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Abstract:

Natural disasters can destroy cellular and
wired network infrastructure, subsequently
leaving impacted areas without means of com-
munication. The Reachi system combine mo-
bile ad-hoc network devices with a gateway to
aid the work of relief coordinators, by ena-
bling communications from the catastrophe

epicenter.

A multi-link model which describe the wire-
less links in the deployment area of the Reachi
system is specified. The model considers spa-
tial correlation of links, which is a commonly
overlook factor in network evaluations. The
model is utilized for computer simulations.
Simulation results using the model show con-
sistently lower network performance in com-
parison to the equivalent model without spa-

tial correlation.

Simulations with the spatial correlation model
is an important tool for design of link layer
and network layer protocols for the Reachi
system. Link layer protocols should synchro-
nize the network and rely on randomization.
Further evaluation is necessary to decide be-

tween a proactive or reactive routing scheme.
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References are made using the IEEE referencing, where a number in a square bracket in the
text, e.g. [1], refers to an entry in the references on page 54. Each of the categories equations,
figures, tables and algorithms are enumerated sequentially after appearance. Unless otherwise

stated, the figures are made by the author.

neo.coertec /b attensys.io

AALBORG UNIVERSITET LINKAIDERS




Table of Contents

1] TIETOAUCTION. .ttt ettt ettt e et e e et e e e e 1
2 | Preliminary analySis ........iiiiiiiiiiiiiiiiiiieee e 3
2.1 Disaster relief in the PRilIPDInesS.........uuoriiiiiiiiniiiiiion et esviieneeevieneesaraneeeeriieeeanns 3
2.1.1 Networking Conditions. ... i e e e e e v e eaaaeees 4

2.2 Designing the right solution ... e 5
2.2.1 Satellite and balloon NetWOTKS........viiiiiii i 6
2.2.2 Recovering/extending existing infrastructure ...........cccooevveieiniiiieeiiniiieeeee. 6
2.2.3 Mobile ad-hoc NEtWOTK ........iiiii e 7

2.3 Problem formulation ...........ooooiiiii e 8
2.3.1 MethOAOIOZY «.eeeieiiiiiii e 8

3| Link modelling.......cccooiiiiiiiiiii 10
3.1 Patiloss v e et 10
3.1.1 Distance dependent path 1oss........ccoooiiiiiiiii e, 12
3.1.2 SIOW FAQINE « ettt et e e e ettt e e e e e eee s 13
3.1.3 Fast fading ... oo 13
3.14 Combined fading........ooiiiii e 14

3.2 Correlation MOAEIS ..ooiiii i et 14
3.2.1 Temporal COrTelation...........oiiiiiii e 15
3.2.2 Spatial corTelation ..........ooiiiiiii e 16

4 | Empirical modelling..........ccooooiiiiiiiiiiii 20
4.1 Measurement CAIMPAIZIL. ...cuuuutiiiuu ettt ee et e ee e e ettt e e e et eeeenieeeeans 20
4.1.1 FEQUIDIMENT ..o e 21
4.1.2 ProCEAUIE. ... e 23
4.1.3 DAEA e e 23

4.2 Data analysis and model regreSSion .. ...ouiuiriiiieeiiiir it eei e et eraeaeainaearaneens 24
4.2.1 Pathloss exponent and standard deviation ... 25
4.2.2 Correlation PAraMEtEIS. ... . ittt e e e e e e 27

5| STMUIATION 1.ttt 29

V1



5.1 STMUIAtION AESCTIPTION «eeetitiiiit ittt e e 29

5.1.1 Computational aspects/other 0bServations ............cccovviiiiniiiinnieeennieeen. 30

5.2  Model verification and validation ............cooiiiiiiiiiiiiii 31
5.2.1 VT CAION. ..ttt e 31
5.2.2 ValIdABION «.uneeeiii e e 32

6 | Performance evaluation...............cccoiii 36
6.1 Evaluation SCENATios . .......cuu ittt e 36
6.1.1 SEALIC SCETIATIOR ¢ttt ettt ettt et 37
6.1.2 MODILE SCENATION +..teee e et 40

6.2 Results and diSCUSSION ...covuuuiiiiiii e 43
6.2.1 SHEATIC SCEMATIOR. ¢+ ittt ettt ettt e e e e e e e eeeete e e e e e e e eeeeennnannns 43
6.2.2 MODILE SCENATION «ettun ettt et et e e et e e eenaa e 45

6.3 MANET protocol desigh considerations...........eeeiiieiiiiiiiiiiiiiin e e e 47
6.3.1 The layered protocol STACK ...ttt 47
6.3.2 Data link layer protocol design considerations...........cccooviiiiiiiiiiiinnniinnnnnen. 48
6.3.3 Network layer protocol design considerations .......c..ocoecoviiiiiiiiniiiiiinieennn.. 50

7| CONCIUSION ..oeiiiiiiiiii i 52
7.1 FUtUre WOTK oo 53

8 | References . .......oooooiiiiiiiiii i 54
JLN o]0 lcTe 1 SO SSUUUPUPUSRUR 58
A TOrTINOLOZY -ttt 58
B Autocorrelation sequence of the first order autoregressive function...........cccccceeveeeeeeen. 59
O I T o {0 010 3 vE U 61
8.1.2 PeCtlIarities. . oo eee e e 62

vii






1 | Introduction

Disaster relief is an important humanitarian act. Natural disasters like droughts, floods, tsu-
namis, typhoons, earthquakes and forest fires destroys communities, and require quick action
in the local area to aid the injured, access the damage and start restoring houses or otherwise
restore the life of those affected. Globally, tens of thousands of people are killed, and hundreds
of millions are affected by natural disasters every year [1]. Humanitarian organizations have
resources to step in and help during disasters. However, coordination of the effort is crucial to
minimize the casualties, damages and waste of available resources. Overview of the situation
and communication between relief workers and coordinators is vital as illustrated by the many
initiatives initiated to incorporate information and communication technology (ICT) into the
works of humanitarian organizations [2], [3]. Two technologies are the main enablers of com-
munication across large areas: cellular and satellite communication. However, during many
natural disasters traditional communication infrastructure is not available. Cellular infrastruc-
ture might not be deployed, have suffered damage or power loss and satellite equipment might

be too expensive for sufficient adoption. An inexpensive ad-hoc solution is desired.

