater radius
(P, at our case). From equation 6, we can get destination point

©)

X3 = X
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P,y with knowing each of P, as starting point,  as bearing and
d as radius of circle (RSS transformed into range using propa-
gation model). By the same method P,.; could be calculated.
Finally, we can easily calculate P, as geometric center be-
tween P,y and P,

o
K]

Figure 3. Special Case of Circle Intersections.

For more than two (Base Transceiver Station) BTS, we calcu-
late the geometric center of all intersection points using Equa-
tion 5, as shown in Figure 4.
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Figure 4. Circle Intersection, Real Case Urban (3 BTS),
dotted green is ground truth, solid blue is calculated position.

IV. ADAPTIVE PROPAGATION MODEL

As we mentioned before, lateration technique does not pro-
vide a method to transform RSS into range. As part of EgTNS
framework, it was important to provide practical independent
technique able to transform RSS into accurate distance in me-
ters using minimum number of parameters. Especially apply-
ing Hata [23] model requires information about antenna
height, mobile height and obstacles height which are not avail-
able in practical case. That’s why we build our simplified
propagation model based on direct empirical approach.

The main purpose is to find a direct formula to transform
RSS into distance in meters. In order to achieve that, we col-
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lected more than 6500 sample in different areas with different
speeds to decrease fast fading and doppler effect. Then, we
calculated best curve fit using Least Mean Square (LMS) [44]
for both linear and polynomial. We used Root Mean Squared
Error (RMSE) [37] to evaluate both curve fitting degrees as
show in Equation 7.

=1 —¥)?
n

RMSE = (7

Where y is predicted range and y is actual range. We have
found that RMSE for the polynomial was 113, while error for
linear fitting was 141. Figure 5 shows relation between RSS
and distance in both urban and rural area.
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Figure 5. Relation between RSS and Distance, Empirical Adaptive Propaga-
tion Model for Urban and Rural Areas.

V. PERFORMANCE EVALUATION

First of all, it is important to mention that BTS positions
were derived from Google DB and OpenCellID [36]. Position-
ing error was measured using Haversine formula [29].

A. Experiment & Data Collection

We collected data for two areas: Urban 524 samples (Inside
Eastern Cairo), and Rural (Cairo El-Suez Road) 124 samples.
Data was collected using Motorola Milestone [38] smartphone
running on android 2.1 with 700 MHz processor, equipped
with GPS. We used free app called “Antennas ’[39] from an-
droid market to collect data (Cell-ID, MNC, MCC, GPS, time-
stamp, and RSS for both serving cell and neighbour cells too).

B. Comparison with Other Techniques

E-Lateration technique and adaptive propagation model
have been implemented on normal performance server with
Intel Core 2 Duo 2.5 GHz, 6 Mb cache with 4 Gb RAM and
64-bit OS. We have implemented also each of:

1) Cell-ID [1]: Which assumes location of mobile is loca-
tion of serving cell.

2) Max RSS [33]: Supposing serving cell has the max RSS
is not always right assumption, our practical experiments
proved that Max RSS technique has better accuracy than Cell-
ID at least in urban areas.

3) Centroid localization [33]: Using Equation 2.

4) Weighted Centroid Localization Technique WCL [32]:
Using Equations 3 and 4. We performed our own analysis to
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choose best g for both urban and rural which adapts with our
test environments. As shown in Figure 6, best value for g was
3 inurban and 1 in rural.
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Figure 6. Relation between g Parameter and Mean Positioning Error

We considered d is the distance in meters which derived
from RSS using our adaptive propagation Model. WCL mean
positioning error was 152 m for urban areas and 428 m for ru-
ral. All results of tested localization techniques are shown in
Table I and Cumulative Distribution Function (CDF) of dis-
tance error illustrated in Figure 7. E-Lateration’s accuracy is
better than other techniques by at least 27% in urban and 9%
in rural. Average running time depends on several factors like
number of detected cells and rounding level. At our ex-
periment average number of valid detected cells was 3 and
rounding level was 6. Average running time appears slightly
long, 6.5 msec per sample.
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Figure 7. CDF’s of Positioning error for Different Algorithms.

