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Abstract

Ad-hoc and sensor networks are composed by usually small, low power, identical de-
vices, which have three main parts: an electrical power source, an electronic logic and
a radio transceiver equipped with an antenna. These modules are built to be quickly
deployed and accomplish their task without the need of an infrastructure in usually
remote or dangerous areas.

Such devices have the natural tendency to connect to each other if they are close
enough. Not only this tendency creates too many alternative paths between devices
(overwhelming thus routing protocols which try to find the best path), it also leads
to a very busy communication channel (because in the same area and on the same
frequency no two devices are allowed to transmit at the same time). Another problem
such devices pose is their limited power and radio resources, which lead to reduced
communication distances.

This work tackles these problems by making use of antenna properties and wave prop-
agation laws, elements which are treated superficially in this research area. By con-
sidering antenna parameters, the definitions for interference are refined in this thesis
and the algorithms which perform topology control (limit the number of connections
in the network) are adapted to take into account the fact that antennas are imperfect.
Based on the fact that antennas do not have the same quality in all directions, we can
make use of this property and propose an algorithm named MDMA (Minimal Distance
Maximal Address) to further lower the interference and the power need in the network
while maintaining the network connected.

In the case of the second problem (of limited transmission range), we propose a method
(Collaborative Phase-Shift Beamforming) capable to connect two or more groups of
modules, which are further apart than the maximal transmission range of each module.
This type of communication can be called ”beyond horizon communication” because
a group of modules acts in the proposed method as a single, more powerful virtual
transmitter.
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Chapter 1

Introduction

1.1 Overview

The realm of ad-hoc and sensor network has been extremely popular and intensively

studied. Despite numerous advances this area of research is far from exhaustion due

to its complexity and constraints.

Ad-hoc and sensor networks are composed by usually small, low power, sometimes

identical devices, which have three main parts: an electrical power source, an elec-

tronic logic and a radio transmitter equipped with an antenna. Such devices are called

modules and they are adapted to be quickly deployed in order to perform a specific

task: monitoring, communication network on-the-spot, tracking and tracing, etc., by

themselves, without the need for an infrastructure [1], [2]. The keyword for such

modules is “limited” because mainly of their physical sizes – they are powered from

batteries and, in order to conserve power, their processing capabilities are reduced and

their radio transmitter is low power, too.

The differences between the ad-hoc and sensor networks come from their supposed ap-

plication field. Ad-hoc networks are commonly viewed as wireless networks composed

by modules able to carry user-data wirelessly. For example an ad-hoc network can

be composed by laptops in a conference room without an access-point. The carried

data can be files, audio, video, etc. Sensor networks carry usually measured parame-

ters (temperature, pressure, vibration, etc). Modules composing sensor networks are

usually smaller and viewed as having less resources than modules composing ad-hoc

networks. For example, a module of an ad-hoc network can be a laptop, while a sensor

can be a “system-on-a-chip” powered by AA batteries. [3]

From the point of view of this research ad-hoc and sensor networks (besides their

physical dimensions, computational power and battery resource) have no logical dif-

ferences. All the mechanisms described or proposed here apply equally to both types

of networks.

1
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1.2 Problems and Current Solutions

In the cabled world, two devices are linked if there is a cable between them. Thus, the

number of possible paths a data packet can travel through is bounded by the limited

number of cables in the network. This is not the same in the wireless environment: in

this case devices tend to connect if they are close enough, something that in popular

language can be said as “in range”. Thus, in ad-hoc or sensor networks, because

distances between modules are comparable to their radio ranges, there is a tendency

to form too many connections. If we take into account all possible links between all

possible modules (what essentially describes a fully connected graph) the number of

communication links in the network increases exponentially by the number of modules.

On one hand, this can improve the maximal data throughput in the network and can

handle resiliency in the face of failures. On the other hand, routing algorithms, which

are adapted from the cabled world, were never supposed to cope with such a huge

number of paths between devices. In this case, the methods implied to decrease the

number of possible links fall under the generic name of topology control.

Whatever topology control method applied for a network, there will always be several

modules which unintentionally receive undesired radio transmissions of other modules

in the same network. This situation, for radio networks, is named interference. It has

been shown that topology control can improve the levels of interference in the network

([4], [5] and others).

Previous research in the area of topology control falls into one of the categories: ge-

ometry based, spanning tree based, direction based, neighbour based or routing based.

Geometric methods represent abstractions for transmission power regulation – [6], [7],

[8]; spanning tree is an abstraction for the establishment of a backbone – [9]; direction

based methods emulate sector antennas – [8], [10]; neighbour methods cope with choos-

ing neighbours based on some quality or metric – [11] and finally, routing methods are

responsible for establishing clusters of modules (logical sub-networks) – [12], [13]. This

presented classification is based on [14].

Another important aspect of ad-hoc and especially sensor networks is that the devices

are low power. Let us assume that the distance between two groups of modules is

slightly greater than the maximal distance for which a direct communication would be

possible. There are a couple of classic possibilities for connecting the two clusters: to

further increase the transmission power, to make use of higher gain antennas, to make
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use of multiple antenna systems and to use repeaters in between the two groups.

1.3 Objectives and Contribution

As it can be seen, previous work tends to ignore the properties of one key-component

of each radio module: the antenna. Because the modules which constitute the building

blocks of ad-hoc and especially sensor networks are small in size, their antennas are

required to be small, too. In such scenarios, the wavelengths for radio transmission are

directly influenced by the small factor of the antenna. Each obstacle (including the

electronic components of the module itself) influence the quality with which the an-

tenna radiates the electromagnetic waves. The vast majority of research assumes that

the antenna emits with the same intensity in all directions around itself, assumption

which can be false and misleading in results.

The further increase of transmission power can be performed to the maximal limit of

the transmitter itself and, as a consequence, increasing transmission power will drain

the batteries faster. The use of higher gain antennas requires the physical installment

of bigger antennas (in size). Sometimes this is not possible – for example for modules

which have to travel inside a carrier vehicle to the place of deployment: bigger antennas

may not allow the modules to fit inside the transporter. Multiple antenna systems have

their advantages, however antenna arrays draw power from one source (the battery of

the module) and are bigger is size than one antenna element taken separately. Finally,

the installment of repeaters is sometimes not possible because the devices can be out

of reach (on the surface of another celestial body) or because the zone where the

repeater(s) should be installed is not allowing it (enemy territory, a river, a deep

ravine).

In the next chapter (the survey), we shall show the existing techniques, their limita-

tions, advantages and disadvantages. Many of them do not take fully into account

antenna properties and radio propagation. Then, in the rest of this thesis, we desire

to make use of the properties of antennas and adapt them to the wireless ad-hoc and

sensor networks environment.

In this way, three main objectives of the thesis can be given as:

1. Refining the interference definitions to better reflect real-world scenarious. Then,

adapting the existing topology control mechanisms to be able to take into account

the fact that antennas do not have the same quality in all directions;
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2. Presenting a method for lowering interference in an ad-hoc (or sensor) network

by the use of high-gain sector antennas;

3. Finally, to present a technique low power radio modules can make use of, in

order to cover greater distances and thus to connect to groups of modules that

otherwise would have been out of reach (beyond the maximal range of any mod-

ule individually). This method builds higher-power virtual transmitters out of

individual modules.

An additional side-effect is to show that, by correctly using antenna properties, we can

improve power need and thus extend the life of the network.

1.4 Organization of the Thesis

The dissertation is organised as follows: the second chapter is oriented towards an ad-

hoc networks survey (existing technologies); the third chapter contains the proposal

for one direction of research (topology control with anisotropic antennas); the fourth

chapter contains the results of the methods proposed in the third chapter; the fifth

chapter contains the proposal for another direction of research (collaboration based on

antenna properties); the sixth chapter contains the results of the methods proposed in

the fifth chapter and the seventh chapter contains the final conclusions, future work

and possible improvements. The references and the author’s publications are presented

in the end of the dissertation thesis.

Chapter two, the survey of existing methods, describes the problematic of ad-hoc and

sensor networks, antennas and propagation and smart-antenna systems. This chapter

also introduces the definitions for interference in such networks, different methods of

topology control and modern technologies such as Multiple Input Multiple Output

(MIMO). The chapter contains at the end the conclusions regarding existing methods

applied in ad-hoc and sensor networks.

Chapter three is oriented towards applying topology control in ad-hoc and sensor

networks with the help of anisotropic antennas. We there present the cases of real-

world (measured) antennas and how the existing metrics for interference and algorithms

for topology control can be adapted to cope with imperfect antennas. Further more, a

very interesting particular case of anisotropic antenna is studied – the case of high-gain

sector turning antenna, which can further improve the interference under certain con-

ditions. The fourth chapter contains the results of the experiments and simulations
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and is ended by the resulting conclusions.

Chapter five is oriented to the possibility of extending the transmission range of

the modules composing ad-hoc and sensor networks. This chapter introduces a new

concept, that of a virtual transmitter (a set of modules acting as a single, more powerful

transmitter) and proposes a method which allows long distance communication and

power balancing between the components of the virtual transmitter. This proposed

type of communication is then compared to the classic model, in which repeaters are

used. The sixth chapter contains the results of the experiments and simulations and

is ended by the resulting conclusions.

Chapter seven contains the final conclusions and, because the technique proposed in

the fifth chapter is improvable, the possible directions for further research.

From the logical-flow point of view, this thesis can be presented as in Fig. 1.1.

1. Introduction

2. Wireless Ad-Hoc and Sensor 
Networks Survey

3. Anisotropy and Radio Interference in 
Ad-Hoc and Sensor Networks

5. Collaborative Phase-Shift 
Beamforming in Ad-Hoc and Sensor 

Networks

4. Anisotropy and Radio Interference 
Experiments and Results

6. Collaborative Phase-Shift 
Beamforming - Experiments and Results

7. Final Conclusions and Future Work

Figure 1.1: Logical organisation of the thesis.
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Chapter 2

Wireless Ad-Hoc and Sensor Net-

works Survey

2.1 Introduction

This chapter describes the most relevant research approaches in topology control and

interference in ad-hoc and sensor networks. To ease the presentation of these works,

and also to help understand their scope, several basic concepts and mathematical

relations are also given. The order in which we present these notions is dictated by

their complexity (from the simpler to the most complex) and relationship. In the first

section we introduce the ad-hoc and sensor networks. In the second section we present

the simplest methods for topology control (which ignore any radio properties of the

modules). Then, in the third section we present the antenna models which will be later

used in this work. In the fourth and fifth sections we show what interference is and how

it is mitigated in topology control. The sixth section presents modern complex antenna

systems (“smart antennas”, MIMO, etc.) with their advantages and limitations. The

chapter is concluded in the seventh section. Although this chapter seems fragmented,

with information from different areas of science (antennas, graph theory, etc.), our goal

in this work is to integrate them in order to study the behaviour and improvements in

an environment which is closer to reality. Several sections only present theory which

will be then integrated in our view upon the problem.

“Ad-hoc networks are decentralized, self-organizing networks capable of forming a

communication network without relying on any fixed infrastructure. Each node in

an ad-hoc network is equipped with a radio transmitter and receiver which allows it

to communicate with other nodes over wireless channels. All nodes can function, if

needed, as relay stations for data packets to be routed to their final destination. In

other words, ad-hoc networks allow for multi-hop transmission of data between nodes

outside the direct radio reach of each other.” [15]

Ad-hoc networks can be classified by different criteria:

7
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• mobility: fixed or mobile (MANET);

• node types: homogeneous (identical modules) or heterogeneous (different types

of modules);

• security: secured or unsecured;

• energy: limited, regenerative or unlimited;

• positioning: flat (2D) or in-space (3D) positions;

• grouping: clustered or unclustered;

• etc.

In this thesis we focus our work on both homogeneous and heterogeneous ad-hoc or

sensor networks which have a planar distribution (the modules are placed on a flat

surface). All modules are fixed and have a limited energy resource. We treat both

clustered and unclustered typed of networks.

For this work, each radio module (node) is composed by three main parts: an energy

resource (battery with a finite amount of energy), an internal logic (processor, memory,

responsible for performing a task) and a radio transceiver coupled with an antenna.

This second chapter represents an introduction to the world of wireless communica-

tion designed for ad-hoc and sensor networks, from multiple perspectives: topology

control, interference, antennas and wave propagation, smart antennas, communication

channel. The chapter is aimed at presenting the current state of research in the area,

the problems and the existing solutions.

2.2 Geometric Methods for Topology Control

2.2.1 Introduction

A fixed, planar network as described in paragraph 2.1 can be modelled by a graph

G(V,E), where the vertices set V represent the modules (one vertex / node for each

module in the network) and an edge / link between two vertices e = e(u, v) ∈ E

represents a communication link between the two modules represented by vertices

u and v – Fig. 2.1. Classic geometric methods ignore all aspects regarding radio

properties, powers, frequencies, etc.

Purely geometric topology control (TC) has the goal to create a sparser structure

(a network with fewer communication links) based on graph theory only. Oriented

and unoriented graphs can be used to model directional or bidirectional links between
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u ve

Figure 2.1: Ad-hoc or sensor wireless network.

devices. In our case, because most of the communications in the real world is based

on bidirectional links (message and acknowledgement) we shall use unoriented graphs

only.

Because the studied networks have their modules on a relatively flat surface, the graphs

which model the networks are bidimensional (2D). In this case, the distance between

two modules is given by the Euclidian distance between the vertices representing the

two modules in the graph G: δ(u, v).

If a network N containing n modules is modelled by the graph G=(V,E), then applying

TC (which reduces the number of communication links in the network) on the network

N is equivalent to finding a subgraph G′ = (V,E′) ⊂ G.

There are three classic TC geometric algorithms: RNG (Relative Neighbourhood

Graph) [6], GG (Gabriel Graph) [7], YG (Yao Graph) [8].

2.2.2 RNG (Relative Neighbourhood Graph)

Definition 1. The subgraph G’=RNG(G)=(V,E’) obtained from graph G=(V,E) is

defined by the set of edges:

E′ = {(p, q) |6 ∃w ∈ V \ {p, q} ; [δ (p, w) < δ (p, q)] ∧ [δ (q, w) < δ (p, q)]} (2.1)

Into words, the edge (p,q) is included in the RNG(G) iff (if and only if) the intersection

of the discs which have the edge (p,q) as radius and centred in p respectively q is empty

– Fig. 2.2, the grayed area.

The important properties of RNG, as defined in [6] are:
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Figure 2.2: Step condition for RNG.

• RNG is connected (one partition);

• the maximum vertex degree is n-1 (where n is the number of vertices) but can

be bounded by 5 if no two points have the same distance to a third point;

• from the wireless network stand, RNG replaces long links which demand higher

energy values at end devices (p and q) with shorter links (demanding less energy

per device).

2.2.3 GG (Gabriel Graph)

Definition 2. The subgraph G’=GG(G)=(V,E’) obtained from graph G=(V,E) is de-

fined by the edge set:

E′ =
{

(p, q)
∣∣∣ 6 ∃w ∈ V \{p, q}; δ(p, w)2 + δ(w, q)2 < δ(p, q)2

}
(2.2)

Into words, the edge (p,q) is included in the GG(G) iff the disc having the edge (p,q)

as diameter is empty – Fig. 2.3 the grayed area.

Figure 2.3: Step condition for GG.

The important properties of GG, as defined in [7] are:

• GG is connected (one partition);

• GG has a maximal vertex degree (the number of edges connected to a vertex) of

n-1 (where n is the cardinal of V);
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• from the wireless network point of view, because in the formation of GG the dis-

tances participate with their squared value, this models the propagation of radio

waves in free space, according to the law given by (2.7) in paragraph 2.3.2. Thus,

GG replaces communication links demanding high energy with links demanding

overall less energy. This leads to the formation of energy-efficient graphs.

2.2.4 YG(Yao Graph)

Definition 3. The subgraph G’=YG(G)=(V,E’) obtained from graph G=(V,E) is de-

fined by the edge set E’ obtained by the following steps:

• divide the area around p into k ≥ 6 equal sectors;

• in each sector S, e = (p, q) ∈ E′ iff 6 ∃w ∈ S\{p, q} such that δ(p, w) < δ(p, q).

Into words, we divide the area around each node p into k ≥ 6 sectors and in each sector

we connect to the closest neighbour. (Fig. 2.4)

p

q q
q

q

qq

q

Figure 2.4: Step condition for YG.

The important properties of YG, as defined in [8] are:

• YG is connected (one partition);

• node degree maxim k;

• from the wireless network stand, because the space around each vertex is divided

into k regions and each region is treated separately, YG can model communica-

tions in which a module is equipped with multiple sector antennas and in each

sector it communicates with its closest neighbour.
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2.2.5 Conclusions

1. Because each vertex p connects to any vertex q (if the edge (p,q) follows the

requirements defined in definitions 1, 2 or 3 for RNG, GG or YG respectively)

independently from the position of q around p, this simulates the fact that p

transmits and receives radio signals with the same quality in every direction

around itself. In practice antennas do not behave in this way – Fig. 2.5 – thus,

modelling their radiation patterns with circles can be a gross approximation.

pp

Figure 2.5: In reality, antennas do not have the same quality in all directions.

2. Based on geometry rules, no matter how great the distance between vertices p

and q is (if the edge (p,q) follows the requirements defined in definitions 1, 2 or

3 for RNG, GG or YG respectively), then a link between p and q is established.

This emulates the fact that the modules represented by the vertices p and q have

unlimited transmission power. In practice, obviously, this is a false assumption.

3. Any vertex situated further away from p than q is not connected to p and it is

not influenced by p in any way. In the real world, radio signals do not stop at an

invisible barrier; even if a connection between two modules is not possible there

are cases in which the two modules will interfere to each other.

4. As a final conclusion, the geometry based algorithms are too simplistic and may

offer false results if applied in a real-world scenario. However they offer two major

advantages: they require local information only (and not the global knowledge

of the whole graph) and they can be adapted for radio signal metrics.

Figure 2.6 contains different geometric TC algorithms applied on the same graph.
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a: 50 modules, uniform
random placement

b: full graph c: RNG

d: GG e: YG (k=6) f: YG (k=24)

Figure 2.6: Different geometric TC algorithms applied on the same graph.
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2.3 Antennas and Wave Propagation

This chapter establishes the environment current research is based on. It includes

the properties of antennas and wave propagation, the parameters which are monitored

during a data transfer from the perspective of radio waves; it presents different aspects

of interference in radio networks and the basis for the advanced methods of topology

control, which go beyond geometric rules.