Wireless links
Figure 1 Mobile ad-hoc networks consists of mobile nodes connected by wireless links.

Mobile ad-hoc networks (MANET) is a class of networks with the potential to be the desired
inexpensive solution. MANETS are characterized by being infrastructure-less and self-config-
uring. Figure 1 illustrates how MANETSs consist of wireless devices. Participating nodes are
wireless and can be highly mobile. In contrast, largely adopted wireless networks like cellular
and WiFi experience only mobility of the user equipment and typically only the last link is
wireless, see Figure 2. Lots of theory and empirical knowledge have been accumulated to
continually improve coverage, capacity, delay, etc. of especially cellular networks, incentivized
by telecom providers desire to offer the best product, which draws customers to their services.
MANETS has a desired flexibility and in contrast to cellular, WiFi and satellite networks,
MANETS require no infrastructure. This is a major advantage in the response to natural
disasters, as networks form where needed without need for specialist intervention. Addition-

ally, equipment cost is contained to the price of individual terminals. Unfortunately, the flex-
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ibility of MANETS is also their biggest weakness. The goal of any network is to enable com-
munication between the participating nodes. Guaranteeing network connectivity in a network,

where every node is mobile, constitutes a challenge.

----- (( ’) Wired ﬁ'\\D
DD- -- l networks d ““““““ D

T
. [ J
Wireless link Wired network Wireless link

Figure 2 Traditional wireless systems are only wireless in the last link from the user equip-
ment to the access point. Mobility is limited to the user equipment.

The prospect of utilizing MANETSs in disaster relief aid is interesting, because it has potential
to provide communications capabilities to every person involved in the relief effort with min-
imal delay and cost. The company LinkAiders has conceptualized the idea of using MANET
technology in disaster relief in a project called Reachi. Reachi has won a social entrepreneur-
ship award [4] and received funding towards further development, optimization and production
of the Reachi system [5]. LinkAiders have partnered up with Philippine Red Cross (PRC),
who will be the first client on the system. In collaboration with PRC volunteers, LinkAiders

have performed field tests with the wireless Reachi prototype devices.

The goal of this project is to aid the evaluation and optimization of the Reachi system. Par-
ticularly, with a basis in the Reachi field tests and supported by current literature on MA-
NETS, this project investigates the performance and how to optimize the MANET technolo-
gies, which constitute the Reachi system. The contributions of the present work are the fol-

lowing:

1 Scenario specific propagation model based on empirical data

T  Multi-link model including correlation between links, parametrized based on empirical
data

1 Assessment of link connectivity in specific MANET scenarios based on simulation

1 Recommendations for design of data link layer and network layer protocols for a MA-

NET in a specific scenario
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2 | Preliminary analysis

Mobile ad-hoc networks are often specialized networks with specific purposes. Applications
include real-time voice communication between military units, reporting of measurements from
smart meters and control of smart home IoT-devices. Obviously, the requirements for the
network depend on the application. Latency is a concern in real-time voice communication
but is less critical in sensor measurements. Throughput requirements are larger for video sur-
veillance than activating a door lock. While requirements are commonly easy to specify, eval-
uating whether a particular network fulfils the requirements is a task made complex by the

many variables affecting wireless mobile ad-hoc networks.

This chapter will identify the variables relevant for communications in a disaster scenario,
with the purpose of devising a model which can be useful for analysis of mesh network proto-
cols. The focus will be on a specific use case of relief work in the Philippines. To generalize
the findings in this project and justify specific decision, a broader outlook is given where

suitable.

2.1 Disaster relief in the Philippines

Philippines is an island nation situated in the Western Pacific Sea. The geography of the
Philippines makes them prone to mortal and destructive earthquakes and typhoons. To com-
bat these natural disasters, Philippines Red Cross (PRC) has identified four stages on which

they handle disasters. The four stages are [6]:

1. Disaster risk reduction. Assessment of vulnerable areas lead to focused effort to either
reinforce vulnerable points or establish appropriate early warning systems and plans.

2. Disaster preparedness. Training staff and local volunteers in emergency response.
Stocking equipment and supplies in anticipation of disasters.

3. Disaster response. Assessing the situation, planning the effort of search, rescue,
healthcare and supply distribution.

4. Disaster recovery. Providing shelter for those who lost their homes and reestablishing

the community.

PRC has a strong presence among the local community, and a big base of volunteers counting
0.5 million in 2011 with expectation to reach 1.8 million [7]. In the event of a disaster, the
volunteers will work together with Red Cross staff and coordinators to focus the relief effort.
Despite the impressive workforce, the impact of relief work is held back by the volunteer’s
inability to communicate the situation to the relief coordinators. Without updated information
it is a challenge for relief coordinators to dispatch resources timely and in the right amounts

to the correct locations. There is a need for an ad-hoc communication solution to improve the
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coordination of the disaster response stage. The focus of the present work is stage 3. Disaster

response.

