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Preface

Ad hoc networks, which include a variety of autonomous networks for specific
purposes, are used in a wide range of applications. These networks were origi-
nally envisioned as collections of autonomous mobile or stationary nodes that
dynamically self-configure into a wireless network without relying on any ex-
isting network infrastructure or centralized administration. With the significant
advances in the last decade, the concept of ad hoc networks now covers an
even broader scope, referring to many types of autonomous wireless networks
designed and deployed for a specific task or function, such as wireless sensor
networks, vehicular networks, mobile robot networks, home networks, and so
on. Also, new challenges arise with the interconnection of these heterogeneous
networks and transversal aspects such as energy, security, privacy, etc. While
it is essential to advance theoretical research on fundamental and practical re-
search on efficient policies, algorithms, and protocols, it is also critical to develop
useful applications, experimental prototypes, and real-world deployments to an
achieve immediate impact on society for the success of this wireless networking
paradigm.

The annual International Conference on Ad Hoc Networks (AdHocNets) aims
at providing a forum to bring together researchers from academia as well as prac-
titioners from industry and government to meet and exchange ideas and recent
research work on all aspects of ad hoc networks. As the seventh edition of this
event, AdHocNets 2015 was successfully held in San, Remo, during September
1-2, 2015. We received high-quality submissions from many parts of the world,
including Europe, North America, South America, and Asia. After a rigorous
review process, 17 regular and three invited papers were included in the tech-
nical program. The technical program also included two keynote talks and five
technical sessions, which presented recent advances in various aspects of ad hoc
networks. In particular, the program featured two keynotes addressed by Prof.
Mario Gerla from UCLA and Dr. Thomas Watteyne from Inria, France. This
volume of LNICST includes all the technical papers that were presented at Ad-
HocNets 2015. We hope that it will become a useful reference for researchers
and practitioners working in the area of ad hoc networks.

September 2015 Nathalie Mitton
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Evaluation of Different Signal Propagation
Models for a Mixed Indoor-Outdoor Scenario
Using Empirical Data

Oleksandr Artemenko, Adarsh Harishchandra Nayak,
Sanjeeth Baptist Menezes, and Andreas Mitschele-Thiel

Integrated Communication Systems Group, Technische Universitat [lmenau,
98693 Ilmenau, Germany
{Uleksandr .Artemenko,Adarsh.Nayak,Sanjeeth.Menezes, Mitsch}@tu—ilmenau .de

Abstract. In this paper, we are choosing a suitable indoor-outdoor
propagation model out of the existing models by considering path loss
and distance as parameters. Path loss is calculated empirically by plac-
ing emitter nodes inside a building. A receiver placed outdoors is rep-
resented by a Quadrocopter (QC) that receives beacon messages from
indoor nodes. As per our analysis, Stanford University Interim (SUI)
model, COST-231 Hata model, Green-Obaidat model, Free Space model,
Log-Distance Path Loss model and Electronic Communication Commit-
tee 33 (ECC-33) models are chosen and evaluated using empirical data
collected in a real environment. The aim is to determine if the analyti-
cally chosen models fit our scenario by estimating the minimal standard
deviation from the empirical data.

Keywords: Path loss, Signal propagation models, Signal strength,
Experiment.

1 Introduction

Network planning is quite important in outdoor and indoor scenarios and the
tools that are developed are to help operators to optimize their networks. The
tools help in determining the best parameters like the position of the emitter
nodes, the signal strength, and the suitable transmission channels. For these
parameters to work efficiently in the chosen environment, it is also important
to choose the best suited signal propagation model [1]. The propagation mech-
anisms are examined to help the development of propagation prediction models
and to enhance the understanding of electromagnetic wave propagation phe-
nomena involved when dealing with radio transmission in mobile and personal
communication environments.

Evidently, the radio propagation phenomena are by themselves not new and
do not depend on the environment considered. However, considering all the ex-
isting radio propagation phenomena, the most important one must be identified
and investigated to improve the modeling of the mobile radio communication

© Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2015
N. Mitton et al. (Eds.): AdHocNets 2015, LNICST 155, pp. 3—14, 2015.
DOI: 10.1007/978-3-319-25067-0 1



4 O. Artemenko et al.

channel or of the prediction of radio coverage and signal quality in radio com-
munication systems. The most important radio propagation phenomena depend
on the environment and differ whether we consider a flat terrain, or houses in a
suburban area, or buildings in the city center. Propagation models are efficient
only when the most dominant phenomena are taken into account and in how
much detail do they need to be considered will also differ whether we are in-
terested in modeling the average signal strength, or the path loss, or the power
density, or any other signal characteristics.