2.3.1 Antennas

Antennas can be defined in multiple ways, however from the point of view of this work,

two definitions are preferred. The definitions here presented are adapted from [16], [17]

and [18].

Definition 4. An antenna is a piece of circuit that will smoothly adapt the value of

impedance: from the impedance value of the circuit the antenna is attached to, to the

impedance value of the environment the antenna is placed in. In our case, the vacuum

has the impedance of 120π Ω.

Definition 5. An antenna is a filter in frequency, impedance, space and polarization.

Defining all the terms involved in Def. 5 is beyond the scope of this work and can be

achieved only by introducing more information regarding electromagnetic waves. In

this case we can give an empirical interpretation of this definition:

• an antenna has to be adapted to the wavelengths used; for example a 1.5 cm tall

dipole antenna is not capable of efficiently emitting signals that have a wavelength

the order of km. From this point of view an antenna can be viewed as a frequency

filter.

• an antenna (according to Def. 4) must smoothly adapt impedances. Otherwise

the signal will return to the circuit (at the emitter) or it will not get to the circuit

(at the receiver). Impedance mismatch in this case can be considered as signal

filtering.

• an antenna does not have the same quality in all directions, thus it can filter

signals coming or going from / to certain directions (filter is space domain).

There is only one single antenna that has the same quality in all directions

and this is called ideal antenna. From the geometric point of view it is only a
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point (with no physical dimensions) and from the practical point of view such an

antenna cannot be built. The radiation pattern of an ideal antenna is a perfect

sphere (with the antenna in the its centre).

• antennas have different polarizations: elliptical polarization (the most general

case) can be transformed to linear polarization or circular polarization. Polar-

ization mismatch between the emitter and the receiver will translate to signal

losses. Thus an antenna can be viewed as a filter in the polarization domain.

• one note concerning the Def. 5 can be made: the impedance and frequency are

dependent on each other and so are polarization and space.

From the perspective of this paper, the impedance mismatches between the circuit and

the antenna, the polarization mismatch and the frequency mismatch are ignored. The

only important parameter is the quality of the antenna in a desired direction, measured

by the gain of the antenna in that direction. The ideal antenna has a 3D radiation

pattern the shape of a sphere (Fig. 2.7a); a vertical dipole emits a 3D radiation pattern

the shape of a torus (Fig. 2.7b). Because for this research one of the assumptions was

that the whole network lies on a flat surface, in this case we are interested only by the

radiation pattern of the antenna in this horizontal plane. For this work the horizontal

(or azimuthal) plane of the antennas will coincide with the H-plane (Fig. 2.7c). Source

for the images a, b and c is public domain.

Definition 6. We define for this paper the term isotropic antenna as an antenna that

in the horizontal plane has a circular radiation pattern with the antenna itself placed

in the centre of this circle (Fig. 2.7d).

Of course, any antenna that will not follow the definition Def. 6 will be considered

as an anisotropic antenna. Considering the whole tridimensional radiation pattern the

only antenna that can be considered isotropic is the ideal antenna. On the other hand,

by applying the Def. 6, in the horizontal plane of a vertical ideal dipole, the dipole

behaves as an isotropic antenna. For this work we assume that all the antennas in the

network have the type of a small vertical dipole.

2.3.2 Waves, Energy, Signal Strength

In the beginning we shall introduce the simplest environment for electromagnetic wave

propagation, named “free space propagation”, which assumes that in the medium there

are no other objects or obstacles excepting the antennas themselves, as it is presented
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a: Ideal antenna b: Ideal dipole

H plane

c: H and E planes for a dipole d: Pattern of a dipole in H plane

Figure 2.7: Different radiation patterns.

in [19] and [17]. Let us assume that we have a transmitter T and a receiver R, both in

the same plane (the horizontal plane) and separated by the distance d, with d in the

far-field region (Fig. 2.8). The parameters are [in squared brackets is the measurement

unit]:

• the power injected in the transmitter: PT [W ];

• the power expected from the receiver: PR[W ];

• the distance between the transmitter and receiver: r[m];

• the gain of the transmitter towards the receiver: GT (θT )[dBi];

• the gain of the receiver towards the transmitter: GR(θR)[dBi];

• the aperture of the receiver towards the transmitter: AR(θR)[m2];

• θT [◦] and θR[◦] represent the directions of propagation from transmitter to re-

ceiver and vice-versa, respectively, as in Fig. 2.8.

The free space propagation model assumes that the whole power of the transmitter is

distributed in all directions (in each direction according to the gain of the transmitter

in that specific direction), thus the power density of the radiation from the transmitter
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T Rr

Radiation pattern
of the transmitter

Radiation pattern
of the receiver

PT PR

GT GR

θT θRAR

Figure 2.8: The power path, from the transmitter to the receiver.

in the point where the receiver is located (W (θT ) measured in W/m2) becomes [19]:

W (θT ) =
PT

4πr2
·G∗T (θT ) (2.3)

where G∗T (θT ) is the amplification factor of the transmitter antenna; the relation which

binds this amplification factor to the gain of the transmitter (in dBi) is given by:

GT (θT ) = 10 · log10 (GT
∗(θT )) (2.4)

In the same way G∗R(θR) can be defined. The power induced on the receiver antenna,

if we make the assumption that the physical antenna of the receiver is very small and

the radiation power density does not change along the antenna aperture, becomes:

PR = W (θT ) ·AR(θR) (2.5)

where for a Hertzian dipole the aperture and gain are bound by:

A =
λ2

4π
·G∗ (2.6)

and thus the equation (2.5) becomes:

PR = PT ·
(

λ

4πr

)2

·G∗T (θT ) ·G∗R(θR) (2.7)



i
i

“PhDThesis” — 2013/12/13 — 21:01 — page 18 — #32 i
i

i
i

i
i

18 CHAPTER 2. WIRELESS AD-HOC AND SENSOR NETWORKS SURVEY

Tom Penick    tom@tomzap.com    www.teicontrols.com/notes    AntennasAndWirelessPropagation.pdf   1/30/2003   Page 19 of 31 

INFINITESIMAL DIPOLE AT ORIGIN 

A theoretical model of a very short dipole antenna, the 
most basic of antennas.  A points in the direction of 
current, in this case z.  Oscillation occurs along the z-
axis.   
 
Vector magnetic potential 
and magnetic field at a point 
in space due to an 
infinitesimal dipole antenna at 
the origin. 
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The radiation pattern of the infinitesimal dipole is non-
isotropic.  The directivity is 1.5, or 1.76 dBi. 
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Directivity:  ( )DIR 1.5=  

A = vector magnetic potential  [Wb/m] 
H = magnetic field intensity [A/m] 
r = radial distance from the origin  [m] 

 

INFINITESIMAL DIPOLE ON Z-AXIS 

The infinitesimal dipole at the origin is shifted to 
another point on the z-axis.  
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In the far field, we can make these approximations. 
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From the expression for electric field of the dipole at the 
origin, we get. 
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FINITE DIPOLE ON Z-AXIS 
The finite dipole on the z-
axis is calculated by 
summing the infinitesimal 
dipoles over a finite length.  

I(z') is a function describing 
the current along the dipole.  
For a ½ -wave dipole 
centered at the origin, this 
would be I(z') = I0 cos(z'k0). 
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From superposition 
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And finally the radiation due to an arbitrary line current I(z').  
We must understand this.   
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See the next section also. 
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taken as a reference for expressing the directive properties of actual antennas. A
directional antenna is one “having the property of radiating or receiving electromag-
netic waves more effectively in some directions than in others. This term is usually
applied to an antenna whose maximum directivity is significantly greater than that
of a half-wave dipole.” Examples of antennas with directional radiation patterns are
shown in Figures 2.5 and 2.6. It is seen that the pattern in Figure 2.6 is nondirec-
tional in the azimuth plane [f (!), " = #/2] and directional in the elevation plane
[g("), ! = constant]. This type of a pattern is designated as omnidirectional, and it
is defined as one “having an essentially nondirectional pattern in a given plane (in
this case in azimuth) and a directional pattern in any orthogonal plane (in this case in
elevation).” An omnidirectional pattern is then a special type of a directional pattern.

2.2.3 Principal Patterns

For a linearly polarized antenna, performance is often described in terms of its principal
E- and H -plane patterns. The E-plane is defined as “the plane containing the electric-
field vector and the direction of maximum radiation,” and the H-plane as “the plane
containing the magnetic-field vector and the direction of maximum radiation.” Although
it is very difficult to illustrate the principal patterns without considering a specific
example, it is the usual practice to orient most antennas so that at least one of the
principal plane patterns coincide with one of the geometrical principal planes. An
illustration is shown in Figure 2.5. For this example, the x-z plane (elevation plane;
! = 0) is the principal E-plane and the x-y plane (azimuthal plane; " = #/2) is the
principal H -plane. Other coordinate orientations can be selected.

The omnidirectional pattern of Figure 2.6 has an infinite number of principal E-planes
(elevation planes; ! = !c) and one principal H -plane (azimuthal plane; " = 90!).

Radiation
pattern

Antenna

z

x

r

H

E

q

f
y

H

E

Figure 2.6 Omnidirectional antenna pattern.
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There is still a major mathematical step left.  The curl operations 
must be expressed in terms of spherical coordinates 
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Azimuthal angle 

Polar angle 

a: Placement of a small
dipole in the origin

b: Radiation pattern and
the distribution of vectors
E and H

c: Axes and versors orien-
tation

Figure 2.9: Magnetic and electric vectors.

This last equation describes propagation of waves in free space. Other models propose

stronger attenuation of the signal with distance and thus equation (2.7) can be adapted

to:

PR = PT ·
(
λ

4π

)2

·
(

1

r

)β
·G∗T (θT ) ·G∗R(θR) (2.8)

where β is reffered as the “attenuation factor” or “propagation coefficient”. By trans-

forming equations (2.7) and (2.8) from watts into decibels we obtain:

PR = PT +GT (θT ) +GR(θR) + 20 · log10

(
λ

4πr

)
(2.9)

and respectively:

PR = PT +GT (θT ) +GR(θR) + 20 · log10

(
λ

4π

)
− 10βlog10r (2.10)

where the last term of equation (2.9) is known as free space path loss (FSPL). In this

model the power expressed in watts decreases with the squared distance.

2.3.3 Magnetic and Electric Components

Let us assume that a small, vertical dipole is placed in the origin of the coordinates

system, like in Fig. 2.9a. The electric (E) and magnetic (H) vectors are given by the

following equations (Fig. 2.9b and Fig. 2.9c), as defined in our reference [20]:
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~H = ~iϕ
jβImaxLe

−jβr

4πr
sin(θ) (2.11)

~E = ~iθ
jβImaxLe

−jβrη

4πr
sin(θ) (2.12)

for far field 2πr � λ and βr = 2π
λ r � 1 and thus β = 2π

λ . The β symbol in equa-

tions (2.11) and (2.12) is not the propagation coefficient presented in equations (2.8)

and (2.10), although literature notes it by the same Greek letter. The parameters in

equations (2.11) and (2.12) are:

• j =
√
−1;

• β = 2π
λ ;

• λ[m] is the wavelength of the signal;

• L[m] is the antenna length;

• Imax[A] is the maximal current flowing through antenna;

• η = 120π[Ω] is the impedance of the free space (or air);

• r[m] is the distance between transmitter (the dipole in the origin) and the point

where the receiver is located;

•
∣∣∣~iϕ∣∣∣ =

∣∣∣~iθ∣∣∣ = 1 as versors of the axes.

The equations (2.11) and (2.12) become in module:
∣∣∣ ~E∣∣∣ = η ·

∣∣∣ ~H∣∣∣.
The radiation power density in one given point around the dipole can be computed as:

~W =
1

2
· Re

{
~E × ~H∗

}
(2.13)

where H∗ is the conjugated complex number of H; the radiation power density in

module becomes:

~|W | = W =
1

2
η

(
βImaxL

4πr
sin(θ)

)2

(2.14)

The total radiated power required to create the power density W around the dipole

can be calculated as the power density multiplied by the surface that the radiation

passes through:

Prad = PT =

∫∫
©
S

Wds (2.15)
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and for the infinitesimal dipole, where the equations that generate the torus-like radi-

ation pattern:

PT =

2π∫
0

dϕ

π∫
0

Wr2 sin(θ)dθ =
η

2

(
βImaxL

4πr

)2

· 2πr2
π∫

0

(sin(θ))3dθ =
η(βImaxL)2

12π

(2.16)

2.3.4 Magnetic and Electric Components in the Horizontal Plane

In the horizontal plane θ = 90◦ and sin(θ) = 1. The content of this section represents

a particular case of the equations presented in section 2.3.3 and can be correlated with

[21]. By converting the complex numbers from the exponential form to the classic form

we obtain, from equations (2.11) and (2.12):

~H =
ImaxL

2rλ

[
sin

(
2πr

λ
+ α0

)
+ j · cos

(
2πr

λ
+ α0

)]
(2.17)

~E =
ImaxL

2rλ
η

[
sin

(
2πr

λ
+ α0

)
+ j · cos

(
2πr

λ
+ α0

)]
(2.18)

where α0 is the initial phase delay of the signal injected in the antenna.

The radiated power density in the horizontal plane becomes:

W =

∣∣∣∣12 · Re
{
~E × ~H∗

}∣∣∣∣ =
1

2

∣∣∣ ~E∣∣∣ ∣∣∣ ~H∣∣∣ sin( ~̂E, ~H) (2.19)

because the angle between the vectors E and H is 90◦.

∣∣∣ ~E∣∣∣ =

√√√√(ImaxLη

2rλ

)2

·

([
sin

(
2πr

λ
+ α0

)]2
+

[
cos

(
2πr

λ
+ α0

)]2)
=
ImaxLη

2rλ

(2.20)

because sin2(x) + cos2(x) = 1 ∣∣∣ ~H∣∣∣ =
ImaxL

2rλ
(2.21)

and the power density:

W =
η

2

(
ImaxL

2rλ

)2

(2.22)
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and the total radiated power:

Prad = PT =

∫∫
©
S

Wds (2.23)

where S can be for example 8πr2

3 for a doughnut-like (torus) radiation pattern or 4πr2

for a sphere-like radiation pattern.

As an example, we provide the total radiated power for an infinitesimal dipole. The

torus-like (or doughnut-like) radiation pattern is given by the equation: r2 · sin (θ),

thus:

Prad =

2π∫
0

dϕ

π∫
0

Wr2 sin (θ)dθ (2.24)

Prad =
η

2

(
βImaxL

4πr

)2

· 2πr2 ·
π∫

0

sin3 (θ)dθ =
η(βImaxL)2

12π
(2.25)

And equation (2.25) corresponds to the model proposed in [21].

2.3.5 Antenna Arrays

Antenna arrays are antenna systems composed by (as presented in [22]):

• a single radio chip;

• a set of antennas;

• a mechanism that allows the modification of the initial phase of each signal that

goes from the radio chip to each antenna.

Antenna arrays allow for dynamic orientation of strong radio signals in certain desired

directions. Usually antenna arrays have the following properties:

• homogeneous - all the antennas are the same;

• the position of each antenna is fixed and known;

• the distances between the antennas are known and there is a symmetry pattern;

• the initial signal is one for all antennas (coming from the radio transceiver) and

thus no other synchronisation mechanism is required.

Antenna arrays can have dimensions from a couple of centimetres to tens of kilometres

(VLA – The Very Large Array being such an example). In the case of small size
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antenna arrays, the term “smart antennas” can be used to define the same device.

The antenna array principle comes from the fact that two or more waves, when they

meet in phase at the receiver, allow the total received power to be the addition of the

power of each constituent signal. Increased power translates to longer communication

distances.

Because an antenna array can adjust the phase of each of the signals coming to each

antenna, this allows the array to be able to orient the strongest radiation lobe emitted

by the system to a certain direction.

R

T1

T2

Ti

Tn

GT1R

GT2R

GTiR

GTnR GRT

H-plane

Figure 2.10: Wave superposition from n emitters to one receiver.

Let us assume that we have n+1 antennas in the horizontal plane, n antennas serving

as transmitters of an antenna array and one as receiver (Fig. 2.10). The transmitters

have the coordinates (xTi ; yTi) with i ∈ [1, n] and the receiver (xR; yR). Of course, for

having the superposition it is necessary to have all the signals on the same wavelength

(thus the same frequency). The initial phase of the signal of each transmitter is α0i . We

assume that the transmitters Ti have an extra gain of GTiR[dBi] towards the receiver

R and the receiver R has the extra gain GRT [dBi] towards the transmitters Ti – we

can assume that the parallax of the transmitter set, viewed from the receiver, is very

small and thus there is no gain variation of the receiver to each transmitter. The extra

gains can have for example negative values, simulating an obstacle at the transmitter

or at the receiver, which alters the default gain of the dipole. Based on the equations

(2.17) and (2.18) we have the magnetic vectors from the antennas Ti induced at the

receiver R:

~Hi =
ImaxiLi

2riλ

√
10

GTiR

10

[
sin

(
2πri
λ

+ α0i

)
+ j · cos

(
2πri
λ

+ α0i

)]
(2.26)
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It can be seen that the phase of the received signal (at the receiver) is influenced by

two factors: the initial phase of the signal at the transmitter (α0i) and the distance

the wave has to propagate through (ri). From the equations (2.22) and (2.23) for each

antenna i the relation between the radiated power density and the total power injected

into the antenna i is:

Wi =
η

2

(
ImaxiLi

2riλ

)2

=
PTi
Si

(2.27)

where Si is the surface of the radiation pattern. The equation (2.26) can be rewritten

taking into account the total power injected and Si = 8πri
2

3 as:

~Hi =

√
3PTi

4ηπr2i
· 10

GTiR

10

[
sin

(
2πri
λ

+ α0i

)
+ j · cos

(
2πri
λ

+ α0i

)]
(2.28)

According to the principle of wave superposition the total magnetic vector ~H =
n∑
i=1

~Hi

which can be written in the form of complex numbers as: ~H = Re
(
~H
)

+ j · Im
(
~H
)

,

where:

Re
(
~H
)

=
n∑
i=1

[√
3PTi

4ηπr2i
· 10

GTiR

10 sin

(
2πri
λ

+ α0i

)]
(2.29)

Im
(
~H
)

=
n∑
i=1

[√
3PTi

4ηπr2i
· 10

GTiR

10 cos

(
2πri
λ

+ α0i

)]
(2.30)

The electric vector E is
∣∣∣ ~E∣∣∣ = η ·

∣∣∣ ~H∣∣∣. Supposing the homogeneity of antenna arrays

Ii = I and Li = L, the total radiation power density becomes:∣∣∣ ~W ∣∣∣ = W =
1

2
η

[(
Re
(
~H
))2

+
(

Im
(
~H
))2]

(2.31)

The distances ri can be easily computed based on the coordinates of the antennas as:

ri =

√
(xR − xTi)

2 + (yR − yTi)
2 (2.32)

The received power, at the receiver, in milliwatts, is given by (2.5): PR = W · λ24π ·G
∗
R.