2.1.1 Networking conditions

To provide the optimal network for disaster communications it is vital to know the operating

conditions of the network. Network conditions include the following:

1

Environmental conditions

For any wireless communication, the environment in which the network is deployed plays
a vital role. Here, the term environment is used only to refer to physical objects, terrain
and phenomena, which affect the propagation of electromagnetic waves in the radio fre-
quency spectrum. Different things are to be considered in e.g. communication in a barren
desert versus communication in a hilly city like San Francisco. Although obstruction of
the signal path is arguably the main environmental concern, weather conditions will also
affect the network performance. Though most prevalent at radio frequencies above 11
GHz, atmospheric precipitation can cause signal attenuation. For disaster relief in the
Philippines the focus is populated urban areas. This encompass a variety of environments
with varying building density and height, terrain undulation and vegetation.
Equipment performance

Naturally, a network is bounded by the capabilities of the networking equipment. Equip-
ment performance describes the range, battery life, robustness, etc. of the equipment itself.
Equipment mobility

Equally important is the placement and mobility of the equipment. The placement of
equipment determines which wireless links can be established, which in turn determines
the topology of the network, and whether there are available paths between nodes in the
network. Mobility introduces further complexity as it allows isolated nodes to reconnect
to the network and establishment of new paths. Conversely, nodes are at risk of discon-

nection from the network and routes might be broken.

Realistic disaster mobility is difficult to specify, but compared to the simplest mobility models

e.g. random walk, a few things are common for the mobility in most disaster scenarios [8]:

1

Entities are heterogeneous, i.e. some entities move much more than others and at different
speeds.

Repetitiveness is common among certain entities, e.g. transport of people or supplies be-
tween points of interest.

Group mobility is common as both civilians and rescuers travel in groups to increase their
safety.

Other relationships between entities, e.g. a squad of search and rescue workers scan

through different neighborhoods in search of survivors.
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Multiple disaster mobility models have been specified, to capture these aspects in certain
scenarios. The post-disaster mobility (PDM) model [7], the large-scale disaster mobility model
(LSDMM) [9] and the disaster area mobility model [10] rely on dedicated sectors with a par-
ticular purpose. PDM and the disaster area mobility model utilize well defined zones, e.g. the
main coordination center, relief camp, evacuation center, hospital and police station of the
PDM model. Nodes are assigned certain roles, and their mobility is determined from these
roles. LSDMM instead rely on cellular division of a large area, where each cell is either an
activity cell, an obstacle cell (dense or sparse) or an empty cell. Nodes are either static or

move towards a randomly selected activity cell.

The mobility in a disaster scenario in the Philippines is difficult to specify. The situation in
the Philippines is further complicated by the fact that the Philippines Red Cross relief workers
are mainly local volunteers. As the volunteers are likely to be affected by the disaster, it is
reasonable to assume that some will fail to follow the training that has been provided to them.
The strength of recruiting numerous volunteers is their presence in the areas where disaster
might strike. If means of communication can be provided to the local volunteers, disaster relief
could be aided by e.g. letting relief coordinators know the needs of specific neighborhoods or

communicate the locations of medical care and supplies to victims.

2.2 Designing the right solution

The following properties are important for any post disaster communication system. No two
disasters are the same. Therefore, there is no perfect all-round solution and every application

must find the right tradeoff between the properties.

1 Coverage. The network should be available in the areas where people need help. Cov-
erage can be of widespread geographical areas, but also related to specific outdoor or
indoor environments.

1 Deployment speed. Communication enables informed decision making. It is vital that
means of communication is established as soon as possible following a disaster.

 Lifetime. It is vital that communication can be maintained in the first 72 hours of a
disaster, but in certain cases communications might be necessary for months. The
network must be delivering suitable means of communication for the entire period.

I Flexibility. In the lifespan of the network, traffic patterns may change. Both in terms
of the amount of traffic and geographic location of source and destination.

1 Robustness. Post disaster conditions might be hostile. Resilience to water, ash, shock
and high winds are just some of the considerations.

1 Network performance (latency, throughput, connectivity, etc.). Depending on the of-
fered services, the network must live up to certain performance requirements. Services

might range from simple message applications to video surveillance or chat.
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Different solutions for disaster communication have been proposed. In the following, 4 poten-

tial solutions are presented

2.2.1 Satellite and balloon networks

Line of sight is a key enabler of long distance wireless communication. Airborne infrastructure

has a clear advantage when it comes to coverage.

Multiple satellite network operators offer satellite phone plans, which enable communication
from anywhere on earth. Obviously, infrastructure and equipment costs are high which leads
to expensive phone plans. High fixed and acquisition cost is a main prohibitor of mass adoption
for communication during relief work. Additionally, the satellite networks are not dimensioned
to handle thousands of calls from the same relatively small area on earth. Therefore, satellite
communication might be a suitable solution for few high value relief workers, e.g. medical

professionals.

In comparison to launching satellites into orbit, inflating a balloon is inexpensive. Arimura et
al. [11] developed and evaluated an ad-hoc network infrastructure of balloons based on 802.11.
With an allowable distance up to 600 meters between balloons they were able to transmit
video streams over 5 hops and maintain VoIP communication. Challenges for the system
includes power consumption and robustness. Power is supplied to the balloons from the ground

and balloons are naturally vulnerable to strong winds.