The propagation environment causes difficulties in the investigation of the
wireless signal propagation. Here, the most important aspects are as follows: (i)
the distance between the base station and receiver range from several meters to
several kilometers, (ii) walls inside the building have sizes ranging from very small
to very large in comparison to the signal wavelength and affect the propagation of
radio waves, (iii) the knowledge of the signal propagation environment is usually
not known [1].

Since a suitable propagation model is important to work in a mixed indoor-
outdoor environment we select few of the existing signal propagation models by
considering the parameters for our scenario. The literature study suggests models
which work either in the indoor or outdoor environment. By comparing other
existing models, we propose to provide a model which is nearer in approximation
in terms of minimum root mean squared error (RMSE) in comparison to the log-
distance path loss model, in the frequency range of 2400 MHz and applicable in
a mixed indoor-outdoor scenario. The latter considers that the emitter and the
receiver are separated by one or multiple walls.

The remainder of this paper is organized as follows. In Section II, we briefly
describe the criteria to select the signal propagation models for our scenario and
provide detailed explanation of our analytically chosen models. In Section III,
we present the evaluation scenario. Section IV gives the analysis of results. In
Section V, the conclusion are drawn.

2 State of the Art

Path loss or path attenuation is reduction in the power density of an electromag-
netic wave as it propagates through space [14]. The signal propagation models
are designed keeping in mind the path attenuation factor, base station antenna
height, mobile station antenna height, distance and operating frequency. Several
other factors also contribute to the design of the signal propagation model. For
example, such models can help to find the best position of the emitters, the opti-
mal radiated power and the best propagation channel. A overview of the existing
and the most well-known signal propagation models is provided in Table 1. Next,
we highlight the models selected for further evaluation.

The following models are chosen as they fall in the frequency range of ap-
proximately 2400 MHz and the characteristics of these models are in accordance
with our indoor-outdoor scenario.
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Table 1. Existing Signal Propagation Models.

Title Signal Model Frequency Environ-
Range ment
[MHZz]
Free Space Propa- L = 32.44 4 20logj1gd + 20log1g f NA Free
gation [8] Space
SUT [4] L = A+ 10~vlogyg( dd )+ Xp+ Xp+S 2500-2700 Indoor/
0 Outdoor
ECC 33 [3] L=A¢s+ Apyp — Gt — Gr 3500 Indoor/
Afg = 92.4 + 20logigd + 20log1o f Outdoor

Apy, = 20.41 4 9.83logod + 7.894log1g f + 9.56(log1g f)2

I
Gy = 10g10 o [13.958 + 5.98l0g10d]>
Gy = [42.57 + 13.7l0g10 f][log1ohm — 0.585]

Log-distance Path Pp(d) = Pr(d) + Xo NA Indoor/
Loss Model [8] Pp(d) = Ppg — 10vlogi1pd + Xo Outdoor
COST-231 Hata L50 = 46.3 + 33.9log1gf — 13.82logighp — ahm + (44.9 — 500-2000 Indoor/
Model [6] 6.55log1g9hp)logiod + cm Outdoor
Ericsson-9999 PLy = ag + ajlogigd + aglogighy + azlogighplogipd — 3500 Indoor/
Model [10] 3.2(log10 (11.75h)2) + g(f) Outdoor

9(f) = 44.49log1o f — 4.78(log10 f)?
Hata Model [14]  L50(urban) = 69.55 + 26.16log1q fc — 13.82logight — a(hy) + (44.9 — 150-1800 Indoor/

6.55l0g10ht)logrod Outdoor
Okumura L50 = Ly + Amu(f, d) — G(Hy) — G(Hr) — Garea 150-1920  Indoor/
Model [7] Outdoor
Walfisch and S = LOQ2 L,y 800-2000  Indoor/
Bertoni Model [15] Outdoor
Walfisch Ly = LO+ Lyts + Lmsd 800-2000  Indoor/
and Ikegami Outdoor
Model [16]
Clutter Factor L = 40logD — 20logHm — 20logHy 30-88 Indoor/
Model [16] Outdoor
Okumura Hata L = A + BlogD — E, L = A+ BlogD — C 150-1500 Indoor/
Model [17] Outdoor
Obaidat-Green Lys = 40logy1ogd + 20log1g f — 20logiphthy 2400 Outdoor
model [18]

Table 2. Weather and experiment setup.