Because classic antenna arrays are composed by identical antennas, fed the same cur-

rent, with fixed and known (regular) positions over a surface (1D for linear arrays, 2D

for NxN antennas surface mounts), in [23] and [24] different techniques are presented,

to simplify the equations presented in this paragraph. The approximations involved in
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[23] and [24] are based on geometrical assumptions, because the distances between the

active elements of the array are known. However, because in our work we do not know

the exact positions of the ad-hoc modules, we are not able to use these geometrical

approximations and we consider it is not necessary to present in detail these types of

antenna arrays.

2.3.6 Ground Influence

This section is aimed at explaining the behaviour of radio propagation in the presence

of ground effects. Let us assume one very small vertical dipole is placed at the height

h above ground and acting as a transmitter, as in [25]. To further simplify the model,

we assume that the ground is perfectly flat (sensor devices are low power and their

geographical extent is enough small to consider the area as a flat surface). The Earth

(or ground) will act as a mirror for the antenna, in the same way a flat mirror behaves

to any small light source (LED, candle, etc.). We are now dealing with two sources of

energy: a real one (the dipole) and an imaginary one (its image in the mirror – if it

can be named like this, by an analogy to geometric optics – Fig. 2.11). The imaginary

source will not emit the same amount of energy as the real one, being characterised by a

reflection coefficient: Rv, which depends on the geological and hydrographic properties

of the zone [25]. The reflection coefficient can be calculated by:

Real emitter Real receiver

Imaginary emitter

H-plane

direct wave

reflecte
d wave

imaginary wave

h

h

h

ground

Figure 2.11: Ground reflection.

Rv =
η0 cos θi − η1 cos θt
η0 cos θi + η1 cos θt

(2.33)
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where η0 and η1 are the intrinsec impedances of the environment above ground and

respectively the ground itself and θi and θt are the angles of incidence and refraction

for the electromagnetic beam.

The total electric component at a distance r from the emitter, in the far-field zone,

above ground is given by:

~Eθ = jη
βImaxLe

−jβr

4πr
· sin(θ) ·

[
ejβh cos(θ) +Rve

−jβh cos(θ)
]

(2.34)

~Eθ = jη
βImaxL

4πr
· sin(θ) ·

[
ej[βh cos(θ)−βr] +Rve

−j[βh cos(θ)+βr]
]

(2.35)

By transforming (2.35) from the exponential form to the classic complex form, by

applying the properties that cos(−θ) = cos(θ) and sin(−θ) = − sin(θ) and by supposing

an initial phase of the signal α0 we obtain:

~Eθ = ~Eθ1 + ~Eθ2 (2.36)

where:

~Eθ1 = η
βImaxL sin(θ)

4πr
[sin(βr − βh cos(θ) + α0) + j cos(βr − βh cos(θ) + α0)] (2.37)

and

~Eθ2 = η
βImaxL sin(θ)

4πr
Rv [sin(βr + βh cos(θ) + α0) + j cos(βr + βh cos(θ) + α0)]

(2.38)

From (2.36), (2.37) and (2.38) and by comparing the equations form to (2.12), it can

be seen that the total wave is the result of the superposition of the two waves coming

from the real (Eθ1) and respectively imaginary (Eθ2) sources. The phase difference

between the two waves is given by:

∆α = (βr+βh cos(θ) +α0)− (βr−βh cos(θ) +α0) = 2βh cos(θ) =
4πh

λ
cos(θ) (2.39)

The result in (2.39) does not depend on the initial phase of the waves. This is of crucial

importance for the proposed method in chapter 5, because the method can be applied

to modules independently to the existence of the ground reflection.
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2.4 Interference in Ad-Hoc Networks

Interference in wireless networks can be viewed from many perspectives, for example:

purely geometrical, from the electromagnetic wave perspective, from the signal-to-noise

ratio (SNR), from the bit-error-rate (BER) perspective, from the channel perspective,

etc. For our research, we use the same definitions as in [26] and which will be further

detailed in this section. Other models for interference do exist, however the vast ma-

jority is based on Medium Access Control (MAC) layer assumptions (like for example

a carrier sensing technique), as in [27] or [28]. Since we study the network from the

radio perspective, independently to the channel access method, we are limited to the

physical layer.

Interference in ad-hoc and sensor networks is defined by the use of three orthogonal

classes: {node; edge} × {maximal; average} × {hop; path}.

Definition 7. For a node v ∈ V the node coverage interference is defined as:

Cov(v) = ‖{w ∈ V \v|δ(v, w) ≤ δmax(v)}‖.

Put into words, the interference caused by node v is the number of all other nodes w

which have the property that the Euclidian distance between v and w: δ(v, w) is less

or equal than the maximal distance from node v δmax(v). In case of v being a radio

module having an isotropic antenna, its coverage area is a disc centred in v and with

radius, for example, its required radio emitting distance, as in Fig. 2.12a.

Definition 8. For an edge e = (p, q) ∈ E the edge coverage interference is defined as:

Cov(e) = ‖{w ∈ V \{p, q} |δ(p, w) ≤ δ(p, q)} ∪ {w ∈ V \{p, q} |δ(w, q) ≤ δ(p, q)}‖.

Put into words, the interference caused by the edge e=(p,q) is the number of all other

nodes w which are covered by node p when it communicates with q (thus all nodes w

for which the Euclidian distance between p and w is less then the Euclidian distance

between p and q) combined with all other nodes w that are covered by node q when

it communicates with p (thus all nodes w for which the Euclidian distance between q

and w is less then the Euclidian distance between q and p), as in Fig. 2.12b.

Definition 9. For the entire graph (network) two types of interference measurements

can be defined: maximal or average, as follows:

IV Cov(G) = max
v∈V

(Cov(v)) (2.40)
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p qp
qp

a: Node geometric inter-
ference

b: Edge geometric inter-
ference – image is generic
and does not involve any
TC mechanism applied a
priori

c: Topology having high
maximal and low average
interference.

Figure 2.12: Different types of geometric interference.

IAvgV Cov(G) =

∑
v∈V

Cov(v)

‖V ‖
(2.41)

IECov(G) = max
e∈E

(Cov(e)) (2.42)

IAvgECov(G) =

∑
e∈E

Cov(e)

‖V ‖
(2.43)

where ‖V ‖ represents the cardinal of the node set (the number of nodes in the network).

This segregation presented in Def. 9 is important because there are kinds of topologies

that have high maximal interference, though low average one, as it can be seen in Fig.

2.12c.

The final disjunction refers to interference counted per hop (per vertex or per edge) or

per path. The interference of a multihop path (p,q) is defined as the sum of the edge

interferences for all the edges along the path ((vi, vi+1) ∈ E), multiplied by a factor

depending on the number of retransmissions (usually 2 because each node participating

in a path communication sends at least 2 messages: the confirmation of a well received

packet to the node upstream and the message passing itself to the node downstream

the path) – [29].

Definition 10. The interference of a multihop path is given by:

IMHPCov(p, q) =
vn−1=q∑
v0=p

Cov (vi, vi+1).
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2.5 Interference-Aware Topology Control

2.5.1 Introduction

Geometrical methods for TC presented in paragraph 2.2 reduce the number of links

in the network graph and thus, passively, reduce interference. However, the presented

methods (RNG, GG, YG) have one major advantage: they require local information

only. Methods constructing communication structures showing required features, e.g.

planarity, restricted node degree [30], have been developed on the basis of the Euclidean

graph model. For example, RNG uses the length of the link or any monotonic function

of the length as a convex metric providing planarity and a limited graph degree. Other

approaches respect power requirements, i.e. they try to reduce consumption, emitted

energy and other power characteristics [31], [32]. They are related to the Gabriel

graphs [33] which use the square of the node distance as an additive metric, provide

planarity and are power spanners.

Signal interference is nowadays considered the important criterion, because it influ-

ences the overall network throughput. Older interference-based methods were forming

MSTs (Minimum Spanning Trees) which reduce the maximum link interference [9].

The drawbacks of these methods were the global knowledge requirement and inconve-

nient results. On the other hand, current methods optimize the path interference, e.g.

they form communication graphs consisting of all-to-all shortest paths with respect to

interference [34]. They are able to produce more convenient communication graphs

and can be based on a locally available signal-based information.

2.5.2 MST (Minimum Spanning Tree)

MST is the classic algorithm for a connected, undirected graph which connects all the

vertices in the graph in a tree of minimal cost (assuming that each edge is associated

a cost or metric). For our networks, the convex metric for each edge is interference.

Definition 11. The subgraph G’=MST(G)=(V,E’) obtained from graph G=(V,E) is

defined by the edge set E’ produced by the following algorithm:

• for each edge e ∈ E calculate the coverage interference Cov(e);

• sort the edges e ∈ E in list L, according to their increased values of Cov(e);

• mark all vertices v ∈ V as not visited;

• while ∃v ∈ V not visited do:
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– pick the first edge e ∈ L;

– if p or q are not marked as visited, then add e to E’;

– mark p, q ∈ V as visited, where p and q are the vertices of edge e: e=(p,q);

– remove e from L.

The important properties of MST, as defined in [9] are:

• it can be proven that: MST (G) ⊆ RNG(G) ⊆ GG(G) ⊆ G [35];

• it can be proven that: MST (G) ⊆ Y G(G) ⊆ G [36], [37];

• because MST produces the minimal cost subgraph and and has the minimal

cost edge, in our case the MST has the minimal values of IECov(G′) and

IAvgECov(G′) from all the connected subgraphs which can be obtained from

the initial graph G;

• MST is connected (one partition);

• MST requires global knowledge of the initial graph G.

2.5.3 XTC (A Practical Topology Control Algorithm)

The XTC algorithm [11] is one of the few that takes into consideration the term of link

quality, which can be defined in various ways, from SNR to delay, bandwidth and to

Euclidean distance. In fact, any monotonic function M of the distance can be used as

a metric, e.g. the attenuation of the ideal link. XTC consists of three main steps:

• neighbour ordering;

• neighbour order exchange;

• edge selection.

In the first step each network node u computes a total order Mvi over all its neighbours

vi in the network graph G. From an abstract point of view, this order is intended to

reflect the quality of the links to the neighbours vi. A node u will build a local ordered

list Lu containing its neighbours according to the decreasing values of their Mvi . The

link to a neighbour appearing early in the ordered list Lu is regarded as being of higher

quality than the link to a neighbour placed later in Lu. A neighbour w appearing before

v in order Lu is denoted as w < v.

In the second step the neighbour order information is exchanged among all neighbours.

Node u broadcasts its own Lu while receiving the ordered lists of its neighbours Lvi .
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During the third step, which does not require any further communication, each node

locally selects those neighbouring nodes which will form its neighbourhood in the re-

sulting topology control graph, based on the previously exchanged neighbour order

information. For this purpose a node u traverses Lu with decreasing link quality.

Node u only builds a direct communication link to a neighbour v if u has no “better”

neighbour w that can be reached more easily from v than u itself. After completion of

the algorithm, the set Nu contains the neighbours of node u in the XTC graph G’.

Definition 12. The XTC graph G’=(V,E’) contains only edges (u, v) ∈ E′ with the

value of the selected metric Muv: Muv < Muw and Muv < Mwv, where w ∈ V \{u, v}.

Algorithm 1 XTC (all nodes execute in parallel):

1: Establish ordered list ≺u over the neighbours of node u ∈ V (G)
2: Broadcast ≺u to each neighbour in G and receive ordered lists from all neighbours
3: Nu ← φ and N∼u ← φ
4: while ≺u contains unprocessed neighbours do
5: v ← the least unprocessed node in ≺u
6: if ∃w ∈ Nu ∪N∼u : w ≺v u then
7: N∼u ← N∼u ∪ {v}
8: else
9: Nu ← Nu ∪ {v}

10: end if
11: end while

The important properties of XTC, as defined in [11] are:

• XTC builds relative neighbourhood-type graphs, though it adds the possibility

of using any monotonic metric of distance and not only the Euclidian distance

as RNG does;

• for connected initial graphs, the presented algorithms will generate connected

subgraphs;

• it can be proven that: XTC(G) ⊆ RNG(G) ⊆ GG(G) ⊆ DT (G) ⊆ G [38];

• it can be proven that XTC builds a bounded degree graph [11].

2.5.4 Topology Control With Sector Antennas

As geometric methods show, in order to reduce interference we need to shrink the area

a transmitter emits radio signal, while maintaining its desired connectivity. Sector

antennas (or directional antennas) are able to accomplish the two requirements by
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providing directions of high radio signal (for long-distance connections), while in the

same time maintaining the rest of the area around the emitter in weak radio signal (for

low interference values).

N−1

Sector 0

Sector 1Sector
N−1

Sector

Sector 0

Sector 1
N−1

Sector

Sector 0

Sector 1

(a) (b) (c)
Fig. 2. A perfect radiation model of a switched-beam directional antenna when
performing (a) a unicast, (b) a multicast (to sector 0 and 4), and (c) a broadcast
communication.

reply from another farther node, both nodes might be included in
the neighbor list. To eliminate excessive neighbors located within
the same sector, a simple optimization could be performed after
the new topology is constructed. A node can choose to have only
one closest node in each sector as its neighbor by informing oth-
ers farther neighbors and taking them off its neighbor list.
In the case that AOA information is available, a node can further
reduce the number of neighbors. It is not necessary to find neigh-
bors to cover all sectors of its directional antenna. Some sectors
could be left empty if they are covered by any two neighbors that
locate in adjacent sectors with not more than radian1 apart
from each other. We refer to this improvement as scheme-2.

IV. PERFORMANCE EVALUATION

A. Simulation Model

We evaluate both the performance of the proposed directional
topology control algorithms and the application performance
over topology-controlled networks. The results are obtained by
using QualNet [?], where the topology control algorithms are in-
tegrated as peer modules of the MAC protocol.
In the simulation model, we assume a perfect radiation model
using a switched-beam directional antenna, as depicted in Fig. 2,
where the antenna is capable of generating and transmitting ra-
dio frequencies in non-overlapping sectors. Each sector cov-
ers a two dimensional area with an angle span of radians.
Nodes are able to transmit through one, multiple, or all sectors
at one time, thus creating unicast, multicast, or broadcast com-
munication, respectively. However, the same transmission power
is assumed to be applied to all simultaneously transmitted sec-
tors. In the receiving mode, all sectors of the antenna are used to
detect incoming radio frequencies, but only the sector detecting
the strongest signal will be locked to receive the desired signal.
Therefore, the direction of the sender can be determined by the
sector that receives the strongest signal.
The medium access control mechanism implemented in QualNet
is the standard IEEE 802.11 DCF [8], which operates over the
802.11 DSSS physical layer model. In the implementation of
IEEE 802.11, QualNet uses the two-ray model as its propaga-
tion path loss model. The signal reception model is BER-based,
and the sensing and receiving thresholds are defined as -91.0 and
-81.0 dBm, respectively. The transmission power is discretely
adjustable by the topology control algorithms, from -10.0 to 19.9
dBm. This transmission power interval is equivalent to the com-
munication range of approximately 35 to 500 m, and the data rate
is set to 2 Mb/s.

We refer to [4] for the result of connectivity guarantee if any two adjacent
neighbors of a node located not more than radian apart.

The simulated network consists of 100 static nodes uniformly
placed in an open area of size 1500 x 1500 m . AODV is used
as the routing protocol. The simulation time for all experiments
is 5 minutes, and the presented results are obtained as average
values of five simulation runs. For both scheme-1 and scheme-2,
periodic hello interval is set to 1 second. The antenna in our al-
gorithm is set to six sectors ( ), where each sector covers
an angle of radian. The rational behind the 6-sector direc-
tional antenna are the followings. Based on the result from [4],
a topology-controlled network is guaranteed to preserve connec-
tivity as the original full-power network if each individual node
maintains connectivity with any two neighbors who are located
less than radian apart. Therefore, with a 6-sector direc-
tional antennas where each sector covers an angle of radian,
we can guarantee the connectivity if a node maintains connectiv-
ity with at least one neighbor in every sector. In addition, adjust-
ing the transmission power to cover approximately 6 neighbors
has been shown in [9] and experimentally confirmed in [10] to be
an optimum radius.

B. Evaluation of Directional Topology Control Algorithms

The metrics used to evaluate the performance of topology control
algorithms include degree of connectivity and average transmis-
sion radius. Based on our antenna model, in the case of a non-
topology-controlled network where nodes transmit with maxi-
mum transmission power in all directions, the radius is equal
to its transmission range. However, in the case of a topology-
controlled network, the radius is calculated as an average over
the transmission ranges of a node to reach each of its neighbors.
To illustrate the topology obtained from the directional topology
control algorithms, Fig. 3 (b) and (c) depict the topologies ob-
tained from scheme-1 and scheme-2, respectively, while Fig. 3
(a) is without topology control (i.e. nodes communicate with
full transmission power with the approximate radius of 500 m).
These results are selected from one of the five randomly gener-
ated networks.

TABLE I
AVERAGE DEGREE OF CONNECTIVITY AND RADIUS OF NETWORKS

OBTAINED FROM VARIOUS TOPOLOGY CONTROL ALGORITHMS.

Topology control Full-power scheme-1 scheme-2
algorithm
Average degree 24.45 7.03 4.25
Maximum degree 37.33 11.67 6.67
Minimum degree 10.0 3.0 2.0
Average radius (m) 500.0 197.04 160.88

Table I summarizes the characteristics of the topologies obtained
from the algorithms. These degree of connectivity values are pro-
portional to the average radii and the transmission power used.
Consider the result from scheme-1, if the density of local neigh-
boring nodes is high enough, we expect the degree of connectiv-
ity to be at least 6, i.e. one neighbor per sector of the antenna.
The algorithm yields an average degree of connectivity of 7.03,
which is close to what we expected. When AOA is incorporated
into scheme-2, it can be used to exclude the search for neigh-
bors in some sector if the two neighbors of a node happen to lie
apart with an angle not larger than radian, as depicted in
Fig. 4. Therefore, scheme-2 yields better result, or lower degree
connectivity, than scheme-1.