2.2.2 Recovering/extending existing infrastructure

In areas where communication infrastructure is damaged by a disaster, recovering or rebuilding
the infrastructure is a possible solution. This strategy has previously been deployed, e.g. fol-
lowing the strike of the super typhoon Haiyan in the Philippines in 2013 [12]. 108 Huawei
employees and subcontractors were dispatched in helicopter to recover the network in 3 major
cities. The drawback of the recovery process is the high expense and long rebuild time. Full

recovery took more than 4 months. [12]

An inexpensive variation using existing infrastructure is proposed by Minh et al. [13]. They
conceptualize a system, where user equipment connects to surviving WiFi access points (AP)
and extends the range by becoming virtual access points. In this way, ad-hoc networks are
extending the connectivity of surviving infrastructure. The authors show that the solution is
fast to setup and provides a quality of service suitable for web browsing and voice calls over
several hops of virtual APs. However, the demonstrated network was setup on laptops inside
a campus building, and the laptops participated by manually downloading the required soft-
ware. Several issues must be addressed before the system is suitable for real life disaster com-
munications, including power consumption, scalability, security, multiple surviving APs and

handling of mobility /link failure.
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2.2.3 Mobile ad-hoc network

Disaster communications is an obvious application area of MANETS. The mobility and flexi-
bility of ad-hoc networks are highly compatible with the networking needs in disaster commu-
nication. Multiple MANET based systems have been proposed for disaster recovery. Lu et al.
[14] designed the smartphone application TeamPhone, which seamlessly combines cellular, ad-
hoc and delay tolerant networking to provide a messaging service between relief workers.
Implementation on off-the-shelf hardware demonstrated the feasibility of the application under
certain test conditions. The fact that the system runs on smartphones is its greatest advantage.
However, the utility in actual disaster recovery is challenged by the power consumption of

consumer smartphones and achievable range of 2.4GHz WiFi communication.

LinkAiders are working on a dedicated disaster communication system [15]. The vision is to
equip volunteers with small robust devices, which will form an ad-hoc network. For every 1000
handheld/wearable (on a strap around the neck) devices a satellite, GSM and WiFi enabled,
battery powered gateway will be deployed. Through a backhaul link (be it satellite, cellular
or WiFi based), the gateway relays the information to a coordinator, who can dispatch avail-

able resources to the distressed areas, as illustrated in Figure 3.

Figure 3 Disaster communication concept. Handheld /wearable devices carried by volunteers
form a MANET and are used for reporting the current situation from the disaster area to
the relief coordinator.

The Reachi system is designed in collaboration with the Philippines Red Cross. Thus, exact
communication requirements and specification of the network conditions of the Reachi system

is an ongoing effort.

The Reachi system is a potentially viable business case, which provides benefits for relief
workers. MANET technology eliminates the need for dedicated infrastructure, which reduce
both the required knowledge and skill for deployment of the network, but more importantly
it reduces the cost of the system. The system is financed through the sales of handheld Reachi
devices directly to PRC volunteers. Thus, the cost of gateways can be divided onto the cheaper

handheld devices, while keeping the devices affordable - allegedly.
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NeoCortec are supplying the radio-modules which will facilitate the communication. Their
technology has proven itself in IoT-networks, where nodes are expected to be more static than
in the disaster scenario. The big challenge will be adapting the protocols to the inherently
mobile disaster scenarios. Ensuring connectivity and optimizing the network to the conditions
in the Philippines is vital to ensure satisfying performance of the system. Therefore, thorough

evaluation of the system is necessary.

2.3 Problem formulation
The performance of a MANET is limited by the participation of nodes. Their placements

determine the coverage, connectivity and link conditions. Additionally, node mobility result
in continuously changing network conditions. The penalty of being a flexible technology is the

increased complexity introduced by relying on participants to form the network infrastructure.

This project work will contribute to performance enhancement of the Reachi system. The basis

of the project is the following problem formulation:

How can the network performance of the Reachi system be optimized for deployment in the

Philippines during o disaster scenario?

To answer the problem formulation, it is necessary to understand the performance of the
Reachi system in the network environment of the Philippines, which can be divided into two

subproblems:

1 How does the Reachi system work?
9  What implications does the network environment in the Philippines have on the net-

work performance?

Specific details on the Reachi system are unavailable. Therefore, this thesis will focus on spec-
ifying the networking environment and giving a general insight to the performance of MANET

systems in the specific environment.

2.3.1 Methodology

Conceptually, evaluation of the network performance could be carried out by either full-blown
implementation, analytical evaluation or simulation. The disadvantage of a full-blown imple-
mentation is the effort required to setup and run tests, as well as the cost of scaling the
network. The disadvantage of a pure analytical evaluation is difficulty of expressing the tem-
poral protocol behavior in an analytical expression. Therefore, the method for network evalu-
ation is simulation. However, computer simulation of the network requires appropriate models
of the physical aspects of the network simulation. In this case, the necessary models are (1) a
node mobility model and (2) a link model describing the radio propagation on every wireless

link of the network.
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The realism of the models is vital for the validity of the evaluation. Therefore, the choice/de-
sign of the models will rely heavily on measurements made on location in the Philippines. The
specification of the link model will additionally draw on the accumulated knowledge in the
field of propagation modelling derived from both theory and empirical observations. Specifying
node mobility in a disaster scenario is beyond the scope of this project. General static and
mobile node scenarios is used in place of a specific mobility model. Performance metrics are
defined and the performance of two multi-link models is evaluated. The performance in the
simple scenarios is the basis for a presentation of data link layer and network layer protocol

considerations.