Parameter Value/Name
Air temperature 7°C
Humidity 75, %
Speed of wind 5, m/s
Air pressure 1008, mb
Building size 30 x 20 m?
Number of nodes 11
Measured data sequences >20000
Measured parameter RSS

Wall Attenuation Model. In order to predict received signal strength be-
tween emitters and receivers, we employ the wall attenuation model [19]. In this
model, received power P,.(d) (in dBm) at a distance d (in meters) from the trans-
mitter is given by:

Pr(d) = Pr(d) + Xo = Py — 10vlog10d + X4,

where P,q is the signal strength 1 meter from the transmitter, v is the path
loss exponent and X, represents a Gaussian random variable with zero mean
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and standard deviation of ¢ dBm [8]. In the equation above, P, (d) represents the
mean (expected) signal strength d meters from the transmitter, while P, (d) de-
notes a random outcome. This model takes into account the different obstacles
present in multiple transmitter-receiver paths with the same separation. This
phenomenon referred to as log-normal shadowing. For example, Seidel et al. re-
port the results of modeling two office buildings at 914 MHz, with best fits (v, o)
corresponding to (3.27, 11.2) and (3.25, 5.2) for single-floor measurements [13].
Other installations that have also been shown to follow this model can be found
in [8,11,12]. This equation can also be extended with a wall attenuation factor W:

P.(d) = Py — 107log10d—W.

The parameter v defines the statistical model and is viewed as heavily depen-
dent on the environment. Measurements in the literature have reported empirical
values for v in the range between 1.8 (lightly obstructed environments with cor-
ridors) and 5 (multi-floored buildings), while values for « usually fall into the
interval (4, 12) dBm [8]. According to [19], the following parameters are repre-
senting the best fit for this model applied in a mixed indoor-outdoor scenario:

Py = —40dBm,W = 4.8dBm,y = 3.32.

Free Space Model. Free Space Model is also considered to be the bench-
mark model for our scenario. In this model, the received power is a function of
transmitted power, antenna gain and distance between the transmitter and the
receiver. The basic idea is that the received power decreases as the square of the
distance between the transmitter and the receiver subjected to the assumption
that there is one single path between the transmitter and the receiver. The re-
ceived signal power in a free space at a distance d from the transmitter is [8]
P,(d) = PG,G.(,2,),

where, P, is the transmitted signal power, P, is the received signal power, G
is the transmitter antenna gain, G, is the receiver antenna gain, A is the wave-
length. It is common to select Gy = G- = 1. It can be expressed in dBm as:

L = 32.44 4 20log10d + QOZOglof[dBm].

Stanford University Interim (SUI). IEEE 802.16 Broadband Wireless Ac-
cess working group proposed the standards for the frequency band below 11 GHz
containing the channel model developed by Stanford University, namely the SUI
model. The correction parameters are allowed to extend this model up to 3.5
GHz band. In the USA, this model is defined for the Multipoint Microwave Dis-
tribution System (MMDS) for the frequency band from 2.5 GHz to 2.7 GHz [3].

The base station antenna height of SUI model can be used from 10 m to 80 m.
Receiver antenna height is from 2 m to 10 m. The cell radius is from 0.1 km to
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Table 3. Parameters for different terrains (SUI model).

Constants Terrain A Terrain B Terrain C
a 4.6 4 3.6

b 0.0075 0.0065 0.005

c 12.6 17.1 20

8 km. The SUI model describes three types of terrain: A, B and C. There is no
declaration about any particular environment. Terrain A can be used for hilly
areas with moderate or very dense vegetation. This terrain presents the highest
path loss. Terrain B is characterized with either mostly flat terrains with mod-
erate to heavy tree densities or hilly terrains with light tree densities. This is
the intermediate path loss scheme. Terrain C is associated with minimum path
loss and applies to flat terrains with light tree densities. The basic path loss
expression of the SUI model with correction factors is presented as [4,5]:

L = A+10ylogio f + Xg + X + S for d > do,

where d is the distance between emitter and receiver [m], dg = 100 m; A is
the wavelength [m]; Xy is the correction for frequency above 2 GHz; X}, is the
correction for receiving antenna height, S is the correction for shadowing in the
range between 8.2 and 10.6 [4] [dBm)], 7 is the path loss exponent. The parameter
A and «y are defined as:

A= 20[0910 47;\(10,

y=a—bhy+ ¢,

where, the parameter h; is the base station antenna height in the range between
10 m and 80 m. The constants a, b, and ¢ depend upon the type of terrain and
are given in Table 3. As a result, the value of parameter v = 2 corresponds to the
free space propagation in an urban area, 3 < v < 5 to an urban non-line-of-sight
environment, and v > 5 to an indoor propagation.