 

!Figure 2.13: Sector antennas composing an omnidirectional antenna, as defined in [39]
and the other papers.

The properties of sector antennas for ad-hoc and sensor networks are widely studied,

ranging from power efficient broadcasting and multicasting [40], [41] to performance

of wireless mesh networks [42], to TC [39], [43], MAC layer algorithms with sector

antennas [44], [45], [46] and [47] and interference estimations [48]. From the TC point

of view, the paper [10] shows the improvement sector antennas bring to already existing

algorithms, like XTC. All the articles here cited are based on the assumption that the

sector antennas are fixed (do not rotate in the horizontal plane) and all the zones

around the transmitter are covered by at least one sector antenna. In other words, by

powering on all the sector antennas of a single transmitter, the whole radiation pattern

will match that of an omnidirectional antenna, as in Fig. 2.13. Thus, TC is achieved

by turning on and off different sector antennas belonging to the same transmitter, on

a per data packet basis; this directly matches assumptions in YG, for example. The

work presented in [10] uses another approximation for sector antennas, as depicted

in Fig. 2.14 a and b. For a connection between two nodes u and v (each equipped

with four sector antennas), supposing that the gain of the sector antennas of u and v

(which are used for both transmission and reception) is 6 dBi greater than the gain

of omnidirectional antenna, then the power Psect required by the systems of randomly

oriented sector antennas can be expressed as:

Psect =
Pomni

16(cos(Φu))2(cos(Φv))
2 (2.44)
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2. SIGNAL METRICS
Although the Euclidean metrics are frequent in literature,
characteristics obtained from the received signal are more
appropriate, because they reflect the features of the real-
world network instead of its mathematical model. The most
frequently used parameters of the received signal are the
indicators of its strength, Received Signal Strength Indicator
- RSSI, and of its ratio to interfering signals, Signal to Noise
Ratio - SNR.

Supposing free space propagation, no multi-path signal
propagation and no attenuation by environment, the power
Pr available at the receiver input can be expressed as

Pr = PtGtGr(
!

4"d
)2 , (1)

where Pt is the transmitted power, Gt and Gr are the gains
of transmitter and receiver antennas, respectively, ! is the
wavelength, and d is the distance between the transmitter
and receiver.

The propagation of the signal in a real-world environment
is influenced by signal reflections and signal refractions. As
a result, the signal intensity is falling faster. This fact can
be modelled by the expression

Pr = PtGtGr(
!

4"
)2

1

d!
, (2)

where # is the propagation factor (or attenuation factor,
path loss exponent), which has the value between 2 and 5
and depends on the distance, position of antennas and type
of the terrain.

Although closer to reality, the model assumes a monotonic
decrease of Pr with the distance. In a real world environ-
ment, the obstacles and terrain irregularities result in higher
attenuation. They are obviously expressed by an additional
random factor. Such a randomized model can be used to
test the robustness of a specific network mechanism.

3. TOPOLOGY CONTROL WITH SECTOR
ANTENNAS

The nodes in ad-hoc networks generally use omni-directional
antennas. Their signal covers a circular area around the
node; as a result, the majority of the transmitted power is
wasted. The energy emitted by the transmitter can be re-
duced by directional and smart antennas studied recently [8],
[9]. Although very e!ective in infrastructure based topolo-
gies, the use of smart antennas in ad-hoc networks severely
complicates both MAC and routing mechanisms.

However, there exists an alternative to the use of smart di-
rectional antennas: equipping the wireless node with several
antennas covering disjoint angular sectors able to receive sig-
nals concurrently. Our analysis is aimed specifically at such
a design.

In practice, e.g. in the mobile phone networks, the angular
sectors are covered by the sector antennas. The optimal
antenna should cover the specific sector only, in practice, we
have to tolerate rather rough approximations.

Our analysis assumes the coverage of angular sectors by
the circular areas. Such an approach simplifies modelling,
and antennas having similar diagrams are simple to design.
Fig.1 presents two configurations of the sectored antenna
system, which have been evaluated.

three antennas four antennas

Fig. 1 Antenna system configurations

The first one consists of three sector antennas evenly cov-
ering the node’s surrounding. The second one is formed
of four perpendicularly oriented sector antennas. The dia-
grams show the areas that are covered by the signal su"-
cient for a receiver equipped with an omni-directional an-
tenna placed at the unit distance from the transmitter. We
can see that the areas covered by the signal are smaller in
the case of 4-antennas configuration. The relation between
the area size and deviation of the antenna will be shown in
Fig.4.

To cover a circular area by the signal of the sector antenna,
the gain of the antenna should be relevant to the diagram
presented in Fig.2.
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Fig. 2 Sector antenna gain - requirement

Since we need to cover the segment of 90 ! only in the case
of the 4-antennas configuration, the construction of such a
sector antenna is not critical. In addition, the e!ect of the
propagation coe"cient # is not enormous in the active sec-
tor.

In comparison to more precisely oriented directional an-
tennas, constant angles among the sector antennas and ran-
dom orientation of the nodes requires greater transmitted
power. Fig.3 illustrates this fact: the arrows are indicating
the orientation of the most appropriate sector antennas of
the nodes u and v. The signal of the corresponding node can
be received in the circular areas using the omni-directional
unit gain antenna.
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Fig. 3 Point-to-point link with sector antenna

The gain of the sector antennas of u and v which are used
for both transmission and reception is assumed to be 6dB
greater than the gain of omni-directional antenna. The spe-
cific value of the gain depends on the deviations !u and !v,
respectively, for both transmission and reception. Therefore,
the receiver u can be out of the circular area corresponding
to the transmitter v, and the receiver v can be out of the
circular area corresponding to the transmitter u.

Considering sector antennas for both the sender and re-
ceiver, the power Psect required by the systems of randomly
oriented sector antennas can be expressed as

Psect =
Pomni

16.cos2!u.cos2!v
, (3)

where Pomni is the power required by omni-directional an-
tennas and !u and !v are angular deviations (Fig.3).

The required increase of the emitted power resulting from
imprecisely oriented antennas is presented in Fig.4. The
value of the propagation coe!cient is assumed to be " = 2,
the emitted power is related to the power required by the
omni-directional antennas.
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The emitted power required for 4-antennas configuration
varies from Pomni/16 (the case of perfectly directed anten-
nas) to Pomni/4 (the 45o deviation at both sides). For com-
parison, the corresponding values for the 3-antennas config-
uration are Pomni/16 and Pomni, respectively.

4. RELATED WORK
The use of directional antennas for ad-hoc networks has been
studied recently, e.g. in [8], [9]. These techniques generally
assume the use of smart directional antennas consisting of
an array of dipoles, able to control the direction of the signal
beam. The mechanisms of the topology control are generally
based on a convenient modification of the Yao graphs [12].

A directional antenna can be directed, both for transmis-
sion and reception, to one direction at a time. This fact com-
plicates discovery and choice of neighbours, hidden terminal
problem, and the design of the RTS/CTS MAC scheme.

Our approach is based on the fact that current technolo-
gies enable processing of a wireless signal from several sector
antennas in parallel, which simplifies the problem of neigh-
bours’ discovery. The same applies to the problem of a hid-
den terminal detection, since the node is able to receive sig-
nals from all directions at the same time.

5. EXPERIMENTS
The use of sector antennas has been tested on a large set
of random node distributions. Examples in Figs. 5 and
6 show a set of 200 randomly placed and oriented nodes
(uniformly distributed) in the area of 500*500 length units
(e.g. meters). The nodes are able to communicate over the
distance of 89 length units, the disc of this radius covers 10%
of the whole rectangular area (i.e., there are 20 nodes in the
unit disc in average).

5.1 Energy efficient graphs (EEG)
Energy saving sparsification removes the edge which can be
replaced by a path over a neighbour node resulting in a lower
energy emission or consumption. Assuming the isotropic
environment with " = 2, the method corresponds to the
formation of the Gabriel graphs [10].

Definition. The energy e!cient graph Geeg = (V, Eeeg)
contains only edges (u, v) ! Emcg requiring power Puv :
Puv < Puw + Pwv, where w ! V is any node di"erent from
u and v.

Energy required to transfer a message over a path which
replaces the direct link is reduced. As a result, energy saving
sparsification creates graphs consisting of the shortest paths
with respect to energy. The sparsified graphs are planar
when square of Euclidean distance serves as a metric.

omni-directional sector antennas

Fig. 5 Energy e!cient graphs

As we can see in Fig. 5, replacing the omni-directional an-
tenna by the system of perpendicularly oriented sector an-
tennas does not change the graph shape, but the transmitted
energy is significantly reduced (Fig. 7).
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a: Three sector antennas b: Four sector antennas c: Point-to-point link
with sector antenna.

Figure 2.14: Antenna system configurations.

where Φu and Φv are the deviations of the sector antennas from the geometrical segment

connecting the modules u and v, as in Fig. 2.14c. Thus, the power required for a

transmission is lower in the case of sector antennas than in the omnidirectional one.

Definition 13. The energy efficient graph Geeg = (V,Eeeg) contains only edges (u,v)

requiring power Puv : Puv < Puw + Pwv, ∀w ∈ V \{u, v}.

The paper [10] concludes with a comparison between the graphs obtained by TC

through EEG and XTC for both the cases of omnidirectional and sector antennas

applied on the same topologies. The graphs obtained by using sector antennas (Gdxtc

and Gdeeg) have less edges (are sparser – Fig. 2.15 a,b,c and d) than their correspond-

ing omnidirectional graphs (Gxtc and Geeg respectively), better total power usage (in

the case of sector antennas – Fig. 2.15e) and almost the same power stretch factors

(Fig. 2.15f).

Definition 14. The power stretch factor is the ratio between the power required when

a data frame is routed over the shortest path in the sparsified graph, and the power

required for direct data frame transfer.

In conclusion, TC with sector antennas can maintain the same benefits of interference

control as the classic methods for TC with omnidirectional antennas and, in the same

time, help decrease the power needed for communication, while maintaining almost

the same power stretch factor.
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Fig. 3 Point-to-point link with sector antenna

The gain of the sector antennas of u and v which are used
for both transmission and reception is assumed to be 6dB
greater than the gain of omni-directional antenna. The spe-
cific value of the gain depends on the deviations !u and !v,
respectively, for both transmission and reception. Therefore,
the receiver u can be out of the circular area corresponding
to the transmitter v, and the receiver v can be out of the
circular area corresponding to the transmitter u.

Considering sector antennas for both the sender and re-
ceiver, the power Psect required by the systems of randomly
oriented sector antennas can be expressed as

Psect =
Pomni

16.cos2!u.cos2!v
, (3)

where Pomni is the power required by omni-directional an-
tennas and !u and !v are angular deviations (Fig.3).

The required increase of the emitted power resulting from
imprecisely oriented antennas is presented in Fig.4. The
value of the propagation coe!cient is assumed to be " = 2,
the emitted power is related to the power required by the
omni-directional antennas.
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replaced by a path over a neighbour node resulting in a lower
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environment with " = 2, the method corresponds to the
formation of the Gabriel graphs [10].

Definition. The energy e!cient graph Geeg = (V, Eeeg)
contains only edges (u, v) ! Emcg requiring power Puv :
Puv < Puw + Pwv, where w ! V is any node di"erent from
u and v.

Energy required to transfer a message over a path which
replaces the direct link is reduced. As a result, energy saving
sparsification creates graphs consisting of the shortest paths
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when square of Euclidean distance serves as a metric.
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As we can see in Fig. 5, replacing the omni-directional an-
tenna by the system of perpendicularly oriented sector an-
tennas does not change the graph shape, but the transmitted
energy is significantly reduced (Fig. 7).
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Fig. 3 Point-to-point link with sector antenna

The gain of the sector antennas of u and v which are used
for both transmission and reception is assumed to be 6dB
greater than the gain of omni-directional antenna. The spe-
cific value of the gain depends on the deviations !u and !v,
respectively, for both transmission and reception. Therefore,
the receiver u can be out of the circular area corresponding
to the transmitter v, and the receiver v can be out of the
circular area corresponding to the transmitter u.

Considering sector antennas for both the sender and re-
ceiver, the power Psect required by the systems of randomly
oriented sector antennas can be expressed as

Psect =
Pomni

16.cos2!u.cos2!v
, (3)

where Pomni is the power required by omni-directional an-
tennas and !u and !v are angular deviations (Fig.3).

The required increase of the emitted power resulting from
imprecisely oriented antennas is presented in Fig.4. The
value of the propagation coe!cient is assumed to be " = 2,
the emitted power is related to the power required by the
omni-directional antennas.

-60
-40

-20
 0

 20
 40

 60-60
-40

-20
 0

 20
 40

 60

 0

 0.2

 0.4

 0.6

 0.8

 1

!u

!v

Fig. 4 Sector antenna gain

The emitted power required for 4-antennas configuration
varies from Pomni/16 (the case of perfectly directed anten-
nas) to Pomni/4 (the 45o deviation at both sides). For com-
parison, the corresponding values for the 3-antennas config-
uration are Pomni/16 and Pomni, respectively.

4. RELATED WORK
The use of directional antennas for ad-hoc networks has been
studied recently, e.g. in [8], [9]. These techniques generally
assume the use of smart directional antennas consisting of
an array of dipoles, able to control the direction of the signal
beam. The mechanisms of the topology control are generally
based on a convenient modification of the Yao graphs [12].

A directional antenna can be directed, both for transmis-
sion and reception, to one direction at a time. This fact com-
plicates discovery and choice of neighbours, hidden terminal
problem, and the design of the RTS/CTS MAC scheme.

Our approach is based on the fact that current technolo-
gies enable processing of a wireless signal from several sector
antennas in parallel, which simplifies the problem of neigh-
bours’ discovery. The same applies to the problem of a hid-
den terminal detection, since the node is able to receive sig-
nals from all directions at the same time.

5. EXPERIMENTS
The use of sector antennas has been tested on a large set
of random node distributions. Examples in Figs. 5 and
6 show a set of 200 randomly placed and oriented nodes
(uniformly distributed) in the area of 500*500 length units
(e.g. meters). The nodes are able to communicate over the
distance of 89 length units, the disc of this radius covers 10%
of the whole rectangular area (i.e., there are 20 nodes in the
unit disc in average).

5.1 Energy efficient graphs (EEG)
Energy saving sparsification removes the edge which can be
replaced by a path over a neighbour node resulting in a lower
energy emission or consumption. Assuming the isotropic
environment with " = 2, the method corresponds to the
formation of the Gabriel graphs [10].

Definition. The energy e!cient graph Geeg = (V, Eeeg)
contains only edges (u, v) ! Emcg requiring power Puv :
Puv < Puw + Pwv, where w ! V is any node di"erent from
u and v.

Energy required to transfer a message over a path which
replaces the direct link is reduced. As a result, energy saving
sparsification creates graphs consisting of the shortest paths
with respect to energy. The sparsified graphs are planar
when square of Euclidean distance serves as a metric.

omni-directional sector antennas

Fig. 5 Energy e!cient graphs

As we can see in Fig. 5, replacing the omni-directional an-
tenna by the system of perpendicularly oriented sector an-
tennas does not change the graph shape, but the transmitted
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5.2 XTC algorithm
The XTC algorithm [11] removes long edges and replaces
them by the sequences of the shorter ones. Any monotonic
function M of the distance can be used as a metric, e.g. the
attenuation of the ideal link.

Definition. The XTC graph Gxtg = (V, Extg) contains only
edges (u, v) ! Emcg with the value of the selected metric
Muv : Muv < Muw, Muv < Mwv, where w ! V is any node
di!erent from u and v.

The algorithm creates relative neighbourhood graphs (RNG)
when the metric applied is a monotonic function of the Eu-
clidean distance. The algorithm has a simple and clear dis-
tributed mechanism of the collection of information and can
be easily adapted for di!erent real-world metrics. Although
XTC cannot create spanners, it provides a good trade-o!
between the graph structure and communication properties
- the degree of nodes, number of hops, lengths of paths,
required power and interference.

omni-directional sector antennas

Fig. 6 XTC graphs

The results obtained by the application of the algorithm to
the nodes with sector antennas do not change the shape of
sparsified graphs (Fig. 6), but the decrease of the transmit-
ted energy is significant (Fig. 7).

5.3 Simulation results
Experiments on a set of randomly distributed nodes have
showed power e!ectiveness of sectored antenna system. We
are presenting here the savings of the emitted power and the
influence on the power stretch factor.

Fig. 7 compares the power savings obtained by replacing
the omni-directional antennas by the systems of four evenly
swivelled sector antennas for EEG and XTC algorithms.
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It is interesting to note that the sector antennas improve
the results of the XTC algorithm more than the results of
the EEG algorithm. The di!erence is greater in the case of
sparsely distributed nodes.

The power stretch factor is the ratio between the power
required when data frame is routed over the shortest path in
the sparsified graph and the power required for direct data
frame transfer.

It is clear that the power required for the graphs gener-
ated by EEG remains lower than the power required for the
graphs generated by XTC. This fact can be seen in Fig. 8
that presents the average values of the power savings due to
the multi-hop communication over a range of node densities
for the both algorithms and omni-directional and sectored
antennas.
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Whereas maximum of the power stretch factor is equal to
one for EEG because the EEG generates power spanners, the
maximum of the power stretch factor cannot is not restricted
for XTC.

6. CONCLUSION
Emitted wireless power and power consumption are key fac-
tors in applications of ad-hoc networks because they are re-
lated to the battery life and the intrinsic interference of the
network.

Our experiments with topology control mechanisms ap-
plied to the nodes equipped with a system of sector anten-
nas proved the early idea of decreasing emitted energy. The
implementation of the nodes able to process the signal from
several segment antennas in parallel is viable using current
technologies.

Since decreasing the area covered by the transmitted sig-
nal not only reduce the energy requirements, but also de-
creases interference, we are particularly interested in our
current research in topology control mechanisms which op-
timize di!erent interference measures.
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sparsely distributed nodes.
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Figure 2.15: TC with sector antennas vs. omnidirectional.
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2.5.5 Smart Antennas and Antenna Arrays

Sector antennas provide strong radio signals to certain directions, however sometimes

it is necessary to cover all the area around a transmitter, without the disadvantages

which omnidirectional antennas yield. There are three solutions to this problem: the

first is to build a omnidirectional antenna from sector antennas and turn the unit

sector antennas on and off as necessary (exactly as in the previous paragraph); the

second is to mechanically turn the sector antenna around its vertical axis and thus

cover the whole area; the third is to dynamically modify the radiation pattern around

the transmitter using fixed antennas (by altering the input phases of the individual

signals which are injected to each antenna element of the array) – this is the case of

smart antennas presented in this paragraph.