Page 9 of 62



3 | Link modelling

The performance of a MANET comes down to the network conditions and the capabilities of
the technology, i.e. protocols managing the system. To enable performance evaluation, firstly
a means of evaluation must be established. Evaluation of any wireless networks comes down
to the properties of the individual wireless links in the networks. Therefore, a specification of
the wireless links in the conditions of the Philippines is needed. Once the wireless links have

been specified, analysis of network protocols can commence.

Mathematical modelling is an indispensable tool for system analysis, development and evalu-
ation. Mobile ad-hoc networks are no exception. No single model can encompass networks
between military drones and networks of indoor IoT-devices. Customization for the specific

application is necessary.

In this chapter, with a basis in the current literature, common link models are revised. In
connection with the review, the proposed extension to include correlation in the link modelling

is presented.

3.1 Pathloss

Wireless communication relies on the transmission and reception of electromagnetic waves.
The wireless link can be described by the signal loss inflicted by the propagation from trans-

mitter to receiver. The term path loss is used to describe this loss.

Accurate description of the path loss of electromagnetic waves is possible through deterministic
and theoretical models e.g. the free space model or the 2-ray model. The free space model
specifies the path loss in terms of frequency and distance between transmitter and receiver. In
addition, the 2-ray model includes transmitter and receiver height, as it assumes a ground

reflection of the signal.

While these simple models are applicable for certain studies, often it is the case that scattering,
reflection, refraction and diffraction make analytical prediction of the propagation loss infea-
sible. The phenomena might be manageable individually and in simple scenarios but in practice
uneven surfaces of everything from the grass field to the paved streets and obstacles like hills,
trees and buildings call for other ways to quantify path loss. This has led to the development
of empirical models, e.g. the Okumura model or the COST Hata model. The empirical models
are often valid for some specific environments and frequency ranges. The Okumura model is
valid for cellular like systems, where one transceiver is placed at least 30 meters above the

ground level and link distances are between 1 and 100km.
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The aforementioned models are deterministic in the sense, that for a given input they always
return the same path loss. In the case of the empirical models, the path loss is specified as a
mean or any percentile value. This is valuable in cellular network planning, where the goal is
to guarantee a level of service in a percentile of the coverage area. However, for simulation
purposes it is necessary to generate realizations of the path loss — not just the mean. Therefore,

the models need to include stochastic elements, which can be generated by a computer.

]
LA
]
1
I
1
1
I
I

Figure 4 The three typical pathloss components. One component models the attenuation
caused by distance, the slow fading describes the variation in local mean and the fast fading

component models the fast fluctuations caused by multipath signal components.

A single link path loss model is typically broken into three components, as illustrated in Figure
4:
1. 00 'Q dA deterministic distance dependent part, which describes the mean signal
attenuation at any given link distance (distance between transmitter and receiver).
2. 00  dA stochastic slow (/shadow) fading part, which specifies the local mean of the

signal. The slow fading variable is approximately constant in a local area.
3. 00  dA stochastic fast (/multipath) fading part, which describes the rapid fluctua-
tions in signal strength in a small area — within a few wavelengths.
Combined, the path loss components compose the total path loss, 0 ©
00 00 Q00 00§ p
The path loss equation p can be used in simulations of the empirical path loss models. One

simply uses the mean path loss of the empirical model in place of the deterministic path loss
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and specify the stochastic (zero mean) elements for the given model. In the following subsec-

tions, the elements of p are explain in depth.

3.1.1 Distance dependent path loss
The free space path loss model [16] describes the relationship between transmitted, 0, and

received power, U , of a wave with wavelength _, propagating a distance, Q

where O and O is the transmitter and receiver antenna directivity, respectively. Often, it is

more convenient to give the pathloss in decibel (dB),

where the transmitted power is in the numerator to give a positive path loss value. The
practical usability of the free space path loss model is for predicting the path loss between
antennas raised a significant distance above the ground and other reflectors. Theoretical path
loss models as the free space model or the 2-ray model can be approximated in simple scenarios,
i.e. on a football field. For deployable systems, e.g. cellular or MANETS the possible link
scenarios are more complex and infeasible to describe using ray-tracing. This is where the

empirical models have their strengths.

The Okumura path loss model [17] was built on measurements from Tokyo, Japan. It specifies
the path loss in terms of the free space path loss, 00 , an attenuation factor &, heights of the
mobile and base station, Q , "Q , and some correction factors, 0 , which signify the
environments. Correction factors include terrain undulations, terrain slope and relation be-

tween land and sea.
00 S 00 0o Q 0 0

The complexity and expressiveness of the distant dependent path loss models vary. However,

the common feature is that the distance dependent path loss follows a power law:
0P Q w00 °rl T @

The path loss exponent [ is determined by the environment. In the Okumura model, the path
loss exponent is contained in the attenuation factor and the correction factor. The free space
model specifies a path loss exponent of 2. Table 1 gives path loss exponents obtained in meas-

urements of device to device systems.

Urban line of sight 2.4-5
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Urban non-line of sight 3.6 -7.6

Dense forest 4

Table 1 Typical values for the pathloss exponent in different environments for device to de-
vice communication. [18], [19], [20]

3.1.2 Slow fading

When a wireless device is moving around in a city, the signal attenuation will vary with the
place. On a hill top the signal will be good but large buildings might shadow the path between
transmitter and receiver. These large-scale variations in the environment cause variation in
the path loss. The variation caused by large obstacles is called slow or shadow fading. It is
common to model the stochastic fading caused by large scale obstacles with a log-normal
distribution [21]. The log normal distribution of the pathloss means, that when expressed in

Q§ the slow fading, 0 0 § , follows a normal distribution with zero mean and variance

» h

The standard deviation of the slow fading is determined by the environment. Common values
for cellular systems lie between L and p ¢[22]. Measurements have also been made for device
to device systems. Standard deviations found in measurements of device to device systems are

presented in Table 2.