The frequency correction factor Xy and the correction for the receiver antenna
height X}, are defined as follows:

Xf = 6.0[0910 20f00
X = 10.8log10 2360, for terrain types A and B
X5, = —20.0log1o 2860, for terrain type C,

where, f is the operating frequency in MHz, and h, is the receiver antenna
height in meters. For the above correction factors this model is extensively used
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for the path loss prediction of all three terrain types in rural, urban and suburban
environments.

Electronic Communication Committee 33 (ECC-33) Model. The ECC
33 path loss model, which is developed by Electronic Communication Committee
(ECC), is extrapolated from original measurements by Okumura [7]. The model
is defined as [3]:

PL(dBm) = Afs + Abm - Gt - GT‘?

where Ay, is the free space attenuation, Ay, is the basic median path loss,
G is the base station height gain factor and G is the receiving antenna height
gain factor. These parameters are individually defined as:

Ags = 92.4 + 20logrod + 20logio f

Apm = 20.41 4 9.83log1od + 7.894l0g10f + 9.56[log10f]?
Gy = logio 4% [13.98 + 5.8(log10d)?]

G, = [42.57 + 13.7logo f][log10hm — 0.585],

where d is the distance between the base station and the mobile [km]|, A is
the base station antenna height [m] and h,, is the mobile antenna height [m].

COST-231 Hata Model. A model that is widely used for predicting path
loss in mobile wireless systems is the COST-231 Hata model [6]. It was devised
as an extension to the Hata-Okumura model [7]. The COST-231 Hata model
is designed to be used in the frequency band from 500 MHz to 2000 MHz. It
also contains corrections for urban, suburban and rural (flat) environments. Al-
though its frequency range is outside of the one used in our measurements, its
simplicity and the flexibility have motivated many researchers to widely use it
for the path loss prediction in frequencies above 2000 MHz. The basic equation
for path loss in dBm is [8]:

L = 46.3+33.9l0g10f — 13.82log10hy — ahyy, + (44.9— 6.55l0g10(hp) ) logr0d+ Cm,s

where, f is the frequency in MHz, d is the distance between antennas in km,
and hp is the transmitter antenna height above ground level in meters. The pa-
rameter ¢, is defined as 0 dBm for suburban or open environments and 3 dBm
for urban environments. The parameter ah,, is defined for urban environments
as [9]:

ahm = 3.20(log10(11.75h,))? — 4.97, for f > 400MHz,
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and for suburban or rural (flat) environments as:
ahy = (1.1logiof — 0.7)h, — (1.56log10f — 0.8),

where, h, is the antenna height above ground level. Observation reveals that
the path loss exponent of the predictions made by COST-231 Hata model is
given by:

44.9—6.55lo h
nCOST:( 10910( b))

Green-Obaidat Model. This model was first described by Green and Obai-
dat [18] in 2002. It considers the path loss accounting due to Fresnel zone with
near earth antenna height (i.e. typically between 1 and 2 meters) [18]. The pro-
posed path loss for near ground antennas is as follows:

Pross = 40log1od + 20log1of — 20logiohih.,

where f is the frequency in GHz, hih, represent the antenna heights for the
transmitter and the receiver correspondingly, and d is the overall distance. This
equation can further be simplified for use in 2.4 GHz IEEE 802.11 frequency as:

Pross = 7.6 + 40logyod — 20log10hih,..

Next, the above models will be evaluated according to our empirical data.

3 Evaluation

For the evaluation of our scenario, we consider the following environment. Our
experiment took place at Leonardo Da Vinci building in the TU Ilmenau campus.
The building plan and the placement of nodes is shown in Fig. 1. A total of 11
nodes were used in the experiment from which ten nodes were represented by
netbooks as well as smartphones and were placed inside the building; and one
node represented by a quadrocopter (QC) that was placed inside to perform
indoor measurements and outside to perform measurement of a mixed indoor-
outdoor signal propagation. In Fig. 1, the nodes in black represent the netbooks
and the nodes in yellow represent the smartphones. Outdoor measurements were
taken both in front and rear (South and North correspondingly) of the building
by placing the quadrocopter at distances of 5, 10, 12, 15, 20 meters in the front,
and 5, 10, 16, 20, 25, 30, 35, 40, 50, 55 meters in the rear. Since some models
require reference measurements at distance d = 1 m, these measurements have
been carried out indoors (the average value is P.o = 37 dBm). For further indoor
measurements, the nodes were placed equidistant at intervals of 0.9 meters. The
technical specifications of the QC are given in Table 4.

Table 5 gives a description of the propagation parameters used for the evalu-
ation of results. These parameters have been used to find the best fit for every
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[JSmartphone
H Netbook

Fig. 1. The floor-plan of the chosen building. Positions of the smartphones and net-
books are marked accordingly.

Table 4. Technical parameters of quadrocopter.