Definition 15. A smart antenna describes an antenna array composed by elementary

unit antennas, which, for ad-hoc or sensor networks modules, are of small size. The

antenna array can equip both transmitters and receivers.

It is beyond the scope of this work to fully describe the laws of smart antennas, because

on these principles entire books have been written: [49], [50], [51], [52], [53] and [54]

only to name several of them. However, because in our research (chapter 5) we assume

that each sensor is equipped with only one antenna, from the total group of smart-

antennas we shall here present the case where the transmitter is equipped with an

antenna array and the receiver with only one antenna.

The research in the field of smart antennas for ad-hoc networks extends from adapting

existing IEEE protocols to use smart antennas [55] to finding near-optimal beam direc-

tions in multihop communications [56] and to analysing the limits of channel capacity

in networks composed by devices with sector antennas vs. smart antennas [57] and to

MANETs (Mobile Ad-hoc Networks) [58].

Definition 16. The particular case of smart antennas (antenna arrays), where the

transmitter is equipped with an antenna array (on which it controls the phase of the

signal injected in each unit element of the array) and the receiver is equipped with a

single antenna (thus not an antenna array) will be further named phase-shift beam-

forming.

The principle behind phase-shift beamforming has been already described in paragraph

2.3.5. We shall here provide an example for more than only two sources, as previously
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A1 A2

A3

A4

a: Spacial placement of 4 antennas:
A1

(
−λ

2 , 0
)
,A2

(
λ
2 , 0
)
,A3

(
0,−λ

2

)
,A4

(
0, λ2

) b: Spacial placement of 1 an-
tenna: A(0,0)

c: In-phase pattern of 4 antennas in 2.16a
(not on the same scale as 2.16a)

d: Pattern of the 1 antenna in
2.16b (not on the same scale
as 2.16b)

Figure 2.16: Phase-shift beamforming. Image is on logarithmic scale: dBm

described. For this example let us assume that all the antennas are identical and ideal

dipoles. Each dipole has the length equal to the wavelength, is fed the same amount

of current and is placed vertically. We shall compare the results obtained by such an

antenna array to the results of one single dipole, in the same conditions. All the figures

represent the shape of the radiation pattern in the H-plane. In the first case, let us

choose four dipoles, placed around the origin at the following coordinates: A1

(
−λ

2 , 0
)
,

A2

(
λ
2 , 0
)
, A3

(
0,−λ

2

)
and A4

(
0, λ2

)
, as in Fig. 2.16a, where λ is the wavelength. The

radiation pattern of this antenna system, if the initial phases of the signals are equal to

0 is given by Fig. 2.16c. By comparing it to the radiation pattern of one single dipole,

placed in the origin and fed the same signal as each element of the array (Fig. 2.16b),

it can be seen that the antenna system provides, in the best directions of propagation,

a signal whose power is higher than the power provided by one single dipole (Fig.

2.16d). In the worst directions of propagation, due to the symmetry of the array, the

signals cancel each other and the resultant signal is thus zero. It is however possible

to modify the radiation pattern of the system in three ways:

1. by physically changing the coordinates of antennas – for example A4(0, λ); the

radiation pattern becomes Fig. 2.17a;

2. by changing the amplitude of the signal fed in each antenna element of the array

– for example A4 is now injected double the initial power; the radiation pattern
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All possible phase combinations, with a phase increment ∆α = 45◦

Figure 2.17: Different methods for modifying the radiation pattern of an array. Image
is on logarithmic scale: dBm

becomes Fig. 2.17b;

3. by changing the phase of the signal fed in each antenna element of the array –

for example A4 is dephased by −90◦ than the other signals (Fig. 2.17c) or by

+180◦ than the other signals (Fig. 2.17d).

The third possible way to change the shape of the radiation pattern is the most impor-

tant because it allows us to orient strong radiation beams to desired directions without

the need to mechanically orient the antenna array. Fig. 2.17e presents the radiation

pattern obtained by cycling the phases of all the signals, from 0◦ to 360◦ by a phase

increment ∆α = 45◦. In this case, because power is additive – (2.29), (2.30), (2.31) –

the total power is at maximum four times the one of a single dipole placed in the origin.

Thus, the edge of the radiation pattern almost matches a perfect circle, simulating the
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behaviour of a single dipole, placed in the origin and having 6 dB (four times) more

than a single unit antenna.

By using this mechanism we can get the advantages of rotating or multiple sector

antennas, without the need of using multiple sector antennas or to physically turn the

antenna. One disadvantage of a smart antenna is that an antenna array is physically

larger than one unit antenna – sometimes, when physical dimensions are critical, such

a system cannot be practically used. One such example is on-board a space probe –

although an array of high-gain antennas can emulate an even higher gain single antenna,

it can happen that the array cannot be packed in such a way to be transported inside

the carrier rocket.

In order to conclude, the disadvantages of using antenna arrays are:

• an array is larger in size than one single unit antenna – in confined spaces this

can be a major disadvantage;

• when using antenna arrays on the receiver, powerful digital signal processing is

required;

• the whole array draws power from only one power source: the battery of the

device equipped with the smart antenna.

We try to tamper with these disadvantages in our research, presented in chapter 5.

2.6 Types of Smart Antenna Communications

This paragraph can be seen as a summarisation of the information provided in this

chapter. The terms “input” and “output” used in this paragraph, are seen from the

radio channel point of view and not from the point of view of the devices involved in

the communication – this is the standard language for these systems.

Multiple antenna systems (smart antennas) were developed and used in order to ensure

higher transmission power to certain directions, higher performance in (electromagnet-

ically) noisy environments, higher spectral efficiency and better data throughput.

Definition 17. A transmitter equipped with multiple antennas is defined as a multiple

input system, because it creates a multiple point of entry towards the radio channel. A

receiver equipped with multiple antennas is defined as a multiple output system, because

it provides a multiple point of exit for the signals in the radio channel.
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a: SISO / SOSI b: SIMO / MOSI

c: MISO / SOMI d: MIMO / MOMI

Figure 2.18: Smart antennas.

2.6.1 SISO / SOSI – 1× 1 – Single Input, Single Output

Although physically a subcategory of the MIMO type, SISO is not a proper “smart

antenna”: each device is equipped with only one single antenna, as in Fig. 2.18a. This

case can be also described as “1× 1” (one transmitter antenna, one receiver antenna).

However, this category of devices is not completely uninteresting: in fact, this is the

preferred type of radio devices, because of its construction simplicity. The vast ma-

jority of TC algorithms and communication protocols are designed to cope with this

particular class of devices.

From the communication channel perspective, Shannon’s Theorem [59] provides the

maximal theoretical throughput as:

C = B · log2(1 + SNR) (2.45)

where C is the channel capacity, B is the available bandwidth and SNR is the signal

to noise ratio.

2.6.2 SIMO / MOSI – 1× n – Single Input, Multiple Output

In a standard SIMO system, the transmitter antenna broadcasts a single data stream,

however, it it picked up by multiple antennas at the receiver. Thus, if the receiver has n

antennas (1×n), there are in reality n paths (streams) for wave propagation, each path

connecting the transmitter antenna to one of the receiver antenna – this is space coding

or space multiplexing. If the data on one path is altered by, for example, interference,

it can be possible that the alteration does not affect each path in the same manner. In

Fig. 2.19, the transmitter TX2 interferes with the signals coming from the transmitter
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TX1 only on one antenna of the receiver RX . By applying signal processing at the

receiver, it is thus possible to reconstruct the damaged data. This technique allows the

receiver to differentiate the useful signal from the noise (to increase its SNR), in the

same manner as the human brain can listen to a conversation by using both ears in

a noisy environment – to make a parallel to the biological world. Being a degenerate

case of MIMO, further details will be provided in the subsection dedicated to that type

of radio communication (in paragraph 2.6.4).

1

2

Figure 2.19: Different interference levels on different paths in SIMO/MOSI.

2.6.3 MISO/SOMI – n× 1 – Multiple Input, Single Output

A transmitter belonging to this category of communicating devices is equipped with an

antenna array, while the receiver has one single antenna, as in Fig. 2.18c – such a case

can be also named “n × 1”. By adjusting the phase and the power level of the signal

injected into each unit-antenna of the array, the transmitter can modify its radiation

pattern, allowing it to transmit with high power to desired directions, towards the

counterpart receiver(s). This is exactly the principle of phase-shift beamforming, as

defined in Def. 16.

From the channel capacity point of view, because multiple signals from the transmitter

compose into one signal at the receiver, the received RSSI (Received Signal Strength

Indicator) is, at maximum, n times stronger than if a SISO system would have been

used. Thus, the equation (2.45) becomes [60]:

C = B · log2(1 + n · SNR) (2.46)

where C is the channel capacity, B is the available bandwidth, n is the number of
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antennas at the transmitter and SNR is the signal to noise ratio.

2.6.4 MIMO / MOMI – n× n – Multiple Input, Multiple Output

This category of communication devices, combines the advantages of SIMO and MISO:

wireless communication using MIMO systems enables increased spectral efficiency for

a given total transmit power. Increased capacity is achieved by introducing additional

spacial channels that are exploited by using space-time coding. The terminology and

methods used in MIMO can differ from system to system, however most fall into one

of two categories:

1. SU-MIMO (Single User - MIMO) - this utilizes MIMO technology to improve the

performance towards a single user;

2. MU-MIMO (Multi User - MIMO) - this enables multiple users to be served

through the use of spacial multiplexing techniques.

The whole theory concerning MIMO systems is extremely vast and very well spec-

ified, covering areas from introduction to this technology [61] to channel efficiency

estimations, with [62] or without [63] mutual coupling between the antennas, and to

beamformed [64] and collaborative MIMO [65]. Beamforming used in MIMO or col-

laborative MIMO seems very close to our research (presented in chapter 5), however

there are two major differences:

1. in collaborative MIMO [65], the User Devices (UE) are equipped with one an-

tenna per device, however the Base Stations (BS) are equipped with antenna

arrays;

2. MIMO beamforming [64] using phased array systems requires the overall system

to determine the Direction of Arrival (DOA) of the incoming signal and then

switch in the most appropriate beam. This is something of a compromise because

the fixed beam is unlikely to exactly match the required direction.

By taking into consideration the two previously explained arguments, because our

research is based on devices with only one antenna per any device, we shall only briefly

present the MIMO technology in this paragraph, emphasizing the important aspects,

which influenced our work.

SU-MIMO Space-Time Coding (STC) is usually the technique involved in achieving

SU-MIMO. This makes use of multiple antennas to transmit the same information,
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however the data on each antenna is diversely coded (reordered in time domain), as

it is presented in Fig. 2.20. If both the transmitter and the receiver are equipped

with n antennas, this allows for n × n paths between the two devices; this provides a

combination of space and time coding. If interference or errors occur on one of the

streams, the other is still able to carry the data successfully. In addition, if there was

interference in the time domain, which affected both streams the bits lost are duplicated

at different times on the different streams. This permits the system to handle more

interference and thus enables the use of Higher Order Modulation (HOM) schemes and

/ or reduction in Forward Error Correction (FEC) overhead. As such, STC can either

provide users with a more efficient connection, or it could be used to extend the range

of a cell.

b7b6b5b4b3b2b1b0

Original data to be transmitted

b7b6b5b4b3b2b1b0

Data sent through antenna 1

b4b5b6b7b0b1b2b3

Data sent through antenna 2

Figure 2.20: Space-Time Coding (STC).

MU-MIMO If a receiver is able to differentiate between two streams carrying STC

coded information, then it could differentiate between streams carrying different in-

formation. This technique is called Spacial Multiplexing (SM) and can be deployed

in both SU-MIMO and MU-MIMO systems. As an example, if one stream carries 20

Mbps (1-to-1 coding, i.e. minimal error protection) in the SU-MIMO deployment, a

device could receive 40 Mbps. This assumes the both transmit antennas are used and

is typically referred to as 2x2 (2 transmit and 2 receive) – Fig. 2.21. In addition, if

it was deployed as a 4x2 (4 transmit and 2 receive) then it could potentially handle

up to 80 Mbps. However, it should be noted that 4x2 configurations are harder to

deploy and increase the signal processing required in addition to demanding a higher

manufacturing cost. In comparison, spacial multiplexing could be deployed when of-

fering MU-MIMO. As such, independent streams can be assigned to different users,

hence spacially multiplexed. In both cases, spacial multiplexing in the SU-MIMO and

MU-MIMO modes provide a very powerful technique for increasing channel capacity

when the Signal to Noise Ratio (SNR) is high.
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b11 b14b10 b13b9b8 b12 b15

b7b6b5b4b3b2b1b0

Original data to be transmitted

b7b6b5b4b3b2b1b0

Data sent through antenna 1

b15b14b13b12b11b10b9b8

Data sent through antenna 2

Figure 2.21: Spacial Multiplexing (SM).

AMS – Adaptive MIMO Switch To truly optimize the channel efficency, several

systems offer the ability to support AMS, or Adaptive MIMO Switching. Fig. 2.22

illustrates how a system could utilize a mixture of Spacial Multiplexing and Space

Time Coding. As can be seen in the diagram, a device close to the base station could

use Spacial Multiplexing, and thus increase network performance, whereas a mobile on

the edge of the cell could use Space Time Coding. The latter provides better resilience

to interference.

high SNR

Efficiency

low SNR SNR

Space Time Coding

Spatial Multiplex

Figure 2.22: High SNR vs. low SNR efficient MIMO.

The Communication Channel When using multiple antennas, Shannon’s equa-

tion (2.45) becomes:

C = n ·B · log2(1 + SNR) (2.47)

where n is the number of antennas per device, supposing that each transmitter or

receiver is equipped with n antennas. This is equivalent to [60]:

C = B · log2(1 + SNR)n (2.48)
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which shows the vast improvement towards the beamformed channel capacity, ex-

pressed in (2.46).

For a SISO system, the received power at the receiver antenna can be written in a

simplified form, deriving from (2.7) as:

PR = PT ·GC +AWGN (2.49)

where PR and PT are the received power and transmit power respectively, GC is the

gain of the channel (which aggregates the gain of the antennas and the signal losses

in the propagation space) and AWGN is the Additive White Gaussian Noise [66]. For

MIMO systems, multiple transmitters use the same portion of the frequency spectrum.

In a traditional channel, this causes interference, and the receiver observes a signal that

is a product of both transmitted signals. However, in MIMO systems, signal processing

is used to reconstruct each of the transmitted streams and decode them individually.

Fundamentally, this step of signal processing requires the receiver to estimate several

basic characteristics of the transmitter and physical channel. These characteristics

include gain, phase, and multipath effects. To generalize this relationship, each trans-

mitted channel description is represented by a single variable, h. Thus, the system

can be described with a channel model represented by the equation (for a 2x2 MIMO

system):

PR1 = h11PT1 + h12PT2

PR2 = h21PT1 + h22PT2
(2.50)

or in a matrix form as:

[PR] = [H]× [PT ] (2.51)

which becomes for the 2x2 MIMO system:

[
PR1 PR2

]
=
[
h1 h2

]
×

[
PT1

PT2

]
(2.52)

Equation (2.51) shows that the received signal (PR) is a function of the transmitted

signal (PT ) and the channel description (H). To create a successful communications

link, it is important to accurately characterize H for each transmit-receive pair. In

addition, important characteristics include the amplitude and relative phase of the

received signal. As a result, each spacial stream can be correlated to accurately estimate

the original transmitted signal.
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2.7 Final Conclusions

In this chapter we identified two somewhat opposite directions for further research:

multiple radio signals from multiple antennas can cause the undesired effect of inter-

ference, however, as it can be seen from the section 2.6.3, if properly adjusted, it can

help transmitters to communicate over long distances. Thus, one direction of research

is based on avoiding simultaneous communications in the same area (TC) and the other

direction uses exactly this effect (by building cooperative communications).

The first direction of research that we took is based on TC:

• to verify TC algorithms under the supposition that antennas are not perfect, that

their quality is not the same in all directions;

• to adapt existing TC algorithms to take into account the imperfections of anten-

nas;

• to be able to actively use the antenna properties in the topology formation pro-

cess, in order to obtain better aspects of TC.

The second direction of research that we took is based on cooperative transmission:

• there are certain cases in which multiple antenna systems cannot be installed, as

reflected in end of the paragraph 2.5.5;

• in such cases, to test the possibility of grouping together multiple transmitters,

randomly distributed on a surface, to act as a single, collaborative, more pow-

erful, MISO/SOMI type virtual transmitter. Such a system can be viewed as a

distributed phase-shift beamforming technique.

• to determine the main advantages and disadvantages of such a technique;

• to design communication methods specially build to take advantage of such a

technique;

• to test this technique under different case-scenarios.
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Chapter 3

Anisotropy and Radio Interference

in Ad-Hoc and Sensor Networks

3.1 Primer

As it was described in the first part of this work, ad-hoc and especially sensor networks

are composed by small-sized devices. Such devices are equipped usually with small-size

antennas. In this case, the electronic components, the cabling, the board, the batteries,

etc. act as parasitic reflectors and / or absorbers in the path of wave propagation,

deforming the shape of the radiation pattern of the antenna. In such cases, applying

TC algorithms which assume ideal antenna radiation patterns (circles in geometrical

algorithms) can lead to results which will not match real world experiments. The

questions that arose were: how far are the results obtained by supposing that the

antennas are not ideal (from the idealised results) and is there a way to adapt the

existing algorithms to cope with antennas which better model real-world antennas? An

extension brought to this problem is not only to passively take into account antenna

irregularities, but actually make use of this property into TC, for example by picking

up the antenna which has better quality in one or more desired directions than its

neighbours.

The problem which we want to solve can be expressed in the following manner: let us

imagine a flat square surface n x n meters on which m identical modules (sensors) are

randomly placed. The modules are fixed (do not move from one location to another)

in plane (on the flat surface). The modules have also limited power for transmission,

a certain sensibility threshold and different antenna gains in different directions. The

goal is to maintain the network connected (with local information only – the modules

do not know the whole topology of the network) and the assessed metric is interfer-

ence in the network. As a side measured parameter, we shall evaluate the power

needed to maintain the network connected.

Our work was incremental and composed by five main steps:

45
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• real-world antenna measurement [paragraph 3.2];

• adaptation of the interference metrics from purely geometric to radio [paragraph

3.4];

• adaptation of existing mechanisms to antenna anisotropy [paragraphs 3.4.1–

3.4.5];

• development of new mechanisms, which make effective use of antenna properties

and irregularities [paragraphs 3.5–3.5.6];

• experiments and simulations performed to determine the behaviour of the pro-

posed methods [chapter 4].