Urban line of sight 29-76

Urban non-line of sight 4.2 -10.3

Table 2 The standard deviation of the shadow fading component measured in device to de-
vice systems. [18], [19]

The standard deviation is an expression for the spread of the measured or simulated values.
Large standard deviation characterizes systems which experience a large variability in perfor-

mance over the specified area.

3.1.3 Fast fading

In urban environments and other places where a transmitted signal can take multiple different
paths, the communications is prone to fast fading. When the receiver moves a distance shorter
that a few wavelengths, it will experience vast variations in received signal power due to the
interference between delayed signal components. When the phase of the signal components is

out of sync, they will have a dampening effect on the resulting signal.
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The signal envelope caused by fast fading is commonly modeled as a Rayleigh distributed

variable with probability distribution function [23]

It is assumed that the phase of the individual signal components is uniformly distributed and
has the same amplitude. This is a reasonable assumption in non-line of sight scenarios. How-
ever, in line of sight scenarios, the direct signal component is bound to be stronger than those
reflected of e.g. a building or the ground. In the presence of a strong signal component, the

Rician distribution more accurately models the signal envelope.

3.1.4 Combined fading

The common fading models log normal shadowing and Rayleigh fast fading are combined in
the Suzuki distribution. However, when the standard deviation of the log normal fading is
high (, @Q 4, the lognormal distribution approximates the Suzuki distribution [23]. Tt
might seem that merging the two types of fading is a degradation of the model. However, in
reality the fast fading is highly unpredictable because minute movements of either receiver or
sender can drastically change the fast fading. Therefore, knowing the fast fading value is not
useful in practical systems — in contrast to knowing the shadow fading and distance dependent
path loss, which is used in e.g. power control schemes. Consequently, in design of wireless
systems it is common to account for the fast fading by increasing the link margin — the differ-

ence between minimum expected received power and the receiver sensitivity.

On this ground, the fading terms are combined, such that the overall expression for path loss

can be simplified to

3.2 Correlation models

The path loss model described so far relates to a single communication link in a single instance.
MANETS consists of multiple links dispersed in a common environment and the links are
typically considered over a period of time. In a realistic scenario, two links sharing similar
propagation paths will experience similar fading. Also, the path loss on the same link at two
consecutive time steps, are bound to relate to each other. This relationship, be it over time or
space, is called correlation. The correlation is a measure between 1 and -1, which describe the
similarity of two stochastic variables/processes. Here, the correlation describes the similarity
in path loss on two links (spatial correlation) or on the same link at different times (temporal

correlation. A correlation coefficient of 1 would mean that the path loss is the same on the
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links, and conversely a correlation coefficient of 0 means that the path loss values are inde-
pendent of each other. Thus, there is a need to specify the temporal and spatial link correla-
tion. Omitting correlation would imply independence of the path loss values, which would lead

to unrealistic simulations and therefore questionable results.

3.2.1 Temporal correlation

The fading on a link will change over time, as the environment is dynamic, and the transceivers
are assumed to move around. A dynamic environment is likely to have no influence on the
shadow fading, and therefore little impact on the total fading. The crucial influence on the
temporal correlation of a link is the movement of the transceivers. As the transceivers move,

the environment of the link changes, thus the path loss develops.

Consider the stochastic process, @ , describing the path loss on a certain link in discrete
time steps, i.e. @ TU is the path loss at the link at time 0. Because the process describes the
path loss over time, the autocorrelation function of the process describes the temporal corre-
lation of the process. The autocorrelation function, 'Y 'Q, is defined as (assuming wide sense
stationary)

o O ®o
Y Q w

Where * and , is the mean and variance of @ . The path loss of a given link can be made
stationary by subtracting the distance dependent part. Leaving only the fading term, which

has constant mean and variance.

Gudmundson modeled the temporal correlation of the shadow fading on a link between a static
base station and a mobile terminal moving at a constant speed in [24]. He proposed a simple

decreasing autocorrelation function:

YQ o, %3¢
%o -
Where ,, is the variance of the shadow fading, - is the correlation at distance ‘O, U is the

speed of the receiver (the transmitter is assumed stationary) and “Yis the sampling interval.
- p as the correlation cannot increase indefinitely. The exponent is unitless and increases
with the speed and sampling interval, which makes sense as these would increase the physical
distance between measurements and therefore lower the correlation. In most literature the
utilized distance is the decorrelation distance, defined as the distance where the correlation
drops to Ti@.

Page 15 of 62



To impose correlation on a stochastic shadow fading process (white Gaussian noise), 0 0, one
can simply apply a first order autoregressive filter to the process [25]. The autoregressive filter

is defined as
WO %O p 0O

Which has autocorrelation function (see derivation in Appendix B)

V7 ” o/S S
Y Q o %063

Le. to recreate the autocorrelation function of the Gudmundson model, one must choose the

variance of the white Gaussian process as ,, p %o ,

While the Gudmundson model is widely popular, it is not suited for MANETSs, where both
transceivers are mobile. An extension of the Gudmundson model was made by Wang et al.
[26] to deal with this issue. They specify the autocorrelation function as a function of the

distance traveled by transmitter and receiver independently:

g $88 s

YQQ Q pT

The constant Q is the decorrelation distance. Wang et al. investigated the decorrelation
distance for handheld devices, by analyzing a dataset collected in Bristol, England. They
describe the city as having 3 story buildings with an average height of 12 meters and an
average road width of 20 meters. A decorrelation distance of ¢ 11 was found. Interestingly,
the decorrelation distance was constant for a variety of scenarios including increasing the

height of one device, and at different transmission frequencies.