Technical Characteristic Model or Parameter

Processor 600MHz Cortex A8

RAM 256MB

Gyroscope/Acceleration Sensor MPU6050

Magnetic Field Sensor HMC5883L

GPS Receiver UBLOX6

Barometric Pressure Sensor MS5611

Ultrasonic Sensor MaxSonar 12CXL

Operating System Gentoo Linux

Flight and Measurement Software PengPilot (github.com/PenguPilot)

signal propagation model described above. We used the brute force method to
go through all possible constellations of the values for the path loss exponent ~y
and the intercept (intercept has been applied for the log-distance and wall atten-
uation models only). For every combination of v and intercept, an RMSE value
has been calculated as an indication of correspondence to our empirical data.
The smaller an RMSE value is, the more precisely a model fits to our scenario.

4 Evaluation Results

Using the data obtained our setup, we evaluated the path loss in dBm with
respect to the distance between the emitter nodes and the QC. In Fig. 2, we
plot the average signal strength measurements for different distance values us-
ing outdoor measurements only. Whereas, Fig. 3 incorporates both indoor and
outdoor measurements.
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Table 5. Propagation parameters for the evaluation.

Parameters Values
Frequency 2.4 GHz
distance d0 1m
Receiving antenna height 0.15 m
Wavelength A 0.12 m
Transmitting antenna height 1.2 m
Path loss exponent ~y [1, 5]
Intercept [0, 100] dBm
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Fig. 2. Received signal strength vs. distance considering outdoor measurements only.
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Fig.5. Comparison of chosen models considering both indoor and outdoor measure-
ments.

The upper line in Fig. 2 and 3 represents the adapted wall attenuation model.
The line below represents the SUI model for the path loss exponent that produces
the minimum error. It is obvious in both figures that the SUI model, present-
ing the second best result in this work, deviates significantly from the cloud of
measurements. The wall attenuation model provides the smallest RMSE using
the path loss exponent v = 2.05121 and the sum of transmitted power and wall
attenuation factor at 50.3292 dBm. The RMSE for the various models chosen is
shown in Fig. 4 which represents the RMSE for the measurements taken with
QC being outside of the building and Fig. 5 represents the RMSE for all mea-
surements. In both figures, the adapted wall attenuation model outperforms its
opponents presenting RMSE values 4.8 and 8.6 considering outdoor measure-
ments and all measurements correspondingly. Considering high heterogeneity of



Evaluation of Different Signal Propagation Models 13

data applied for the calculation of the RMSE using measurements from both
indoor and outdoor environments, we can explain the enormous degradation
and almost doubled value of the RMSE compared to the results achieved with
outdoor measurements only.

5 Conclusion

As per the analysis of the chosen models, we obtained the minimum root mean
squared error using the adapted wall attenuation model. The SUT model, the Free
Space Model and the COST-231 Hata model provide the next best possible choice
with respect to the minimum error. Hence for the chosen set of parameters and
for the chosen mixed indoor-outdoor environment, the adapted wall attenuation
model provides a closer approximation of the RMSE in comparison to other
models.

Comparing the obtained set of values for the adapted wall attenuation model
(Pro = 37 dBm, W = 13.3 dBm, v = 2.05) with the one of the original model
from [19] (Pr¢ = 40 dBm, W = 4.8 dBm, v = 3.32), we can conclude the
following:

— The obtained RMSE for the model with the adjusted parameters is signifi-
cantly better than the original one (the corresponding ratio is 2.6).

— Similar environmental conditions do not guarantee similar behavior of the
signal propagation.

— A calibration of parameters can improve the accuracy of the model signifi-
cantly. However, such a calibration represents an overhead and needs to be
periodically repeated for the same area. This is partially due to the fact that
the environmental conditions like temperature, light, open and closed doors
and windows of the building can have a considerable impact on the resulting
signal propagation.
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Abstract. Ad hoc networks can be composed entirely of mobile wireless
terminals, and do not require permanent network infrastructure such as
access points. They are considered a useful network configuration tech-
nology for various situations. For example, they are used to construct
sensor networks in which distributed, inexpensive sensors monitor en-
vironmental conditions such as temperature and humidity. Further, ad
hoc networks can be implemented after severe disasters that have dis-
abled other network infrastructures. In general, ad hoc network terminals
are battery powered. Therefore, extending network lifetime by reducing
terminal power consumption is an important issue in ad hoc network
management. One method for reducing power consumption involves re-
ducing the radio transmission range of each terminal. However, reducing
the radio transmission range causes degradation in the reachability of
each terminal. In this paper, we propose a method to set ad hoc network
radio transmission ranges using a Target problem, to reduce power con-
sumption and increase each terminal’s reachability. Next, we evaluate our
method using various routing protocols, and define the applicability of
our proposed method for each protocol. Simulation results show that the
proposal improves communication reachability and power savings in ad
hoc networks with normally distributed terminals, when the Destination-
Sequenced Distance-Vector (DSDV) routing protocol is used.