C. Error Sources

To understand positioning accuracy, it is important to fig-
ure out error sources. First of these errors is GPS (Ground
Truth), GPS accuracy should be evaluated using GDOP [2]
value. We used free live-crowdsourced website Cellumap [40]
to illustrate GPS accuracy of our smart phone. Although, GPS
accuracy should be within 5 ~ 20 m, it reached 50 m in dense
urban areas. Also, bad geometrical of antennas [1], i.e. when
all antennas converging at one direction (east, west, etc). As
we mentioned before BTS coordinates were derived from
online DB which have margin of error. Also, rounding and
calculation errors reduce the accuracy especially at implemen-
tation of Haversine functions and circle intersection algo-
rithms.

VI. CONCLUSIONS

We proposed E-Lateration, a ranging positioning approach

- for GSM phones. We proposed also adaptive propagation
g 08 model which requires minimum number of parameters. All
5 details, tools and implementation notes have been proposed.
Z 06 - Complete study case was produced using Android smart
= phones, OGC tools and KML. Tests and experiments have
Q .
S 04 - been done in Egypt roads on both rural and urban areas. Re-
= —&— E-Lateration . e .
5 WCL sults have been compared to most recent ranging positioning
é 02 Centroid techniques, and proved it has better accuracy in urban and
/ —e—Max RSS slight improvement in rural.
o L¥ —¥— Cell ID
0 100 200 300 400 500 600 700
Localization Error [m]
(a) Urban.
TABLE L
COMPARISON BETWEEN DIFFERENT POSITIONING TECHNIQUES.
NUMBERS BETWEEN PARENTHESES REPRESENT PERCENTAGE DEGRADATION COMPARED TO E-LATERAION
Algorith Cell-ID Max RSS Centroid WCL E-Lateration
gorrthms Urban Rural Urban Rural Urban Rural Urban Rural Urban Rural

Mean Error [m] 220 (83%) | 637 (61%) | 151 (74%) | 634 (61%) | 174 (45%) | 435 (10%) | 152 (27%) | 428 (9%) 120 394

Median Error [m] 156 446 123 331 171 404 126 440 121 441

67th Percentile [m] 211 627 160 454 203 514 152 549 145 511

95th Percentile [m] 526 1617 343 914 367 799 296 902 193 660

Run Time [msec] 1 1 <3 <3 6.5 |
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Currently, we are working on optimize the calculations and ~ [20] S. Schuhmann, K. Herrmann, K. Rothermel, J. Blumenthal, and D.
decrease running time, testing on larger set, combining multi- Timmermann, "Improved Weighted Centroid Localization in Smart
. . Ubiquitous Environments," Ubiquitous Intelligence and Computing,

ple NMR in spatiotemporal manner, study the effect of dy- pp. 20-34, 2008.

namic g in WCL. As a part of EgTNS, E-Lateraion will be [21] R. Behnke and D. Timmermann, "AWCL: Adaptive Weighted Cen-

combined with traffic estimation approaches and map match- troid Localization as an efficient improvement of coarse grained locali-

. : . zation," 2008, pp. 243-250.

%ng _algorlthms' ,AISO’ apply E-Later.atlon on Cell tower loc.al_ [22] F. Belloni, "Physical Layer Methods in Wireless Communication Sys-
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[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Abstract— In this paper, we consider problem of positioning of mobile phones, different approaches were produced for these targets using GPS, WiFi, GSM, UMTS and other sensors, which exist in today smart phone sensors. Location awareness in general is emerging a tremendous interest in different fields and scopes. Position is the key element of context awareness. However GPS produces an accurate position, it requires open sky and does not work indoors. We produce an innovative robust technique for positioning which could be applied on terminal-based or network-based architecture. It depends only on Received Signal Strength (RSS) and location of Base Transceiver Station (BTS). This work has been completely tested and analyzed in Egypt[footnoteRef:2] roads using realistic data and commercial android smart phone. In general, all performance evaluation results were good. Mean positioning error was about 120 m in urban and 394 m in rural.  [2:  This work is part of EgTNS ‎[35]‎[41], Egypt Traffic and Navigation System.
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Introduction

Cellular phones and smart phones are being used by more people in modern life. Several applications are used; context-aware applications gain more interest. Positioning plays the main role in context-aware applications. Positioning is a process to obtain the spatial position of a target ‎[1]. There are various methods to do so. In general, positioning is determined by:

-  A positioning method for position calculation.