3.2.2 Spatial correlation

In multi-link networks the spatial correlation is important, as it describes the correlation in
path loss on different links. The inter link correlation in MANETS is intuitive. When two links
share a propagation path down a street or around a building, the shadow fading effect on the
links are bound to be similar. Often in research on MANETS, the spatial correlation is over-
looked, see e.g. [27]. The lack of spatial correlation leads to optimistic conclusions [28]. How-
ever, few researchers have put effort into creating a realistic spatial correlation model. The
spatial correlation can be considered as the correlation in path loss on two links. Let @ be
the stochastic variable describing the path loss on one link and @ be the stochastic variable

describing the path loss on another link. The spatial correlation of the links is defined as

oW ' ®

pu

¢
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This leaves the question of what constitutes a link. Naturally, a link is specified by its end-
points, and the endpoints are associated with a given position. Unfortunately, this leaves an
infinite or at least infeasibly large amount of different links if endpoints can be placed arbi-
trarily in a given region. Therefore, there is a need for specifying the correlation coefficient of

two links, based on something other than absolute positioning of endpoints.

Agrawal et al. [28] formulates a spatial correlation model and compares it to the Gudmundson
model. They translate the Gudmundson model for use as spatial correlation by using the
following observation. Consider a link between node 1 and node 2. Node 1 remains stationary
while node 2 moves at constant velocity for i seconds. Using the autocorrelation model speci-
fied by Gudmundson, the correlation coefficient of the link at time Tt and the same link at
time i, can be found. Realizing that the same link at different time lags correspond to two
links at different spatial positions, Agrawal et al. has now obtained the spatial correlation of
the two links. This approach is only valid for determining the correlation of links which share

a common node.
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o
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Figure 5 Contour plot of the spatial field. Correlation between two links can be found by in-

tegrating the correlation of the spatial field along the two links.

Agrawal et al. propose a model based on a spatial field. The spatial field specifies the under-
laying loss conditions as a wide sense stationary white Gaussian field with exponentially de-
caying spatial correlation. A contour plot of a spatial field is shown in Figure 5, where 2 links
are illustrated. By integrating along the lines of the two links, the correlation is found (see
[28] for details). The model is compared to the Gudmundson model and validated against real
life measurements. Measurements were taken by placing 16 nodes in a 4x4 grid with 1 meter
spacing. To construct different fading scenarios, they placed cardboard boxes within the grid,

based on a Poisson spatial stochastic process. Based on the measurements, they specified the
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link correlation in 28 different link geometries and compared the measured correlation to their

own model and the Gudmundson model.

While the Agrawal model is able to capture spatial correlation more accurately than the
Gudmundson model, the drawback of the Agrwal model is the specification of the spatial field
as wide sense stationary Gaussian. Intuitively, in an urban environment the shadowing
obstacles will not be Poisson distributed and therefore the assumed exponential spatial
correlation might not hold. As illustrated in Figure 6, the correlation between the links drawn
with stipled and solid lines is vastly dependent on whether the links are propagating in an

urban canyon or blocked by buildings.

. . T T I

Figure 6 Links between nodes in a Manhattan grid can experience very different fading de-
spite having overlapping propagation path.

Instead, consider the straight line between transmitter and receiver. A simple measure of the
similarity between two links is the angular separation between two links sharing a common
node. Without knowing the specifics of the environment, it is safe to assume that links with
low angle separation will share paths and therefore experience correlated fading. The same
observation has been used for determining the spatial correlation in cellular networks, where

the common node is the mobile station and the two endpoints are base stations [29].

As with the Gudmundson model, the angle dependent spatial correlation model works only
for links with a common node. However, the placement of the common node is important for
the angle separation. Additionally, the angle separation relates to the distance between end-
points, but unlike the Gudmundson model, the correlation on parallel links (zero angle) will

be equal despite the length of the links. Considering an urban environment this feature seems
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possible, as the correlation on links between 3 nodes moving down the same straight road, is
likely to stay constant. Figure 7 illustrates the concept of the angle dependent spatial corre-
lation function. In this model, the correlation is determined based on how close the links are
to each other. Here, closeness is described by the difference in angle between the two links.
The structure of the correlation function is left open for the moment being. Some model it as
a piecewise function where the correlation is linear at shallow angles and constant when the
angle surpasses a threshold [30]. However, the correlation function seems to depend on the
environment. Determination of the structure is left for section 4.2, where data analysis is

performed on measurements from the Philippines.

Correlated propagation Independent propagation
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Figure 7 Inter link correlation is caused by the shadow fading, which is correlated for links
that are close to each other. Correlation occur along the propagation path, but also in the
clutter at the transceiver, which is common to both links.
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4 | Empirical modelling

In any type of modelling, the purpose is to mimic some real-life phenomenon. In link modelling
the acknowledged approach is to base the overall structure of the model on theory like the
exponential path loss over distance. However, the specifics are best determined by studying
the actual (or a representative) network environment. This approach has led to standard
models like the COST-231 [31], which has a broad range of utilization in cellular networks.
Propagation channel models for device to device communication is still an active research
field. Standards organization are in the progress of performing comprehensive measurements
to characterize the D2D propagation conditions in a wide variety of environments. One exam-
ple is the US National Institute of Standards and Technology (NIST), whose public safety
communications research division are in the progress of performing extensive measurements
[32].