After measuring real-world antennas in the anechoic antenna chamber of the Depart-

ment of Electromagnetic Fields of the Czech Technical University in Prague, we were

able to determine how far a live antenna of such a small device (like an ad-hoc mod-

ule or a sensor) deviates from the ideal form of radiation pattern [3.2]. All our work

takes into account transmitters equipped with non-ideal antennas and other perturbing

aspects which can appear in a real-world scenario. Thus, we built a closer-to-reality

model which we then used in simulations.

Definition 18. An anisotropic antenna is given by a function or a table G(θ)[dBi] ∈
[Gmin;Gmax]. Provided the direction θ it returns the gain of the antenna in that direc-

tion.

For an isotropic antenna the function G(θ) = constant, independent to the direction

θ. The radiation pattern of an anisotropic antenna can be represented like in Fig. 3.1a

and the isotropic like in Fig. 3.1b. In paragraph 3.2 we shall present the radiation

patterns of real (measured) antennas typical for ad-hoc and sensor networks.

3.2 A Practical Approach

Ad-hoc modules and (especially) sensors are designed to be highly portable and be

quickly deployed, thus they have to be small in size. Their antennas are low-gain and

small size, when compared to the wavelength of the 2.45 GHz ISM radio band (approx.

12 cm). When dealing with such antennas, all the metallic components around the

antenna behave as parasitic (passive) antennas themselves, modifying in an uncertain

(and usually undesired) way the radiation pattern.

For better understanding this process, we started by measuring in the anechoic an-

tenna chamber (of the Department of Electromagnetic Fields of the Czech Technical
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p p

a: Representation of the radiation
pattern of an anisotropic antenna

b: Representation of the radiation
pattern of an isotropic antenna

Figure 3.1: Radiation patterns representation. The scale is logarithmic: dBm

University in Prague) several typical radio modules designed for low power industrial

applications: the former MaxStream (nowadays Digi) XBee Series 1 modules [67], with

different performances and equipped with different types of antennas. For this experi-

ment, we set up the devices to emit at their maximal transmission power (0 dBm for

the XBee and 10 dBm for the XBee PRO modules – as specified in [67]) and placed

them on the turning table. At the distance of 5 m (limitation due to the anechoic an-

tenna room size) from the centre of the turning table (where the modules were sitting,

each-at-a-time) we installed the receiver antenna (a wideband DRH20 horn antenna

[68]), connected to the spectral analyser. The two types of modules (XBee and XBee

PRO) differ only in their output power of the radio transmitter; the tested antennas

are the classic rubber-duck (half-wavelength dipole – Fig. 3.2 a and e), whip (quarter

of wavelength dipole – Fig. 3.2 i and m) and ceramic patch (Fig. 3.2q).

The radiation patterns for the modules and the gain distribution (obtained by elimi-

nating from the received power all the accountable cable and connector losses, FSPL

and the gain of the receiver antenna) are presented in Fig. 3.2.

By looking at the diagrams representing the gain distribution in the H-plane, it can

be seen that some are very similar: Fig. 3.2d with Fig. 3.2h and Fig. 3.2l with

Fig. 3.2p. This is expected, because the first pair (d and h) corresponds to the same

type of antenna (rubber-duck), mounted on different devices (XBee and XBee PRO

respectively); the same applies for the second pair (l and p), which belongs to the whip

antenna.

Thus, in the H-plane, the minimal and maximal values for the measured antenna gains

are:
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• for the rubber-duck dipole, between -1.55 dBi and 4.34 dBi;

• for the whip dipole, between -3.37 dBi and 3.62 dBi;

• for the ceramic patch, between -11.92 dBi and -1.5 dBi.

From this short experiment, we were able to define the parameters of a module equipped

with an anisotropic antenna, as in Def. 19.

Definition 19. A radio device equipped with an anisotropic antenna is defined as a tu-

ple AA
(
P,G(θ), Prmin

, Pimin
, Pmin, Pmax,∆P

)
, by the following parameters [in squared

brackets is the measure unit]:

• power injected in the antenna P [dBm] ∈ [Pmin;Pmax]; the power can be increased

or decreased in steps of ∆P ;

• gain is given by a function or a table: provided the direction θ, it will return the

antenna gain in that direction G(θ)[dBi] ∈ [Gmin;Gmax];

• minimal received power level, required in order to properly receive data: Prmin
[dBm];

• minimal power threshold beyond which interference is recorded: Pimin
[dBm]. We

impose that Pimin
< Prmin

.

In the text following the Def. 19, sometimes the expression “anisotropic transmitter

antenna” is used instead of “a transmitter module equipped with an anisotropic an-

tenna”. Although an abuse of language, it is used to shorten the text and, because an

antenna (a passive element) cannot be a transmitter, this shorter formulation cannot

induce confusion in the text. An “anisotropic network” is understood as a network

composed by devices equipped with anisotropic antennas.

Definition 20. A network composed by devices equipped with AA is defined as “ho-

mogeneous” if all the devices in the network are identical. This translates to the pa-

rameters G(θ), Prmin
, Pimin

, Pmin, Pmax,∆P being the same for all the modules in the

network. In this case, the only parameter which will differ from one module to another

is P (the actual injected power).

The proposed methods and performed simulations are based on homogeneous networks

in which devices are equipped with anisotropic antennas which have the patterns mea-

sured in the anechoic antenna room, as in Fig. 3.2.

In Def. 20 although we noted that G(θ) is identical for all devices, we have to allow

a different random rotation of each antenna. Only the radiation pattern is the same,

though it can be differently rotated from one antenna to another, like in Fig. 3.3.
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Figure 3.2: Different types of modules, antennas and radiation patterns.



i
i

“PhDThesis” — 2013/12/13 — 21:01 — page 50 — #64 i
i

i
i

i
i

50 CHAPTER 3. ANISOTROPY AND RADIO INTERFERENCE

Figure 3.3: Two antennas having the same radiation pattern though different rotations.

The device specified in Def. 19 differs from the idealised model used in the geometrical

TC in the following key aspects:

• the antenna does not have the same quality in all directions in the horizontal

plane;

• there are maximal and minimal limits for the power the antenna can transmit

with, limiting thus the maximal range;

• there is a separation between the minimal received power level required for a

proper radio communication and the interference threshold; a module can gener-

ate interference to its neighbours, even if it cannot properly send data to them,

as we imposed Pimin
< Prmin

;

• the power injected in the antenna cannot be adjusted with infinitely small quan-

tities (as it was possible in geometric methods – by increasing or decreasing the

radius of the circle).

A primary testing for the simulation of such devices was performed by implementing

in Omnet++ a simulation of a ZigBee network, in which the modules were equipped

with anisotropic antennas and a comparison of the results obtained by simulation and

by direct measurement in a real scenario. The results were published in [A.7].

By limiting the maximal power a module can transmit with, we limit the maximal

distance it can connect to a neighbour. Following the properties for classic RNG, GG

and YG, these graphs are always connected, independent of the distance between the

modules. Our constraint can lead in this case to partitioned graphs. However this is a

closer approach towards reality where, beyond a certain distance, communication is not

possible. We shall here provide the requirements a network has to follow, in order to

be connected into one partition. Let us consider two identical modules, with different

spacial orientations (azimuth angles θ), one acting as a transmitter (T) and the other as

a receiver (R), as in Fig. 2.8. The gain of transmitter antenna, on the direction of the
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receiver is GT (θT ); the gain of the receiver antenna, on the direction of the transmitter

is GR(θR). We shall here calculate the maximal distance of communication between the

transmitter and the receiver, using the conditions imposed by Def. 19. By replacing

in (2.10) PR with Prmin
, PT with Pmax and β with 2 we obtain:

dmax =
λ

4π
· 10

Pmax+GT (θT )+GR(θR)−Prmin
20 (3.1)

and if the modules were isotropic and their gain in all directions was Gi:

dimax =
λ

4π
· 10

Pmax+2Gi−Prmin
20 (3.2)

Of course, thank to the reciprocity principle of antennas, if the module R becomes

a transmitter and wants to reply back to T with an acknowledgement packet, it will

require the same power Pmax to be able to transmit. T will receive the packet with

Prmin
.

Definition 21. We define as the maximal communication distance between two mod-

ules dmax given by (3.1).

By limiting the maximal distance RNG, GG and YG can reach a neighbour (simulating

in this manner maximal limits for output power), the condition a network must fulfil

in order to be connected is given by the following proposition.

Proposition 1. A network N formed by devices equipped with isotropic antennas is

connected after applying isotropic geometrical TC with limited maximal distances, if

the graph G of the network N has a minimal distance spanning tree (MST) in which

the maximal distance is dimax.

Proof 1. The proof of Prop. 1 is trivial: MST covers all nodes (the network is thus

connected); communication between each pair of nodes u and v, where (u, v) ∈MST (G)

is possible because the distance d(u, v) ≤ dimax and according to [38] MST (G) ⊆
RNG(G) ⊆ GG(G) ⊆ DT (G) ⊆ G.

The experiments performed for the algorithms proposed in this section are presented

in detail in section 4.1.
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3.3 Radio Interference in Ad-Hoc and Sensor Networks

To the interference classification presented in 2.4, we add one more orthogonal class:

{node; edge} × {maximal; average} × {hop; path} × {geometric; radio}.

Definition 22. For a node v ∈ V the radio node coverage interference is defined as:

RCov(v) = ‖{w ∈ V \v|P (v, w) ≥ Pimin}‖.

Put into words, the interference caused by node v is the number of all other nodes w

which have the property that they receive from v radio signal with the power at least

their minimal interference level.

Definition 23. For an edge e = (p, q) ∈ E the radio edge coverage interference is

defined as:

RCov(e) = ‖{v ∈ V \{p, q}|P (p, v) ≥ Pimin} ∪ {w ∈ V \{p, q}|P (q, w) ≥ Pimin}‖.

Put into words, the interference caused by the edge e=(p,q) is the number of all other

nodes which receive either from p or from q radio signal with the power at least their

minimal interference level.

Definition 24. For the entire graph (network) we can define the maximal and av-

erage radio interference values, in the same manner as in Def. 9: RIV Cov(G),

RIAvgV Cov(G), RIECov(G) and RIAvgECov(G), for nodes or edges.

3.4 Topology Control with Anisotropic Antennas

This section describes the proposed adaptations made to existing TC algorithms, to

cope with the limitations imposed by Def. 19. Of course, in the same manner, it is

required to re-evaluate the interference values in the network, according to the same

definition.

In the beginning we have to define the zone around a transmitter where it is capable

to communicate to other modules. According to 2.2.1, each edge (p,q) in the graph

models a bidirectional communication link between two devices (in this case p and

q). Thus, in order to have a bidirectional connection between the devices p and q,

according to (2.9) and Def. 19, it is required that, at minimal received power, the

required minimal transmitter power will be at both modules:

Pp = Pq = Prmin −
[
Gpq +Gqp + 20 log

(
λ

4πδ(p, q)

)]
(3.3)
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where Pp and Pq are the minimal transmitting power levels at p and respectively q,

Prmin is the minimal threshold above which a signal is properly received, Gpq is the

gain of p towards q, Gqp is the gain of q towards p and δ(p, q) is the Euclidian distance

between p and q. Please note that in equation 3.3 apparently Pp = Pq < Prmin
because from Prmin something is subtracted. This is however not true because the

FSPL = 20 log
(

λ
4πδ(p,q)

)
has negative value because in far-field the distance between

the transmitter and the receiver (δ(p, q)) is much greater than the wavelength (λ).

Thus, it can be seen that in order to properly draw the edge e=(p,q) in the communi-

cation graph, 5 parameters have to be known:

• the transmitting power levels of p and q (Pp and Pq);

• radiation pattern of the antenna of p (in order to determine Gpq);

• radiation pattern of the antenna of q (in order to determine Gqp);

• distance between p and q (δ(p, q));

• sensitivity of p and q (Prmin).

Thus, it is not possible to properly represent the communication links and the coverage

areas in an image representing the topology graph, because each link depends on too

many parameters, as it can be seen in Fig. 3.4a. The distances between the modules p,

q and r are equal and all the antennas are turned with the same azimuth. According to

the image, q belongs to the coverage areas of p and r, r belongs to the coverage areas of

p and q, p belongs to the coverage area of q, however p does not belong to the coverage

area of r. Thus we expect to have links between p and q (in both directions), between

q and r (in both directions), between p and r and not between r and p. This however

contradicts the laws of radio propagation and antenna which stipulate that antennas

behave in the same manner if used as transmitters or receivers. The explanation to

this problem is that the radiation patterns depicted are logarithmic and centered in

their antennas, while the distances are represented linearly. Unfortunately, there is no

way to properly represent both scales on the same piece of paper in a proper image.

We have to define the coverage area around a transmitter in such a way that it will not

depend of the properties of the receiver. This can be done if the receiver is an isotropic

antenna and more, we impose the condition that all the antennas in the network have

their gains higher than this isotropic gain used to define coverage areas. In this case,

any receiver module placed inside the coverage area of a transmitter will be capable of

receiving data from it.
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p q

r

x

a: Communication links variables b: Coverage area

Figure 3.4: Coverage area and its problems.

Definition 25. In a network N, the radio coverage area of the node n ∈ N , provided

power P, is defined as the zone around the node n: σ(n), in which a module x equipped

with an isotropic antenna with gain Gmin receives from n a signal with power greater

than Prmin – The grayed area in Fig. 3.4a represents the coverage area of module n.

The experiments performed for the algorithms proposed in this section are presented

in detail in section 4.2.

3.4.1 ARNG (Anisotropic Relative Neighbourhood Graph)

Input: A flat homogeneous network N composed by fixed AA modules, randomly

placed and turned and which is modelled by a graph G when all devices use maximal

power;

Output: Subgraph ARNG(G);

Goal: Identify the edges which belong to ARNG(G) based on the power requirements

for the existence of each edge;

Measure: Interference in the network.

Definition 26. The subgraph G’=ARNG(G)=(V,E’) obtained from graph G=(V,E)

which modells a network N is defined by the edge set:

E′ = {(p, q) ∈ V × V |6 ∃w ∈ V \{p, q}; w ∈ σ(p) ∩ σ(q)} (3.4)

where σ(p) and σ(q) correspond to the power levels of p and q minimally required for

the existence of the bidirectional radio link pq. Into words, the edge (p,q) is included

in the ARNG(G) iff the intersection between the coverage areas of p and q contains no

other node. (In Fig. 3.5b, in the greyed area no other module can be present.)
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a: Step condition for RNG b: Step condition for ARNG

Figure 3.5: Comparison between RNG and ARNG.

Thus, ARNG replaces long distance communication links with shorter multi-hop ones,

requiring less power per device and everything with regard to the coverage areas of the

modules.

3.4.2 AGG (Anisotropic Gabriel Graph)

Although a TC method based on GG can be adapted to anisotropic antennas, it is not

desirable. We shall here provide the method and the reason for this.

Definition 27. The subgraph G’=AGG(G)=(V,E’) obtained from graph G=(V,E)

which modells a network N is defined by the edge set:

E′ = {(p, q) ∈ V × V |6 ∃w ∈ V \{p, q}; w ∈ σ(p) ∩ σ(q) ∩ Γp,q} (3.5)

where:

Γp,q = D

(
p+ q

2
,
δ(p, q)

2

)
(3.6)

where σ(p) and σ(q) correspond to the power levels of p and q minimally required for

the existence of the bidirectional radio link pq. Into words, the edge (p,q) is included

in the AGG(G) iff the intersection between the coverage areas of p and q and the

disc centered in the middle of the segment (p,q) and having the diameter equal to the

Euclidian distance between p and q contains no other node. (In Fig. 3.6b, in the greyed

area no other module can be present.)

Regarding AGG we have to make an important remark. GG, as presented in paragraph

3.4.2 replaces a long direct edge (p,q) with two edges if there exists a module w such

that: δ2(p, q) > δ2(p, w) + δ2(w, q), as in Fig. 3.7a. The reason for this choice is

that the power of the radio signal, in free space propagation model, decreases with

the squared distance. Thus, the overall energy required to transmit data from p to q
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a: Step condition for GG b: Step condition for AGG

Figure 3.6: Comparison between GG and AGG.

qp

w

x qp

w

Coverage area 
of module p

Coverage area 
of module q

Coverage area 
of module w

a: GG b: AGG

Figure 3.7: Comparison between GG and AGG.

through w (Epw+Ewq) is less than the energy required for a direct transmission (Epq).

In Fig. 3.7b we have the construction of AGG based on the coverage areas of the

three modules p, q and w. As it can be seen from the figure, the coverage areas of

the three modules were chosen in such a way, that any of the modules cannot prevent

the forming of the opposite edge: w allows for the edge (p,q) (w being outside the

exclusion area of (p,q)), p allows for the edge (w,q) and q allows for the edge (p,w) to

exist. Thus between p and q there are two alternative paths: the direct one – edge (p,q)

and the alternative one (p,w) and (w,q). Both paths are present in the constructed

graph GG. Let us further assume that the distances between the modules are equal:

δ(p, q) = δ(p, w) = δ(w, q). From the energy point of view, it can be assumed that the

total gain along the edges of the alternative path is higher than the total gain along

the direct path: Gpw + Gwp >> Gpq and Gqw + Gwq >> Gpq and, in this case, the

total energy need along the alternative path (p,w,q) is less than the energy required on

the direct path (p,q). However, the AGG will not replace the path (p,q) with its more

efficient alternative path, leaving both of them in the graph and leading to suboptimal

energy need and redundant (and useless) links.
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p

q q
q

q

qq

q

a: Step condition for YG b: Step condition for AYG

Figure 3.8: Comparison between YG and AYG.

In conclusion, from the energy point of view (on which GG is oriented) the process of

building an AGG graph has no real application.

3.4.3 AYG (Anisotropic Yao Graph)

Input: A flat homogeneous network N composed by fixed AA modules, randomly

placed and turned and which is modelled by a graph G when all devices use maximal

power;

Output: Subgraph AYG(G);

Goal: Identify the edges which belong to AYG(G) based on the power requirements

for the existence of each edge;

Measure: Interference in the network.

Definition 28. The subgraph G’=AYG(G)=(V,E’) obtained from graph G=(V,E)

which modells a network N is defined by the edge set:

E′ = {(p, q) ∈ V × V |q ∈ σ(p); 6 ∃w ∈ Sp,q\{p, q} ; δ(p, w) < δ(p, q)} (3.7)

Into words, in each sector S around p we choose to connect to the closest node q which

lies within the coverage area of p, when the power level of p is Pmax – Fig. 3.8b.