Keywords: ad hoc network, power saving, reachability, target problem.

1 Introduction

Ad hoc networks [1] are used in many situations because they can be constructed
autonomously, without network infrastructures such as access points (APs). In
times of peace, for example, ad hoc networks are used to configure sensor net-
works [2] for environmental monitoring; they are also used in geocast communica-
tions systems [3], which distribute data among all terminals in a geographic area.
Moreover, they are employed in vehicle-to-vehicle (V2V) communications [4] to

© Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2015
N. Mitton et al. (Eds.): AdHocNets 2015, LNICST 155, pp. 15-28, 2015.
DOI: 10.1007/978-3-319-25067-0 2
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deliver information regarding traffic congestion and accidents. In contrast to ad
hoc networks, infrastructure mode networks may suffer severe damage during
large-scale disasters such as tsunamis or earthquakes. In these situations, in-
frastructure mode networks may lose their ability to communicate. However,
ad hoc networks can communicate because they are not dependent on network
infrastructures [5].

In general, terminals in an ad hoc network (such as smartphones and tablets)
are battery powered. Terminals in an ad hoc network send data packets and also
act as packet relay nodes. Thus, compared to an infrastructure mode network,
power consumption must be suppressed as much as possible. Ad hoc network
terminals are unable to work rapidly if their power consumption is reduced. As a
result, the network structure becomes extremely sparse, and the terminal’s reach-
ability is impeded. Therefore, extending network lifetime by reducing terminal
power consumption is an important issue in ad hoc network management. As a
possible solution, the power consumption of terminals can be restrained by reduc-
ing their radio transmission range; however, this solution degrades reachability.
Some studies have proposed and evaluated various transmission range manage-
ment methods [6,7]. If a normal terminal distribution is followed, however, these
approaches may not work effectively. In this paper, we propose a method to set
the radio transmission range using a Target Problem [8]; this method reduces
power consumption and increases terminal reachability in ad hoc networks with
normally distributed terminals. Moreover, we evaluate the total goodput using
2 routing protocols (Destination-Sequenced Distance-Vector: DSDV [9], Ad hoc
On-demand Distance Vector: AODV [10]), and we define the applicability of our
proposed method for each routing protocol. Simulation results show that when
the DSDV routing protocol is used, the proposed method improves both com-
munication reachability and power savings in ad hoc networks with normally
distributed terminals. The remainder of this paper is constructed as follows:
Section 2 describes related works. Section 3 provides an overview of the tar-
get problem and the method of setting the radio transmission range based on
the target problem; subsequently, we evaluate our proposed method in Sect. 4.
Finally, Sect. 5 summarizes our paper and discusses future studies.

2 Related Works

In this section, we provide an overview of ad hoc networks and their applications.
Furthermore, we discuss the power consumption and reachability issues of ad hoc
networks.

2.1 Overview of the Ad Hoc Network

There are two forms of wireless local-area networks (WLANs) based on IEEE
802.11 [11] infrastructure mode and ad hoc mode. In infrastructure mode, WLAN
systems contain access points (APs) connected to outside networks via Ethernet,
and a number of terminals located within the radio transmission range of the
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Sender

GWN: Gate Way Node

Geocast Area
Fig. 1. Overview of geocast communication.

APs. Conversely, networks using ad hoc mode can be configured autonomously
using wireless terminals such as laptops and tablets, without network infrastruc-
ture such as APs. Moreover, ad hoc mode networks can be configured rapidly
and inexpensively. In this paper, we focus on ad hoc mode. In ad hoc networks,
there are 2 communication methods, referred to as single-hop and multi-hop. In
single-hop communication, each terminal communicates directly (1 hop). Thus,
the sender must increase transmission power if the distance between the sender
and receiver is relatively long. Therefore, single-hop communication is not suit-
able for extending ad hoc network lifetime. Conversely, in multi-hop communica-
tion, the sender and receiver are not required to communicate directly; packets
can be relayed by terminals in between the sender and receiver. In other words,
terminals in multi-hop communication networks can receive packets from neigh-
boring terminals. Thus, multi-hop communication is suitable for extending the
lifetime of ad hoc networks.