In the absence of propagation models suitable for the scenario of relief work in the Philippines,
it is natural to base the model on actual measurements from the environment. Luckily, as part
of the development of the relief work communication devices, measurements were taken on
site in the Philippines. While this gives a valuable insight to the conditions in the Philippines,
the measurements should be used with care, as the measurements campaign was relatively

short, and was not repeated.

This chapter presents how the measurements were carried out. Secondly, the measurements

are processed and the regression of the model to fit the specific scenario is presented.

4.1 Measurement campaign

The purpose of the measurements was to establish data, which can characterize the radio
environment in the Philippines. The equipment used for the measurements were prototype
Reachi devices containing the radios, which will be used in the final product. Additionally,
the devices were equipped to PRC volunteers. Tailoring the measurement setup to the specific
scenario is an easy way of ensuring that the model is applicable to the system. That is, it
eliminates the need to account for the orientation of the device and the position of the operator
relative to the device, when using the model for evaluation of the system, as these effects are

naturally incorporated in the measurements and therefore the model.

The downside to including the effects of device orientation and possible operator shadowing
is, that the variability of the measurements is bound to increase. Another limitation of using
the production radios relates to how measurements are registered. The medium access control
(MAC) protocol of the radios are responsible for reporting the signal strength measurements.

However, the protocol is only capable of reporting the measurements of signals received from
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neighboring nodes. This is an issue, because there is a limit to the possible number of neigh-

bors. Furthermore, the exact conditions for being registered as a neighbor are proprietary and

kept secret by the producer of the radios, NeoCortec.

The following subsections will explain how and what data was gathered.

4.1.1 Equipment

33 prototype devices equipped with production radios were used in the campaign (see Figure

8). Each device contains 3 functions relevant for the data collection.

1. The radio module is measuring the received signal strength from other devices.

2. The GPS module provides time synchronization and positioning for the device.

3. The data storage saves collected data for post processing.

Figure 8 The Reachi device is made of high quality plastic. The antenna is placed in the tra-

pezium extending from the device (on the right in the figure). Picture borrowed from [33].

The radio module is the Neocortec ncl000lr module. The characteristics of the module are

outlined in Table 3.

NEOCORTEC ncl1000lr radio characteristics [34]

Parameter Value Comment
Receiver sensitivity wwo a At PER 1%
Receiver saturation p s G

Transmission power G @6 a

Frequency band US 915 MHz ISM

Channel spacing 333.252 KHz

Antenna

Pulse Electronics W5017

Only antenna for which the
device is FCC approved

Antenna gain

¢Q6Q

RSSI variation

C®»QO

Based on production test

Table 3 Characteristics of the radio module used by the Reachi devices. [34]
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There is no available data on the GPS-module, nor is it specified how many satellites the
GPS-module connected to. The performance of a GPS is specified in terms of its accuracy and
precision. The accuracy specifies the expected error between the actual position of the GPS
and the position estimate provided by the GPS module. The precision describes the spread of
position estimates measured at the same position. See Figure 9 for a graphical interpretation

of accuracy and precision.

s« Precise « Precize « Mot precise « Mot precise
« Accurate « MNotaccurate « Accurate « Motaccurate

Figure 9 The concept of accuracy and precision illustrated. The true position of the GPS

module is on the bullseye. The red crosses represent position estimates made by the GPS
moduile.

It is not possible to determine the accuracy of the GPS module used in the measurements,
because the true positions of the devices are unknown. It is a common claim that GPS is
accurate to 5 meters. In a study with 1000 participants, the mean error was measured to 4.9
m in open areas and 16.8 m in cities [35]. No comments were made on whether the direction
of the errors was consistent. However, it was noted that the height of surrounding building
was highly correlated with the GPS accuracy, as explained in their ‘aw of urban multipath’
[35]:

BOOOT OB 6 QEXDERQ v

The precision of the GPS module can be estimated from the measured positions. In the meas-
urements, one node is approximately stationary for 9 minutes outside a public library. Assum-
ing that the person is stationary, due to a conversation with an acquaintance or simply taking
a rest, the data series can be used to estimate the precision of the GPS. A measure describing
the GPS precision is the circular error probability (CEP) [36]. The CEP is the radius of a
circle within which the position estimate falls with 50% probability. For the aforementioned 9

minutes period of measurements, the CEP is 2.85m.

Time synchronization of devices are carried out via GPS. The simplest GPS time synchroni-
zation technique is One way GPS time transfer, which provides an uncertainty less than 20ns
[37].
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4.1.2 Procedure
33 PRC volunteers were equipped with a prototype Reachi device. The data collection was

initiated. The volunteers walked different paths in the local area. Every path started and
ended at the same spot marked with green in Figure 10. The routes of the volunteers were
arbitrary. The full range of recorded GPS-locations are illustrated in Figure 10 and covers a

rectangular area of 1 by 1.5 km. The duration of the data collection was approximately 1 hour.

Figure 10 All GPS-positions recorded during measurements in the Philippines. The green
spot marks the starting and ending position.

4.1.3 Data

Measurements were logged in 20 second intervals on the individual devices. Upon completion
of the campaign, data was extracted from devices and put through a pre-processing. The
function of the pre-processing is formatting and collecting the data in a manageable file. The
format of the resulting comma separated (csv) file is given in Table 4. Appendix C explains

in depth the formatting of each field.
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