-  A descriptive or spatial reference system.

-  An infrastructure and protocols for positioning process.



[bookmark: OLE_LINK5][bookmark: OLE_LINK6]It is obvious that GPS ‎[2] provides most accurate positions, it is commonly used with navigation applications and some of emergency applications. Also some of traffic analysis applications use GPS-enables smart phones as probes for traffic data collection like ‎[3]‎[4]. Since GPS requires line of sight to the satellite and not all phones equipped with GPS, more attention has been gone to alternatives like WiFi. It is commonly used in urban and sub-urban areas, hot spots are everywhere. WiFi has been used for localization in many researches ‎[5]‎[6]‎[7] and also commercial applications ‎[7]‎[17]‎[43]. 

However, WiFi-based localization techniques addressed several challenges, not all cellular phones are equipped with WiFi too. Also, WiFi raised privacy concerns especially at “War-Driving” ‎[16]. Therefore, GSM-based localization techniques appeared again. According to ‎[9], GSM represents about 85% of today’s cell phones. GSM consumes minimal energy compared to WiFi and GPS as in ‎[42]. Several methodologies and approaches produce efficient GSM based localization techniques. For example, using Cell-ID ‎[10]‎[11].  Time Advance (TA) is also used in combination with Cell-ID, as in ‎[13]. Other techniques are used also like Angle Of Arrival (AOA), Enhanced-Observed Time of Difference (E-OTD) and Time Difference of Arrival (TDoA) as in ‎[1]‎[14]. Almost all of these techniques have been produced for academic purposes.

[bookmark: OLE_LINK32][bookmark: OLE_LINK33] After the revolution of smart phones and mobile applications development some approaches have been implemented specially those who use accessible parameters from operating systems and do not require modification on software or hardware layer. Most of these approaches use parameters like RSS and TA, some systems use the famous Centroid algorithm ‎[19], which was first used in wireless sensors networks. Then it has been used in cellular environment with different implementations ‎[20]‎[21]. It is clearly known that some approaches require transform RSS into distance. In order to achieve these transformations, radio propagation models are used. In a default scenario, any GSM phone sends Network Measurements Report (NMR) every 480 ms in active mode. These reports contain information about signal strength of serving base station and cells marked as neighbours for serving base station. Thus, core network can simply calculate position of any active subscriber. In idle mode, some paging techniques could be used to receive the same NMR as in ‎[1].

 This research provides detailed implementation for 
E-Lateration technique with adaptive propagation model. The rest of paper is organized as follows. Section ‎II gives an insight to propagation models and other RSS-based localization techniques in cellular environment. Section ‎III and ‎IV present detailed methodologies proposed and evaluated by authors, followed by trial results in Section ‎V. Finally, Section ‎VI provides a conclusion and suggests possible directions for future research.

[bookmark: _Ref305359636]Background

[bookmark: OLE_LINK38][bookmark: OLE_LINK39]Positioning Methods

According to ‎[1], positioning methods can be classified into proximity sensing, pattern matching and hybrid methods. Proximity sensing includes lateration, AOA and dead reckoning. Pattern matching includes fingerprinting-based techniques ‎[6]‎[7] and Database Correlation Methods (DCM). Among the existing methods of positioning we are interested in the circular lateration method. If the positioning is based on range, the fixed position can be calculated by means of a circular lateration, determining the intersection of the circles formed by the radii of the target in relation to nearby base stations. The ranges of a target in relation to n base station are obtained by measurements. As a prerequisite, the method of circular triangulation requires that the ranges ri between the target and a number of base-stations i=1,..., n are known in advance. It is necessary to enable the application of the method. Knowing the range between a terminal and a single base-station limits the target position to a circle around the base station, with the range given by the circle radius, as shown in Figure 1 (a). If we add the range of another base station, then the target position can be reduced to the two points in which both circles intersect Figure 1 (b). The range of a third base station leads, finally, to an unambiguous target position Figure 1 (c). 

	[image: ]

[bookmark: _Ref304961507]Figure 1. Circular Triangulation.