3.4.4 ITC

ITC or I-XTC is a flavour of XTC, which we first introduced in [A.6]. The algorithm

itself is the same as XTC, the metric has been chosen the edge interference, as in Def.

8.

Input: A flat homogeneous network N composed by fixed AA modules, randomly

placed and turned and which is modelled by a graph G;
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Output: Power Pi for each device i;

Goal: Reduce the number of edges in the graph G;

Measure: Interference in the network.

Algorithm 2 ITC (all nodes execute in parallel):

1: Collecting information on neighbours of node u ∈ V (G) and establishing the ≺u
order

2: Distribution of ordered lists ≺ among neighbours in the communication topology
3: Nu ← φ;N∼u ← φ
4: while ≺u contains unprocessed nodes do
5: v ← last unprocessed node in ≺u
6: if ∃w ∈ Nu ∪N∼u : w ≺u then
7: compute Cov(uv) (Cov(uw) was previously computed)
8: if Cov(uv) ≥ Cov(uw) and Cov(uv) ≥ Cov(wv) then
9: N∼u ← N∼u ∪ v

10: else
11: Nu ← Nu ∪ v
12: end if
13: else
14: Nu ← Nu ∪ v
15: end if
16: end while

The algorithm improves the direct (uv) edge by trying to replace it with two edges

(through an intermediate node w) which are each better than (uv) from the coverage

interference point of view. ITC inherits all the properties of XTC and it is specially

built to cope with interference; the decreasing interference is a direct consequence of

applying the algorithm and not a side effect.

The experiments performed for the algorithms proposed in this section are presented

in detail in section 4.3.

3.4.5 Important Properties of ARNG and AYG

Proposition 2. RNG and YG are degenerative forms of ARNG and respectively AYG.

Proof 2. This property affirms that the classical geometric TC algorithms are partic-

ular cases and can be obtained from their anisotropic counterparts. To prove it, we

need to make several assumptions:

• Geometrical TC algorithms do not impose a maximal limit for the radius of the
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disc which emulates the radiation pattern. To simulate this, we can consider

Pmax =∞.

• Geometrical TC algorithms do not impose a minimal limit for the received signal

(because they completely ignore this aspect). To simulate this, we can consider

Prmin = 0 mW.

• Geometrical TC algorithms assume the same qualities in all directions of a module

(isotropy), thus G (θ) = G, constant.

• Let us consider that the initial transmitting power for all modules is the same:

P < Pmax.

By starting with (3.1), we can write that:

r =
λ

4π
· 10

P+2G−PR
20 = C · 10−

PR
20 (3.8)

where C = λ
4π · 10

P+2G
20 is a constant value.

1. Considering into ARNG the coverage area of the module p σ(p) limited by the

smallest value overall neighbours of p for the metric 10−
PR
20 , then the obtained

graph is identical to RNG. This is because if q is the closest neighbour of p, then

σ(p) is the disk centred in p with radius 10−
PR(pq)

20 and σ(q) is the disk centred

in q with radius 10−
PR(qp)

20 . And thus, according to (3.4) no node w is located

in the intersection between the two σ areas for which is valid that: 10−
PR(pw)

20 <

10−
PR(pq)

20 and 10−
PR(qw)

20 < 10−
PR(pq)

20 , which is equivalent with δ(p,w)
C < δ(p,q)

C and
δ(q,w)
C < δ(p,q)

C , which is (by eliminating the positive constant C) the definition of

RNG, presented in Def. 1.

2. For AYG, in each sector of the module p, the coverage area σ(p) includes all

modules and, according to Def. 28, in each sector, module p will connect to the

closest module q. This is exactly the definition of YG, presented in Def. 3.

Proposition 3. A network N, formed by devices equipped with anisotropic antennas

with gains higher than a threshold Gmin, is connected after applying anisotropic TC

with ARNG or AYG if the graph G of the network N, at full power of the devices, is

connected (has only one partition).

Proof 3. The proof is based on reductio ad absurdum (proof by contradiction). We

shall provide the proof for ARNG; for the other algorithm the method is similar. For
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this, we shall consider the case of three modules which are able to connect each-to-

each at full power (one partition) and we shall assume that in ARNG, each module

will prevent the formation of the link between the other two modules, thus leading to a

disconnected network.

Let us have the original assumption that three modules p, q and r placed in such a way

that, when p tries to establish a bidirectional communication link to q, r ∈ σ(p) ∩ σ(q)

– Fig. 3.9. Thus, the edge pq cannot belong to ARNG and we shall replace it with

edges pr and rq.

p q
r
x

Figure 3.9: The edge pq cannot belong to ARNG.

If Gpr + Grp > Gpq + Gqp then q /∈ σ(p), because when p transmits at minimal power

to reach r, its signal is received by q at a power level less than Prmin. Thus the edge pr

can be included in ARNG. In the same manner, if Gqr +Grq > Gpq +Gqp implies that

p /∈ σ(q), which means the edge qr can be included in ARNG. In this case, the edge pq

is replaced by pr and rq and the network is connected.

In order for the network not to be connected, it is necessary that either Gpr + Grp <

Gpq +Gqp or Gqr +Grq < Gpq +Gqp. However, if Gpr +Grp < Gpq +Gqp it means that

when p transmits, its signal will be received by r at a lower power level than at q. Thus,

if p communicates to q at minimal required power level, its signal will be received by

r below Prmin, which implies that r /∈ σ(p), which contradicts the original assumption.

On the other way, if Gqr + Grq < Gpq + Gqp, in the same manner, it implies that

r /∈ σ(q), which also contradicts the original assumption.

The only possible case left is Gpr + Grp = Gpq + Gqp and Gqr + Grq = Gpq + Gqp,

however, by the Def. 25, if p communicates to q, in order for r ∈ σ(p) the received

power must be higher than Prmin and in this case it is equal. Thus r ∈ σ(p) and

r ∈ σ(q), which contradict the original assumption. In conclusion, the ARNG graph is

connected.
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a: 50 modules,
uniform random placement

b: Full graph

c: RNG d: ARNG

e: YG (k=6) f: AYG (k=6)

Figure 3.10: Comparison between isotropic and anisotropic topologies obtained with
whip antennas.



i
i

“PhDThesis” — 2013/12/13 — 21:01 — page 62 — #76 i
i

i
i

i
i

62 CHAPTER 3. ANISOTROPY AND RADIO INTERFERENCE

3.5 Topology Control with Sector Turning Antennas

3.5.1 Primer

One particular aspect of the definition Def. 19 caught our attention. With only

one adaptation (the gain), this definition can be applied to describe sector antennas.

Informally, a sector antenna can be viewed as the simplest form of anisotropic antenna,

one which has only two gains: the high gain value (of the strong sector) and the weak

value (of the back-side radiation lobe). Many papers ([40], [41], [42], [39], [43], [44], [45],

[46], [47], [10]) study the TC by using sector antennas, however their main principle

is to build an omnidirectional antenna with the help of multiple sector antennas and

then direct the data packets by turning on and off the component sector antennas.

This principle was described in section 2.5.4 of this work.

We here propose a different mechanism: each device is equipped with a single sector

antenna which is able to turn in the horizontal plane (corresponding to the H-plane for

antennas vertically polarised in our assumption). Classic topology control in all the

presented algorithms (RNG, GG, YG, MST, XTC, ARNG, AYG, ITC, etc.) resumes

to finding a power assignment for each transmitter. In the case of sector antennas, we

add one more degree of freedom: the azimuthal angle (towards a given direction - e.

g. magnetic North). Opposite to the studies which take into account turning on and

off composite sector antennas, in our work the TC is performed only once, when the

network is powered and not on a per-packet basis.

Such sector antennas as the ones used for this mechanism exist in reality, like the 2.4

GHz WiFi, 12 dBi / 3 dBi, 180◦ depicted in Fig. 3.11 or the Yaggi-Uda depicted in

Fig. 3.12. The difference between them is the form of the radiation pattern and mainly

how the passage from the strong beam zone is made to the weak lobe of radiation.

We can present thus the problem which we want to solve in the following manner:

let us imagine a flat square surface n x n meters on which m identical modules (sen-

sors) are randomly placed. The modules are fixed (do not move from one location to

another) in plane (on the flat surface), though they are allowed to rotate in plane.

The modules have also limited power for transmission, a certain sensibility threshold

and they are equipped with a sector turning antenna. The goal is to maintain the

network connected and the assessed metric is interference in the network. As a side

measured parameter, we shall evaluate the power needed to maintain the network

connected.
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!
a: Real antenna b: Radiation pattern c: Simulated radiation

pattern

Figure 3.11: Example of a 2.4 GHz sector antenna.

! ! !
a: Real antenna b: Radiation pattern c: Simulated radiation

pattern

Figure 3.12: Example of a Yaggi-Uda lobe antenna.
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3.5.2 Definitions and Assumptions

Definition 29. A sector turning antenna is defined as a tuple

STA (P,G1, G2, ϕ, θ, Prmin , Pimin , LA, Pmin, Pmax,∆P,∆θ) – Fig. 3.13,

by the following parameters [in squared brackets is the measure unit]:

• power injected in the antenna P [dBm] ∈ [Pmin;Pmax]; the power can be increased

or decreased in steps of ∆P ;

• gains: G1[dBi], G2[dBi]; with G2 > G1;

• opening of the main lobe: ϕ[◦];

• rotation of the symmetry axis of the main lobe towards a common given direction

(azimuth): θ[◦]; the azimuth can be increased or decreased in steps of ∆θ[◦] and

∆θ ≤ ϕ;

• minimal received power level, required in order to proper receive data: Prmin
[dBm];

• minimal power threshold beyond which interference is recorded: Pimin
[dBm];

• local address of the module, unique in the whole network: LA.

Figure 3.13: Sector Turning Antenna Model.

In this model parameters G1, G2, ϕ, LA, Pmin, Pmax, Prmin , Pimin , ∆θ and ∆P are

fixed (antennas do not move in plane, do not modify the radiation lobe parameters,

the limit power levels or minimal variation intervals for power or turn). Such a model

represents the behaviour of real-world sector antennas, like the 2.4 GHz WiFi, 12 dBi

/ 3 dBi, 180◦ sector (Fig. 3.11).
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Definition 30. A n-sector turning antenna is an extended STA, defined as a tuple

nSTA (P,G[], ϕ[], θ, Prmin , Pimin , LA, Pmin, Pmax,∆P,∆θ) – Fig. 3.14,

where all the parameters excepting G[] and ϕ[] have the same definition as in Def.

29. G[] represents the gain matrix G[] = G1, G2, ..., Gn−1, Gn, Gn−1, ..., G2, G1, where

G1 < G2 < ... < Gn−1 < Gn and ϕ[] represents the openings matrix ϕ[] =

ϕ1, ϕ2, ..., ϕn−1, ϕn, ϕn−1, ..., ϕ2, ϕ1, where ϕj is the angle opening of the zone having

gain Gj.

Figure 3.14: n-Sector Turning Antenna Model.

This type of antenna represents the behaviour of lobe-antennas like, for example, Yaggi-

Uda antennas (Fig. 3.12).

Definition 31. A cluster composed by (n)sector turning antennas is defined as a tuple

K (nk, Xk, Yk, xk, yk, (n)STA[nk]),

by the following parameters [in squared brackets is the measure unit]:

• geographical extent of the cluster: Xk[m], Yk[m];

• geographical coordinates of the centre of the cluster: xk[m], xk[m];

• the number of antennas: nk[−];

• the component antennas: STA1, STA2, ..., STAnk .

All the parameters defining a cluster remain constant (clusters do not change positions

or number of components).
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Definition 32. A network composed by clusters of sector turning antennas is defined

as a tuple N (X,Y, n, k,K[k], Q), by the following parameters:

• geographical extent of the network: X[m], Y [m];

• n[−] the number of antennas;

• k[−] the number of clusters;

• K1,K2, ...,Kk the component clusters;

• a property Q which has to be satisfied (e. g. connectivity);

• nn[1] + nk[2] + ...+ nk[k] = n.

A network consisting in one single cluster will have k = 1, Xk[1] = X, Yk[1] = Y

and nk[1] = n. All the parameters defining a network remain constant (the number of

clusters in the network, positions of clusters, etc).

Definition 33. Homogeneous network: network N is defined as homogeneous if all the

nodes in the network have the same shared parameters: G1, G2 (or G[] for nSTA), ϕ

(or ϕ[] for nSTA), Pmin, Pmax, Prmin, Pimin, ∆θ and ∆P , which is all excepting address,

power and rotation of the main lobe towards the shared direction (e. g. north).

A homogeneous network can model for example a city wide radio network which con-

sists in identical sector antennas and which are allocated a very limited number of

radio channels. The operator of this network will be interested in connecting the

entire network (if possible) with low interference and low power.

Applying TC on network N translates to finding an assignment of power and azimuth

to north (Pi and θi) for each antenna “i” in the network, while classic TC resumes to

finding only a power level assignment (Pi) for each node in the network.

3.5.3 Connectivity and Interference

Let us consider two STA in the horizontal plane (which in our case corresponds to

the magnetic H-plane of the antennas), separated by distance d: STA1 acting as a

transmitter and STA2 acting as a receiver, turned towards each-other like in Fig.

3.15. According to (3.1) the maximal distance between the modules can be:

dmax =
λ

4π
· 10

Pmax+G1+G2−Prmin
20 (3.9)
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STA1 STA2

dmax

Figure 3.15: The maximal distance between two STA when they do not face each-
other sectors with the same gain values. Note that the image is just an intuitive
representation because the radiation patterns are represented logarithmic, however it
is not possible to draw the whole topology map on a logarithmic scale.

The interference in the network can be chosen according to definitions Def. 22, Def.

23 or Def. 24. In this particular case (of sector turning antennas) we chose the radio

edge average interference value RIAvgECov(G), defined as in Def. 24 because it gives

an overall estimation per network and it is oriented on links between two modules

(thus being closer to the essence of bidirectional communications based on packet and

acknowledgement). Another reason for choosing RIAvgECov(G) is the main metric

used in [A.4].

In conclusion, RIAvgECov(G) is the metric E which will be evaluated for each network,

while connectivity is the Q property the network has to fulfil.

3.5.4 MDMA (Minimal Distance Maximal Address)

The idea behind the TC mechanism performed with sector turning antennas is that a

STA provides a lobe of high gain that will allow it to connect to desired neighbours with

low power requirement and a lobe of low gain that will generate low interference in the

undesired directions. The simplest algorithm that we started can be simply put into

words as “rotate the antenna towards the closest neighbour and decrease power to the

minimum that will still allow for bidirectional communication”. This procedure is, on

the other hand, insufficient because it will not always generate a connected network, as

it can be simply seen from Fig. 3.16, where each module is rotated towards the closest

neighbour, and the two partitions are disconnected. Thus, we propose an algorithm

capable to maintain the connectivity of the network – MDMA.

Input: A flat homogeneous network N composed by fixed (n)STA modules, randomly

placed and randomly oriented at initial azimuthal angle θi0;
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Figure 3.16: Connecting to the nearest neighbour can lead to partitions.

Output: Power Pi and orientation θi for each device i;

Goal: Connected network;

Measure: Interference and power need in the network.

The MDMA algorithm assumes that each STA turns to the nearest neighbour which

has its local address higher than itself and reduces power in such a way that the

network remains connected. For this, the MDMA algorithm is composed by three

phases: node discovery, rotation management and power management. In the

first phase each module discovers its own neighbours, in the second phase each module

rotates its antenna towards the closest neighbour having higher address than its own

address and in the third phase each module reduces its power while maintaining the

connectivity of the network. Thus the name – Minimal Distance and Maximal Address.

1: Node Discovery

This phase requires one complete turn in azimuthal plane for each antenna in order to

perform a full discovery. For each step of rotation each antenna i broadcasts a Hello

message containing its unique address LAi and its current azimuth θi read from the

internal compass. This phase requires 360◦/∆θ rotation steps to complete. For each

step, the antenna receives the HELLO messages from the other neighbours and builds

a network table NTi containing for each received HELLO the address of the sender LA,

the angle θ of the sender, the angle θi of the receiver and the received signal strength

indicator (RSSI) that the HELLO was received with.

Algorithm 3 Node Discovery for node i (all nodes execute in parallel):

1: set the power level to maximum Pi := Pmax
2: while θi < θi0 + 360◦ do
3: broadcast Hello message containing LAi and θi
4: receive and store Hello packets from neighbours and their corresponding RSSI

into NTi
5: θi := θi + ∆θ
6: end while
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N N

θ

180+θ

a

b

c

d

STA1 STA2

STA3

e

Figure 3.17: a – correspondence of θ when two antennas face each-other with G2;
b, c, d – possible orientations between two STAs; e – impossible to connect. The image
is an intuitive way of representation and not a scale-to-scale map.
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2: Rotation Management

Before providing the pseudocode for this second phase of MDMA, it is necessary to

make four remarks:

1. If STAj is able to reach STAi when the strong lobe of STAj has azimuth θj ,

then STAi is able to reach STAj when the strong lobe of STAi has azimuth

θi ∈ [(θj + 180◦)−∆θ; (θj + 180◦) + ∆θ] (3.10)

as in Fig. 3.17a. Thus, by the received Hello packets from its neighbours, each

STAi is able to calculate its own azimuths to reach each of its neighbours.

2. If STAi receives a Hello packet from STAj and the azimuths of STAi and STAj

are connected by (3.10), then STAi and STAj have both oriented towards each-

other the strong radiation lobe. Explanation derives immediately from the pre-

vious remark.

3. The MDMA algorithm assumes that each STA turns to the nearest neighbour

having its local address higher than itself. If two modules i and j are connected

like in Fig. 3.17b, if we assume LAi < LAj , then it implies that module j connects

to a module having the address lower than its own. This is the reason we have

to filter out such cases.

4. Let us observe Fig. 3.17e. The three modules are spaced each two at a distance

greater than dmax. In this case even if we assume that each two modules can

communicate if both are facing with their strong lobe, no matter what the az-

imuths of the antennas the network composed by the three modules will contain

partitions. Because our goal is to have the network fully connected this is yet

another argument for discarding the case represented in Fig. 3.17b.

Definition 34. From the Rotation Management phase the node j is defined as the

out-point of node i, and we note this by out(i)=j.