Geocast communications are examples of ad hoc networks. Here, we explain
geocast communication, in which data is sent only to terminals in a specified area
(referred to as the geocast area: GA) using the terminal’s location information.
Figure 1 shows components in a geocast communication system. Here, we explain
the geocast communication process, using Fig. 1. First, there are 2 types of
terminals in a GA gateway nodes (GWNs) and normal nodes (NNs). The GWN
is a terminal that connects the GA to other networks outside of the GA. Only
the GWN receives information from outside networks; the received information
is delivered to the NNs in the GA by the GWN. In geocast communication, a
terminal outside of the GA (Sender in Fig. 1) sends information to the GWN of
the GA, in order to communicate with an NN inside the GA. The GWN sends
its received information to NNs in the transmission area of the GWN, and the
NN can also send its received data to other NNs.

We describe the following examples of geocast communication applications:

1. Send warning messages in the event of a disaster

2. Delivery of traffic information such as traffic congestion and accidents using
V2V.

3. Delivery of information for residents in a specific area
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2.2 Power Consumption and Reachability Issues of Ad Hoc
Networks

In this section, we describe the power consumption and the reachability issues
of ad hoc networks. Note that we assume the sending of emergency evacuation
information during a disaster. In emergency situations, the information from
the GWN must be received by all NNs that exist in the GA, because users are
sending urgent information. That is, all NNs in the GA must be able to commu-
nicate with the GWN using single-hop or multi-hop communication. However,
the transmission range of the terminals may be not sufficient if it was set hap-
hazardly; in this case, an NN may not be able to connect to an NN that is
communicating with the GWN. As a result, the NN is isolated from the GWN
(isolated terminal). The isolated terminal cannot receive information from the
GWN, and cannot send the information outside of the GA.

One solution for this issue is to extend the radio transmission range. Using
this solution, it is possible to create an environment in which all NNs can trans-
mit and receive information. However, terminals in the ad hoc network are, in
general, battery powered. In addition to transmitting and receiving packets, ter-
minals in an ad hoc network relay packets for other terminals. Thus, terminals
consume more battery power if power consumption is not suppressed as much as
possible. Terminal batteries are rapidly depleted, and network lifetime is short-
ened (by increasing the number of the terminals in which battery depletion is
occurring). In particular, having access to the latest information is urgently re-
quired during a disaster. Therefore, sufficient network lifetime is required to
obtain the latest information. To extend the network’s lifetime, its power con-
sumption must be reduced. Consequently, there is the trade-off between the
creating an environment in which all terminals can transmit and receive infor-
mation, and maintaining sufficient battery power. However, both network power
savings and communication reachability are important goals in the management
of geocast communications for ad hoc networks. In order to solve this issue,
various studies have proposed transmission range management methods. For ex-
ample, [6] shows the optimum transmission range in chain networks, and [7]
suggests the designing method of transmission range based on the energy effi-
ciency in simple network model. If a normal terminal distribution is followed,
however, these approaches may not work effectively.

3 Setting the Radio Transmission Range Based on the
Target Problem

In this section, we provide an overview of the 2 dimensional target problem [8].
Furthermore, we describe the method of setting the radio transmission range
based on the target problem, to improve power savings and terminal reachability
in ad hoc networks.
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3.1 Overview of the 2 Dimensional Target Problem and Its
Application to Single-Hop Communication

The nodes appear equivalent to the arrows that an archer shoots at a target. The
hit points have a probabilistic characteristic. The 2 dimensional target problem
considers the distribution of hit points. Random variables X; (i = 1,2,---,n)
are independent of each other, and the normal distribution has variance o and
average p;. Random variable Z is defined as Eq. (1):

=2 (%) &

Z has x? distribution for which flexibility is n. This indicates that the sum
of the squares of independent random variables that follow standard normal
distribution N(0,1) has a x? distribution. In other words, the distribution of
the squared sums of the distances between the hit points and the origin of the
space has a y? distribution. In the 2 dimensional target problem, distribution
of the distances is important. We consider the x distribution as the square root
distribution of the x? distribution. That is, the square root of the squared sum of
distances from the origin to the hit point. Thus, the distribution of the distances
from the origin indicates a x distribution if flexibility n yields each component
of the Cartesian coordinates (Fig. 2). Therefore, in the 2 dimensional target
problem, the arrow’s hit probability takes a y distribution if the size of the
target is known and the neighboring distribution of the hit points forms a normal
distribution. As an example, we assume a target with a radius of R, whose origin
is the center of a 2 dimensional plane. Hit probability F'(R) has a x distribution;
its flexibility is 2 when the neighboring distribution of hit points follows a 2
dimensional N(0,?). In other words, it follows a Rayleigh distribution as below:

F(R) =1 — exp ( 21222) 2)