[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The calculation of target position is based on the 
Pythagorean theorem ‎[25]. If (Xi , Yi) are the well-known coordinates of the i-th base station in the Cartesian coordinate system, and if (x , y) are the unknown coordinates of the target to be calculated, then range ri between the i-th base station and the target can be expressed by Equation 1.

[bookmark: _Ref305084657] 		(1) 

[bookmark: OLE_LINK19][bookmark: OLE_LINK24][bookmark: OLE_LINK25]Then, the geographical position of the target could be estimated. If the coordinates of the base-stations are given by latitude and longitude, or if the target position must be expressed in latitude and longitude, the ellipsoidal coordinates can be transferred to Cartesian coordinates and vice versa, in order to apply the equation. Other positioning techniques like Google’s MyLocation ‎[30], it does not use RSS explicitly, but rather estimate the cell phone location as the location of the cell tower the phone is currently associated with. Jie Yang in ‎[33] proved that using estimating position based on cell tower with Max RSS has better accuracy than normal Cell-ID technique. Positioning in wireless sensor networks is hot topic. Several coarse grained localization techniques are proposed like the famous centroid ‎[19]. The algorithm which can be performed on each unknown uses the location information of all beacons in its own range to calculate its position as the centroid as shown in Equation 2. In this formula, P(x, y) indicates the position of unknown node given by its two dimensional coordinates. 

The known position of antenna j is given by Bj (x, y). The number of beacons which are within the communication range of the unknown node is indicated by m.





J. Blumenthal in ‎[31] proposed the featured Weighted Centroid Localization (WCL), which quantify each beacons position with a quantification function that uses the distance from an unknown node towards each beacon in range. The quantifier is described as shown in Equations 3, 4.





  

Where wij describes the quantification for beacon j used by node i. The distance between beacon j and node i is given by dij and g symbols is a controllable parameter, which ensures that remote beacons still impact the position determination. Choosing best value of g in cellular environment is completely different from wireless sensor networks. It always ranges between 0.5 and 3. Some of recent researchers ‎[32] proposed a correction function to WCL, however it is difficult to generalize its case in practical especially in dense urban areas where different sources of attenuation affect the signal.

Propagation Models

To transform RSS into valid range it is important to utilize the path loss or attenuation a pilot signal experiences when travelling from the sender to the receiver. Signals on different media behave in different ways, depending on the physical properties of the respective medium. They are always subject to attenuation and different types of noise, which basically appear on all media but with different degrees. The attenuation is a function not only of the range between sender and receiver, but also of the wavelength and the path loss gradient. The path loss is determined by more or less complex mathematical models that have been tailored according to the special circumstances of the environment under consideration, for example, indoor versus outdoor and degree of obstacles.  The simplest of these models is obviously the Friis free space equation ‎[26], which allows for considering environmental parameters only in the form of the path loss gradient. 
A number of dedicated and more accurate models have been proposed for positioning purposes, for example, the famous COST231 ‎[27] and Hata model ‎[23] which considers environment either urban, suburban or rural and many other parameters like antenna height frequency, distance, base station height, mobile height, street width, angle between the street and the propagation direction, buildings average height and separation. 

In general, propagation models could be categorized into three main groups empirical models, semi-deterministic models and deterministic models which is site specific and require enormous number of geometry information about the cite, very important computational effort and accurate.



[bookmark: _Ref305359669]Enhanced Lateration Approach

[bookmark: OLE_LINK7][bookmark: OLE_LINK8]In this section, we describe E-Lateration system for GSM phones localization. We start by introduction about KML language followed by Haversine formulas and finally circle intersections and position calculation.



1. Keyhole Markup Language (KML)

Google submitted KML to the OGC to be evolved within the OGC consensus process. KML Version 3.0 will be an adopted OpenGIS implementation specification that will have been harmonized with relevant OpenGIS specifications that comprise the OGC standards baseline. We used KML ‎[28] to visualize E-Lateration and clearly illustrate intersection points. Also, compare our approach results with other positioning techniques. Some of experiment results will be illustrated in Section ‎V.

Great-Circle Functions

[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK17][bookmark: OLE_LINK18]It is important to distinguish between Euclidean distance and great circle distance or Haversine distance. The first is well known and applied for planar system, however almost all of positioning system applies it to evaluate their results. Ecludian distance cannot be used due to the curvature of the Earth’s surface. Haversine distance gives the great-circle distance between two points on a sphere from their longitudes and latitudes. We used implementation of great-circle functions by Ed Williams in ‎[29]. For example, calculation of midpoint latm, lonm for two points (lat1, long1) and (lat2, long2) is expressed in Equation 5.





 

 

       (5)

[bookmark: OLE_LINK15][bookmark: OLE_LINK16]To find a destination point latd, longd given an initial point lat1, lon1, degree θ and distance d. Formula in Equation 6 was used. 



 

 

 

[bookmark: _Ref305360604](6)

[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Where R is Earth radius, d in Km and θ in radian. There is a special case if cos (latd) = 0, then lond = lon1. Other functions like calculating bearing between two points and distance between two points could be found in ‎[29].



Circles Intersections and Position Calculation

However calculating intersection points appears easily through one of famous circle intersection algorithms like ‎[34], Practical implementation of E-Lateration technique is quite different. First, we define formula for normal circle intersection, as shown in Figure 2. We did not transform (x, y) from 
cartesian to geodetic coordinates (lat, long) since transformation error is very small and could be neglected. This assumption is valid in small distances only.
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[bookmark: _Ref305098958]Figure 2: Intersection of Two Circles.

[bookmark: OLE_LINK20][bookmark: OLE_LINK21]Calculate the distance d between the centres of the circles 
P1 and P0.
 d = |P1 - P0|  for d < r0 + r1   and Pn = xn , yn  
Calculate a, b as in Equations 7, 8.









Then, P3 (x3, y3) could be calculated as shown in Equation 9.



After practical tests, we found that sometimes d > r0 + r1  

(Circles are far away) at this case, midpoint of two antennas is calculated using formulas in Equation 5. Also, sometimes 
d < |r0 - r1| which means that one circle contains the other. Figure 3 shows practical implementation with real dimensions. At this case we calculated midpoint of nearest-contours Pmc . In order to calculate Pmc , we calculated bearing θ between the two antennas P0, P1 starting with circle with greater radius 
(P1 at our case). From equation 6, we can get destination point Pc0 with knowing each of P0 as starting point, θ as bearing and d as radius of circle (RSS transformed into range using propagation model). By the same method Pc1 could be calculated. Finally, we can easily calculate Pmc as geometric center between Pc0 and Pc1.
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[bookmark: _Ref305104746]Figure 3. Special Case of Circle Intersections.



For more than two (Base Transceiver Station) BTS, we calculate the geometric center of all intersection points using Equation 5, as shown in Figure 4.



[image: ]

[bookmark: _Ref305222508]Figure 4. Circle Intersection, Real Case Urban (3 BTS), 
dotted green is ground truth, solid blue is calculated position.



[bookmark: _Ref305359675]Adaptive Propagation Model

As we mentioned before, lateration technique does not provide a method to transform RSS into range. As part of EgTNS framework, it was important to provide practical independent technique able to transform RSS into accurate distance in meters using minimum number of parameters. Especially applying Hata ‎[23] model requires information about antenna height, mobile height and obstacles height which are not available in practical case. That’s why we build our simplified propagation model based on direct empirical approach.

The main purpose is to find a direct formula to transform RSS into distance in meters. In order to achieve that, we collected more than 6500 sample in different areas with different speeds to decrease fast fading and doppler effect. Then, we calculated best curve fit using Least Mean Square (LMS) ‎[44] for both linear and polynomial. We used Root Mean Squared Error (RMSE) ‎[37] to evaluate both curve fitting degrees as show in Equation 7.



 

Where  is predicted range and y is actual range. We have found that RMSE for the polynomial was 113, while error for linear fitting was 141. Figure 5 shows relation between RSS and distance in both urban and rural area.





[bookmark: _Ref305225167]Figure 5. Relation between RSS and Distance, Empirical Adaptive Propagation Model for Urban and Rural Areas.



[bookmark: _Ref304999724]Performance Evaluation

First of all, it is important to mention that BTS positions were derived from Google DB and OpenCellID ‎[36]. Positioning error was measured using Haversine formula ‎[29]. 