Moreover, the probability that the hit point is outside of the target (miss prob-
ability) Y(R) is expressed by the complementary distribution of Eq. (2) (1 —
F(R)):

Y(R) = exp ( ii) ®3)

Next, we explain the application of the target problem in geocast commu-
nication systems. We assume that the GWN’s transmission range is the ra-
dius of the target, and that the GWN is located at the center of a GA (ori-
gin (0,0)). The probability Y (R) that an NN in the GA cannot connect to the
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Fig. 3. Relationship between the transmission range r and miss probability for each n
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GWN with a single hop is estimated by Eq. (3). Therefore, NNs are placed
according to a 2 dimensional normal distribution and the GWN is placed in the
center of a geocast area, and the miss probability Y (R) that the NN cannot
connect to the GWN with a single hop follows the complementary distribution
of a Rayleigh distribution. In the 2 dimensional normal distribution, the NNs
are concentrated near the GWN (the GWN is placed where NN density is high).
As a specific example, the GWN may be placed in an evacuation center when
a disaster occurs. Moreover, when the GWN is placed in a location that will be
used as a landmark for users, such as an aircraft [12], many users who can see
the GWN move toward it. As a result, the distribution of the users follows a
normal distribution.

3.2 Miss Probability Estimation Method in Multi-hop
Communication

To facilitate geocast communication in an ad hoc network, it is preferable for
the NNs and the GWN to be connected using multi-hop, from the viewpoint of
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reducing network power requirements. Based on the results from the single-hop
environment in the previous section, we model the existence probability of an
isolated node (miss probability) in the communication area of the GWN for a
multi-hop environment. This problem is a kind of the connectivity problem [13].
Note that the network model is a unit disk graph (UDG), which is a type of
intersection graph containing equal-radius circles. Moreover, the GWN is the
nearest terminal from the origin.. In this section, as a preliminary experiment,
we investigated the relationship between multi-hop miss probability and trans-
mission range, for varying numbers of terminals. We assumed a 2 dimensional
plane, and terminals were distributed according to 2 dimensional N(0,c). The
numbers of terminals n were set to (1,000, 2,000, 4,000, 6,000, 8,000, 10,000).
In this paper, we shows the results of ¢ = 1.0 as an example. Experimental
results contain the averages of 30 trials. Figure 3 shows the relationship between
the transmission range of each terminal in the multi-hop environment r and the
miss probability of terminal Y (r), and Fig. 3 also shows the relationship between
r and the complementary Rayleigh distribution. In Fig.3, the vertical axis de-
notes Y (r) and the horizontal axis denotes r. From Fig.3, Y () does not indicate
the complementary Rayleigh distribution, regardless of the number of terminals
n.

Next, we investigated the relationship between the effective radius R.y and
transmission range of each terminal r. R.y can be obtained by adding r and
the distance of the farthest terminal that the GWN can connect with using
multi-hop. Moreover, it meets Ry > 7. The relationship between R.; and r is
obtained as follows. First, we established the transmission range of the GWN in
the single-hop environment R as R.y. Next, we compared the miss probability
of r in the multi-hop environment and the miss probability of R in the single-
hop environment. Then, we investigated the relationship between R.; and r, to
determine if the miss probability had the same value. As an example, Figure
4 shows the relationship between R.; and r when n is 1,000. Note that o was
set to (1.0, 2.0, 3.0, 4.0, and 5.0). As shown in Fig. 4, R.; has an exponential
relation with r as Eq. (4):

r = aexp(BRef) (4)
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Table 1. Value of ¢(n).

n 1,000 2,000 4,000 6,000 8,000 10,000
¢(n) 0.0123 0.0087 0.0062 0.0053 0.0043 0.0039

We then investigated the relationship between a and o. Figure 5 is the rela-
tionship between « and o. As shown in Fig. 5, a proportionality relation exists
between « and o (o = ¢(n)o). Table 1 shows the value of ¢(n). From Table 1,
¢(n) is described as Eq. (5):

#(n) = 0.03786n°49 (5)

Thus, « can be presented as follows:

0.037860

Next, Fig. 6 shows the relationship between 5 and o. As the figure shows, S is
inversely proportional to the o regardless of n. Moreover, § can be written using
o as follows:

B=o"" (7)
From Eq. (6) and Eq. (7), r is presented using R.s as follows:
= 0.3786\/(; exp(Repo ) (8)

By substituting Ry, which was obtained from Eq. (8) for Eq. (3), the existence
probability of an isolated terminal (miss probability) in a multi-hop environment
for each r can be obtained as follows:

9)

(6] TLTO'71 2
V(s (r) = esp (- BV

2
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