1. Experiment & Data Collection

We collected data for two areas: Urban 524 samples (Inside Eastern Cairo), and Rural (Cairo El-Suez Road) 124 samples. Data was collected using Motorola Milestone ‎[38] smartphone running on android 2.1 with 700 MHz processor, equipped with GPS. We used free app called “Antennas”‎[39] from android market to collect data (Cell-ID, MNC, MCC, GPS, timestamp, and RSS for both serving cell and neighbour cells too).

Comparison with Other Techniques

[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK26][bookmark: OLE_LINK27]E-Lateration technique and adaptive propagation model have been implemented on normal performance server with Intel Core 2 Duo 2.5 GHz, 6 Mb cache with 4 Gb RAM and 64-bit OS. We have implemented also each of:

1) Cell-ID ‎‎[1]: Which assumes location of mobile is location of serving cell.

2) Max RSS ‎[33]: Supposing serving cell has the max RSS is not always right assumption, our practical experiments proved that Max RSS technique has better accuracy than Cell-ID at least in urban areas. 

3) Centroid localization ‎[33]: Using Equation 2.

4) Weighted Centroid Localization Technique WCL ‎[32]:
Using Equations 3 and 4. We performed our own analysis to choose best g for both urban and rural which adapts with our test environments. As shown in Figure 6, best value for g was 3 in urban and 1 in rural.





[bookmark: _Ref306813295]Figure 6. Relation between g Parameter and Mean Positioning Error

    We considered d is the distance in meters which derived from RSS using our adaptive propagation Model. WCL mean positioning error was 152 m for urban areas and 428 m for rural. All results of tested localization techniques are shown in Table I and Cumulative Distribution Function (CDF) of distance error illustrated in Figure 7. E-Lateration’s accuracy is better than other techniques by at least 27% in urban and 9% in rural. Average running time depends on several factors like number of detected cells and rounding level. At our experiment average number of valid detected cells was 3 and rounding level was 6. Average running time appears slightly long, 6.5 msec per sample.





(b) Rural.

[bookmark: _Ref305361261]Figure 7. CDF’s of Positioning error for Different Algorithms. 

Error Sources

[bookmark: OLE_LINK40][bookmark: OLE_LINK51]To understand positioning accuracy, it is important to figure out error sources. First of these errors is GPS (Ground Truth), GPS accuracy should be evaluated using GDOP ‎[2] value. We used free live-crowdsourced website Cellumap ‎[40] to illustrate GPS accuracy of our smart phone. Although, GPS accuracy should be within 5 ~ 20 m, it reached 50 m in dense urban areas. Also, bad geometrical of antennas ‎‎[1], i.e. when all antennas converging at one direction (east, west, etc). As we mentioned before BTS coordinates were derived from online DB which have margin of error. Also, rounding and calculation errors reduce the accuracy especially at implementation of Haversine functions and circle intersection algorithms. 

[bookmark: _Ref305359688]Conclusions

We proposed E-Lateration, a ranging positioning approach for GSM phones. We proposed also adaptive propagation model which requires minimum number of parameters. All details, tools and implementation notes have been proposed. Complete study case was produced using Android smart phones, OGC tools and KML. Tests and experiments have been done in Egypt roads on both rural and urban areas. Results have been compared to most recent ranging positioning techniques, and proved it has better accuracy in urban and slight improvement in rural.



[bookmark: _Ref305657429]Table I. 
Comparison between Different Positioning Techniques. 
Numbers between Parentheses represent percentage Degradation compared to E-Lateraion





		Algorithms

		Cell-ID

		Max RSS

		Centroid

		WCL

		E-Lateration



		

		Urban

		Rural

		Urban

		Rural

		Urban

		Rural

		Urban

		Rural

		Urban

		Rural



		Mean Error [m]

		220 (83%)

		637 (61%)

		151 (74%)

		634 (61%)

		174 (45%)

		435 (10%)

		152 (27%)

		428 (9%)

		120

		394



		Median Error [m]

		156

		446

		123

		331

		171

		404

		126

		440

		121

		441



		67th Percentile [m]

		211

		627

		160

		454

		203

		514

		152

		549

		145

		511



		95th Percentile [m]

		526

		1617

		343

		914

		367

		799

		296

		902

		193

		660



		Run Time [msec]

		1

		1

		< 3

		< 3

		6.5







Currently, we are working on optimize the calculations and decrease running time, testing on larger set, combining multiple NMR in spatiotemporal manner, study the effect of dynamic g in WCL. As a part of EgTNS, E-Lateraion will be combined with traffic estimation approaches and map matching algorithms. Also, apply E-Lateration on Cell tower localization. We believe that these studies should be tested using external GPS unit or high sensitive GPS devices.
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Urban	-111	-110	-109	-108	-107	-106	-105	-104	-103	-102	-101	-100	-99	-98	-97	-96	-95	-94	-93	-92	-91	-90	-89	-88	-87	-86	-85	-84	-83	-82	-81	-80	-79	-78	-77	-76	-75	-74	-73	-72	-71	-70	-69	-68	-67	-66	-65	-64	-63	-62	-61	-60	-59	-58	-57	-56	-55	-54	-53	-52	577	942	1270	840	797	748	778	767	623	648	652	548	482	458	371	372	370	302	303	289	299	230	Rural	1992	1515	1521	1454	1296	1893	1706	1329	1191	1111	992	1079	1023	1158	916	893	894	871	701	667	673	630	505	489	RSS [-dBm]



Distance [m]





Urban	

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	285	278	277	279	281	284	287	291	294	297	299	301	303	305	306	307	308	309	310	311	311	312	312	313	313	314	314	315	315	315	316	316	316	316	317	317	317	317	317	317	318	318	318	318	318	318	318	318	318	318	319	319	319	319	319	319	319	319	319	319	319	319	319	319	319	319	319	319	319	319	Rural	

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	112	113	114	679	696	723	750	772	789	803	815	823	832	839	845	851	855	859	862	866	868	871	873	876	878	881	883	885	887	889	891	893	895	896	898	899	901	902	903	905	906	907	908	909	910	911	911	912	913	914	914	915	916	916	917	917	918	918	918	919	919	920	920	920	921	921	921	921	922	922	922	922	923	923	923	923	923	924	924	924	924	924	924	924	924	925	925	925	925	925	925	925	925	925	925	925	922	922	922	922	922	922	922	924	931	928	920	894	908	925	929	955	858	734	633	633	g Paramter



Mean Positioning Error Urban [m]



Mean Positioning Error Rural [m]





E-Lateration	30	60	90	120	150	180	210	240	270	300	330	360	390	420	450	480	510	540	570	600	630	660	690	720	750	780	810	2.9886808988307052E-2	0.10467426963861945	0.26491752536170632	0.49953847748238628	0.73432419646439684	0.8949053469694449	0.96995591087634569	0.99391621736229752	0.99913881759686984	0.99991553404228339	0.99999429455220668	0.99999973572883971	0.99999999163232545	0.99999999981930521	0.99999999999734357	0.99999999999997369	0.99999999999999978	1	1	1	1	1	1	1	1	1	1	WCL	30	60	90	120	150	180	210	240	270	300	330	360	390	420	450	480	510	540	570	600	630	660	690	720	750	780	810	0.19160717237623048	0.25525597186432308	0.32848787344550329	0.40898988336055797	0.49353908013503389	0.57838063436095066	0.65972062423161171	0.73422743362106113	0.79943292039503056	0.85395452061544164	0.89751064826395166	0.93075562761712261	0.95499932854032865	0.9718908085649498	0.98313510540145566	0.99028653014089507	0.99463211626238412	0.9971550131366036	0.99855442580333087	0.99929605542561351	0.99967156679264257	0.99985322441793256	0.99993718558378619	0.99997426196304751	0.99998990459873993	0.99999621004775652	0.99999863842020065	Centroid	30	60	90	120	150	180	210	240	270	300	330	360	390	420	450	480	510	540	570	600	630	660	690	720	750	780	810	6.2115998779252557E-2	0.10296129904071072	0.16048572412444473	0.23574091007995571	0.32719327200723591	0.43042853142222642	0.53868054741060001	0.6441238051327256	0.7395299793896426	0.81971787999683954	0.88232383515956792	0.92772808710364163	0.95831608206629859	0.9774576947876521	0.98858470253470554	0.9945929778250191	0.99760662177406656	0.99901074027605397	0.99961843324371358	0.99986273810940152	0.99995396990453789	0.99998561636735461	0.99999581325303777	0.99999886516379777	0.99999971363366458	0.99999993274238463	0.9999999853005106	Max RSS	30	60	90	120	150	180	210	240	270	300	330	360	390	420	450	480	510	540	570	600	630	660	690	720	750	780	810	0.19334814169080394	0.23559921464513034	0.28249796063747173	0.33347303805957917	0.38772653497443027	0.44426848183422751	0.50196996307826258	0.55963019014228854	0.61605094820303363	0.67011077716320011	0.7208312855352047	0.76742911701388006	0.80934908962179963	0.84627655040475491	0.87812960370671411	0.90503416119845959	0.92728640426777742	0.94530806822596136	0.95959994037973462	0.97069824122762605	0.9791373578954502	0.98542098792023991	0.99000237861442408	0.993273202418263	0.99555980166497893	0.99712509608279565	0.99817433666122901	Cell ID	30	60	90	120	150	180	210	240	270	300	330	360	390	420	450	480	510	540	570	600	630	660	690	720	750	780	810	0.1914958711140447	0.23130873823550968	0.27535715302072972	0.32317577000739822	0.37411162955706995	0.42734821218755498	0.48194368137075527	0.53688042834129113	0.59112161475830161	0.64366950990284588	0.69362018609971265	0.74020960787575363	0.78284724890256596	0.8211349168569938	0.8548702152483254	0.88403575973554638	0.90877666062568163	0.92936971729225049	0.9461881684812985	0.95966572178827769	0.97026304027042132	0.97843903829240364	0.9846283937584277	0.98922576869221457	0.9925764588036472	0.9949726332868597	0.9966539999821995	Localization Error [m]

(a) Urban. 





CDF of Localization Error







E-Lateration	100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	6.1194369850037914E-2	0.15388635933747147	0.31030395883858031	0.51193807233758715	0.7105001737061829	0.85987641031044593	0.94571809416412145	0.98339766214653224	0.99602890321710191	0.99926218811586009	0.9998940344744861	0.99998827749099362	0.99999900377384165	0.99999993509218565	0.99999999676289664	0.99999999987657573	0.99999999999640576	0.99999999999992017	0.99999999999999867	1	WCL	100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	9.6313967899779418E-2	0.18251785382877544	0.30545376134778546	0.45551258042856912	0.61228799926506849	0.75248176651374465	0.85978483856308185	0.93007985922780922	0.96949472366089784	0.98840990988763844	0.99617893243690003	0.99890989356375093	0.99973146341000385	0.99994297694537893	0.99998957630610164	0.99999836151338661	0.99999977872716517	0.99999997434572763	0.99999999744805323	0.99999999978230358	Centroid	100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	7.1764611536052333E-2	0.15253787013872044	0.27811690319123705	0.43987737651456116	0.61251671427152055	0.76517515714426565	0.87701911309685165	0.94490931072762052	0.9790515642362001	0.99327652928140953	0.99818632522849149	0.9995901226725129	0.99992258804524881	0.99998780471282556	0.99999839987773786	0.99999982534890175	0.99999998415737523	0.99999999880662049	0.99999999992539923	0.99999999999613198	Max RSS	100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	0.14993510697828091	0.19968996496063418	0.25825109347501429	0.32463951433662952	0.39713053568146578	0.47337092315191187	0.55060251327039877	0.62595782426628765	0.69677551483038802	0.76087855760754708	0.81676732116199358	0.86370042803865565	0.90166189788953865	0.9312362750086125	0.95342830429724956	0.96946767023762637	0.98063337349405155	0.98812012821245088	0.99295527529618965	0.99596297347586848	Cell-ID	100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	0.14808513581170649	0.19767210525324067	0.25615344716964988	0.32256644105588478	0.39518954039151882	0.47165802949316427	0.54918918534434658	0.62488223965535261	0.69603992597304098	0.76045293870099917	0.81659797822123137	0.86372121677421865	0.90180541278679072	0.93144282877440987	0.95365145593034262	0.96967611752135863	0.98080987439172085	0.98825857024573449	0.99305705714127734	0.99603361180604133	Localization Error [m]



CDF of Localization Error
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