Definition 35. The out-set is defined as OUT (i) = {j|out(i) = j} and the cardinal of

the out-set (the number of elements) is noted ‖OUT (i)‖. From Def. 34 it can be seen

that the ‖OUT (i)‖ is always 1 except the node with highest address which has it 0.

3: Power Management

Before providing the pseudocode for this third phase of MDMA, it is necessary to make

one remark:
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Algorithm 4 Rotation Management for node i (all nodes execute in parallel):

1: discard from NTi entries recorded when i and neighbour j meet both with G2 or
both with G1 (Fig. 3.17b and Fig. 3.17c)

2: sort the NTi according to the decreasing levels of RSSI
3: if neighbour j has more entries in NTi then
4: retain only the first and discard the rest of the entries
5: end if
6: select first entry from NTi for a node j that has LAj > LAi
7: determine θij according to (3.10)
8: while θi < θij + ∆θ do
9: θi := θi + ∆θ

10: end while

• For a node i and for any j neighbour of i, by knowing the fact that Node Discovery

is performed when all the modules are powered at Pmax, because all the modules

are identical, from (2.9), for a distance dji ≤ dmax we can write:

RSSIj = Pmax +G1 +G2 + 20 log

(
λ

4πdji

)
(3.11)

where dji is the distance between the modules j and i. From (3.11) we are able

to estimate the FSPL along the distance dji and because dji = dij (between two

modules the distance is the same measured in one direction or another) as:

20 log

(
λ

4πdji

)
= RSSIj − (Pmax +G1 +G2) (3.12)

When the module i wants to reply back to module j, the required power for mod-

ule i is given by the fact that the minimal required power for properly receiving

the data is Prmin :

Prmin = Pt +G1 +G2 + 20 log

(
λ

4πdij

)
(3.13)

and by replacing the FSPL obtained in (3.12) we get:

Pt = Pmax + Prmin −RSSIj (3.14)

In conclusion, each module i, by knowing the power level it listened for its neigh-

bour j, is able to calculate the minimal power it must use in order to reply
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back to j. Because RSSIj ≥ Prmin (for a correctly received packet), this implies

Pt ≤ Pmax.

Definition 36. One node k is defined as an in-point of the module i if out(k)=i and

we note this by in(i)=k.

Definition 37. The in-set IN(i) = {k|out(k) = i}.

Algorithm 5 Power Management for node i (all nodes execute in parallel):

1: if out(i)=j then
2: determine Pfwd according to (3.14) for node i to be able to connect to node j
3: end if
4: i informs j via a message
5: for all modules k which are k=in(i) do
6: calculate Pik according to (3.14) for i to be able to reply back to k
7: end for
8: compute Pbwd = max

k
(Pik)

9: P = max (Pfwd, Pbwd)
10: while Pi > P + ∆P do
11: P := P −∆P
12: end while

3.5.5 Properties of MDMA

Proposition 4. The resulting TC graph MDMA(N) of the network N is not oriented,

meaning that if out(i)=j then j can communicate back to i.

Proof 4. Trivial, from steps 8 and 9 of the Power Management phase of the algorithm

MDMA.

Proposition 5. The resulting graph MDMA(N) of the network N containing n nodes

has an average node degree of 2(1-1/n).

Proof 5. The average node degree over the entire graph is

ADeg (MDMA(N)) =

n∑
i=1

deg(i)

n
(3.15)

and deg(i) = ‖IN(i)‖+ ‖OUT (i)‖. Thus:

ADeg (MDMA(N)) =

n∑
i=1
‖IN(i)‖

n
+

n∑
i=1
‖OUT (i)‖

n
(3.16)
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Because ‖OUT (i)‖ = 1 this results in:
n∑
i=1
‖IN(i)‖ = n− 1 and

n∑
i=1
‖OUT (i)‖ = n− 1

and thus ADeg (MDMA(N)) = 2
(
1− 1

n

)
Proposition 6. The algorithm MDMA is applicable to networks in free-space propa-

gation model with or without wave obstacles which attenuate the radio signal power.

Proof 6. The building of the table NT for each node and the equation (3.14) do

not depend on the distances between modules, only on the RSSI parameter. To the

decrease of RRSI contribute distance or obstacles; although the algorithm is not able

to determine the exact cause, it will pick up the more qualitative links, based on their

low attenuation (higher RSSI). For the bidirectional connections, it is a very good

approximation to assume that if an obstacle is present between modules i and j, its

attenuation will be the same on both directions i to j and j to i, thus leading to the

same RSSI values from i to j and j to i, respectively.

Proposition 7. If the distance between any two modules i and j is less than dmax,

then the graph MDMA(N) contains only one partition (is connected).

Proof 7. The proof is induction-based:

Induction Step “2”: In order to have a network, minimally two modules are required.

Thus, let us have two identical modules i=1;2 and having the addresses LA1 and LA2,

with LA2 > LA1, separated by a distance d ≤ dmax. After the execution of MDMA,

out(1)=2, in(2)=1 (Figures 3.15 or 3.17d). From (3.9) and (3.13), because d ≤ dmax,

then Pt ≤ Pmax.

Induction Step “n”: Let us assume for this step that we have a network N, composed

by n modules and the graph MDMA(N) contains only one partition.

Induction Step “n+1”: We add a module with index i=n+1 to the network N and name

this newly formed network as N+. We shall prove that the graph MDMA(N+) also

contains one partition.

The modules of the network N+, can be grouped into 4 sets:

• ALQL = {i ∈ N |LAi < LAn+1;RSSIout(i) > RSSIn+1};
• ALQB = {i ∈ N |LAi < LAn+1;RSSIout(i) < RSSIn+1};
• AGQL = {i ∈ N |LAi > LAn+1;RSSIout(i) > RSSIn+1};
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• AGQB = {i ∈ N |LAi > LAn+1;RSSIout(i) < RSSIn+1}.

Put into words, the four sets are:

• ALQL (Address Lower Quality Lower) contains all the modules i in N, which

have addresses lower than LAn+1 and they receive RSSI from module n+1 lower

than the RSSI of their out(i) (in free-space propagation model without obstacles

this is equivalent to the fact that the module n+1 is further away than the module

out(i));

• ALQB (Address Lower Quality Better), AGQL (Address Greater Quality Lower)

and AGQB (Address Greater Quality Better) are defined in a similar way.

After the addition of the module n+1, let us see how the modules belonging to each of

the four sets behave:

• for all modules k ∈ ALQL, new out(k) = old out(k) due to steps 2 and 6 of

the Rotation Management. Because RSSIout(k) > RSSIn+1, out(k) remains un-

changed after the addition of the module n+1;

• for all modules k ∈ AGQL and k ∈ AGQB new out(k) = old out(k) because

LAk > LAn+1;

• for all modules k ∈ ALQB, new out(k) = n + 1 and all the modules old out(k)

become disconnected (orphaned).

Definition 38. We define the set of orphaned modules: O = {o ∈ N |new in(o) = ∅}
after the addition of the module n+1 to the network N.

To this point we proved that ALQB
⋃
{n+ 1} is one single partition because for all

modules k ∈ ALQB new out(k) = n+ 1.

Let us prove that the sets ALQL, AGQL and AGQB form one single partition by

reduction to absurd. For this, let us define the assumed disjunct subsets of each set:

• ALQL =
⋃
z
{alqlz} ;

⋂
z
{alqlz} = ∅;

• AGQL =
⋃
z
{agqlz} ;

⋂
z
{agqlz} = ∅;

• AGQB =
⋃
z
{agqbz} ;

⋂
z
{agqbz} = ∅

Each subset is internally connected, yet disjuncted from any other subset. Let us note

as LAmaxz the maximal address in each subset. For any two subsets z1 and z2 we
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have: out(y1) = ∅ and out(y2) = ∅ for the modules y that have LAy1 = LAmaxz1
and

LAy2 = LAmaxz2
. In this case either LAmaxz1

> LAmaxz2
or LAmaxz2

> LAmaxz1
, thus

either out(y2) = y1 or out(y1) = y2 because the distance between y1 and y2 is less than

dmax then Pt ≤ Pmax, so they are able to connect. In conclusion, AGQL and AGQB

form one partition (named AG) and ALQL is:

1. either connected to AG;

2. either connected to ALQB;

3. it cannot be connected directly to n+1 because in this case ALQL contains at least

one module y that has new out(y) = n + 1, which contradicts the definition of

ALQL, so this case is impossible.

Case 1: if ALQL forms with AG one partition because the modules from AG have

addresses higher than LAn+1, this results in out(n + 1) ∈ AG, thus the network N+

contains only one partition. Exception can be the case when the module n+1 has the

maximal address in the network N+, though in this case AG = ∅ because no other

module can have an address greater and than case i would be impossible.

Case 2: if ALQL forms with ALQB one partition because the modules from AG have

addresses higher than LAn+1, this results in out(n + 1) ∈ AG, thus the network N+

contains only one partition. Exception can be the case when the module n+1 has the

maximal address in the network N+, though in this case the network still has one single

partition and the top node is n+1.

Note 1: In the case of Prop. 7 because the distance between any two modules is

dmax, MDMA uses global knowledge of the network. On the other hand, MDMA only

requires local knowledge, as it can be seen from Prop. 8.

Note 2: If Pmax is not limited (as it happens in classic TC), then the graph MDMA(N)

is always connected.

Proposition 8. If there exists one linear direction on which the projections of the

modules in the network have addresses either increasing or decreasing monotonically

and if the distance between two consecutive neighbours is less than dmax, then the graph

MDMA(N) has only one partition (Fig. 3.18a) and maximum extent of (n − 1)dmax

(Fig. 3.18b).

Proof 8. The proof of this property is similar to the one of Prop. 7. Two remarks

are important in this case:
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a: Fully connected network

b: Maximal extent of the network

Figure 3.18: Limits of MDMA.

• The maximal extent of the network N in this case can be (n − 1)dmax, where

n is the number of nodes in N. Because any node only connects neighbours at a

distance dmax, it can be seen that the algorithm MDMA requires local information

only (Fig. 3.18b).

• In order for the addresses to be monotonic, it is not necessary to be statically

allocated: GPS coordinates of the modules can be used to give such addresses.

Proposition 9. MDMA(N) is an undirected acyclic graph.

Proof 9. Trivial because each module rotates towards a single module with higher

address, a cycle cannot appear because it will mean that a node with higher address

must rotate towards a node with lower address. The graph is undirected because any of

the links is bidirectional for communication (Prop. 4)

Proposition 10. MDMA(N) is a tree.

Proof 10. Trivial because an undirected acyclic graph is a forest (Prop. 9) and because

it is always connected (Prop. 8) it is a tree.

3.5.6 Experiments, Results and Conclusions

Two flavours of the MDMA proposed algorithm, the results obtained and the conclu-

sions are presented in detail in section 4.4 of this work.
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Chapter 4

Anisotropy and Radio Interference

– Experiments and Results

The work here presented is complementary to to the third chapter: in the previous

chapter we presented the methods from the theoretical point of view; in this chapter

we add the results of the experiments and simulations performed and the evaluation

towards existing techniques.

4.1 A Practical Approach

Input: Two modules: transmitter and receiver. The transmitter emits at maximal

power. The receiver is moved away from the transmitter;

Output: An antenna model which closely simulates the behaviour of real antennas;

Goal: Comparison between the behaviour in real world and simulated model;

Measure: Received power in real world and simulator.

As it was previously mentioned in 3.2, we started by measuring the antennas of the

XBee Series 1 [67] modules in the anechoic antenna chamber (of the Department of

Electromagnetic Fields of the Czech Technical University in Prague). The radiation

patterns for the modules and the gain distribution (obtained by eliminating from the

received power all the accountable cable and connector losses, FSPL and the gain of

the receiver) are presented in Fig. 3.2. In order to verify this model of antenna, we

then implemented in Omnet++ 4.0 (coupled with Mobility Framework 2o4-beta4) an

IEEE 802.15.4 stack which takes into account antenna anisotropy based on the values

previously measured. We than compared the RSSI values from an ZigBee transmitter

obtained in the Omnet++ 4.0 simulator with real-life measurements performed in the

anechoic antenna room and on Kolin Airport runway (away from other ISM 2.4 GHz

interference). The results were published in [A.7].

Indoors, the measurements were performed from 1 to 5 meters from the XBee trans-

mitter, and outdoors the measurements were performed between 1 and 500 meters.

77
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The measurements were taken with different power levels (L) for the transmitter, with

or without random antenna rotation in the horizontal plane (which in our case corre-

sponds to the H-plane). We here present the results for the rubber-duck antenna (Fig.

4.1, 4.2 and 4.3) – the other antenna types have similar results.

Conclusions to this paragraph: we started with a real-world measurement of radi-

ation patterns for different types of antennas; then we integrated into the Omnet++

simulator the recorded patterns and then we verified the model by comparing real

world measurements at different distances with the results obtained from the simula-

tor. The power fluctuations are the result of antenna being rotated and thus, the power

is received with different gain values, according to the radiation pattern measured in

the anechoic antenna room. In the real-world measurements, the received power can

be greater due to reflexions on the ground and on the spectral analyser itself.
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Figure 4.1: Rubber-duck antenna, indoor movement between 0 and 5 m without an-
tenna rotation for different emitter power levels.
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c: L2 = 6 dBm (3.58 mW) d: L3 = 8 dBm (6.30 mW)
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Figure 4.2: Rubber-duck antenna, indoor movement between 0 and 5 m with antenna
rotation for different emitter power levels.
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c: L4 = 10 dBm (10 mW)
without rotation

d: L4 = 10 dBm (10 mW)
with rotation

Figure 4.3: Outdoor movement between 0 and 500 m for different emitter power levels.
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a: Uniform random placement
over the whole area

b: Placement in 3 clusters

Figure 4.4: Examples of 20 modules placement.

4.2 Topology Control with Anisotropic Antennas

This section contains the comparison of the results obtained through classic geometric

TC methods (RNG, GG, YG – presented in 2.2) and their anisotropic counterparts

(ARNG and AYG – presented in 3.4). Uniform random placement of modules is defined

by the fact that the probability of a module being placed at coordinates (x,y) is equal

for all the possible combinations of x and y.

To conduct the simulations, we chose a flat rectangular surface of 300 x 300 m and

we increased its dimensions up to 1500 x 1500 m. On this surface we placed from

20 up to 50 modules in two configurations: uniform random – as in Fig. 4.4a and

clustered (2 to 5 clusters) – as in Fig. 4.4b. The modules that we tested were equipped

by rubber-duck, whip and ceramic patch antennas. For each case we assessed the

interference values (maximal and average) given by purely geometric or radio evalua-

tions. The evaluated metrics (defined in 2.4 and 3.3) are: the maximal and average

geometric node interference (IV Cov, IAvgV Cov), the maximal and average geometric

edge interference (IECov, IAvgECov), the maximal and average radio node interfer-

ence (RIV Cov, RIAvgV Cov) and the maximal and average radio edge interference

(RIECov, RIAvgECov). Each module was defined by the following parameters:

• Pmin = 0.35 mW (-4.56 dBm); Pmax = 350 mw (25.44 dBm); ∆P = 0.35 mw

(-4.56 dBm);
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RNG GG YG
IVCov 3.26 4.98 14.41
IAvgVCov 2.13 2.99 9.63
IECov 6.18 8.55 19.28
IAvgECov 4.72 6.06 15.09
Diam 9.14 6.9 2.94
AvgPL 4.05 3.08 1.52

ARNG AYG
RIVCov 14.74 18.99
RIAvgVCov 8.74 18.65
RIECov 17.12 20
RIAvgECov 12.68 19.9
Diam 9.14 2.94
AvgPL 4.05 1.52

ARNG AYG
RIVCov 14.42 18.98
RIAvgVCov 8.64 18.59
RIECov 17.1 20
RIAvgECov 12.79 19.89
Diam 8.64 2.94
AvgPL 3.85 1.52

a: Purely geometric b: Isotropic antenna,
gain 5 dBi

c: Anisotropic antenna,
gain between -1.55 dBi
and 4.34 dBi

Figure 4.5: Rubber Duck, 20 modules, 300 m x 300 m, uniform distribution.

• Prmin = −50 dBm; Pimin = −55 dBm;

• The gain of the antennas was chosen in two variants:

– isotropic: we chose a constant gain value for each antenna type – 5 dBi for

the rubber-duck, 1.5 dBi for the whip and -1.5 dBi for the ceramic patch;

– anisotropic: we used the gain values measured in the anechoic antenna room

and presented in 3.2.

Input: Flat surface, 300 x 300 m to 1500 x 1500 m; 20 to 50 modules distributed uni-

form randomly or clustered and randomly turned in the horizontal plane; each module

is described by the above parameters;

Output: RNG, GG, YG with k=10 sectors (purely geometric) and ARNG, AYG with

k=10 sectors (assuming isotropic and anisotropic antennas);

Goal: Comparison between different intereference values obtained by different TC

methods;

Measure: Interference under different metrics, graph diameter (Diam – the length of

the longest path in the graph) and average path length (AvgPL).

In this paragraph we shall present the results obtained from simulations of the rubber-

duck antenna, because it has (from our tested antennas) the radiation pattern closest

to the pattern of the ideal dipole (in the H-plane, almost a perfect circle). Each

numeric value is the average value of 100 simulations of the same type, under the same

conditions (only a different module placement). Each module placement was simulated

in three cases: purely geometric, as radio modules coupled with an isotropic antennas

and as radio modules coupled with anisotropic antennas. The results were published

in [A.4].

By comparing the interference values obtained for purely geometric algorithms (RNG,
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RNG GG YG
IVCov 3.18 4.86 13.15
IAvgVCov 2.07 2.91 8.63
IECov 6.02 8.3 18.35
IAvgECov 4.6 5.91 13.82
Diam 10.65 7.44 3.22
AvgPL 4.52 3.28 1.64

ARNG AYG
RIVCov 12.96 18.59
RIAvgVCov 7.65 16.99
RIECov 15.92 19.95
RIAvgECov 11.17 19.04
Diam 10.65 3.22
AvgPL 4.52 1.64

ARNG AYG
RIVCov 12.08 18.65
RIAvgVCov 7.03 16.98
RIECov 15.37 19.97
RIAvgECov 10.71 19.11
Diam 9.67 3.24
AvgPL 4.19 1.65

a: Purely geometric b: Isotropic antenna,
gain 5 dBi

c: Anisotropic antenna,
gain between -1.55 dBi
and 4.34 dBi

Figure 4.6: Rubber Duck, 20 modules, 300 m x 300 m, clustered distribution.

RNG GG YG
IVCov 3.72 5.93 23.34
IAvgVCov 2.29 3.34 13.56
IECov 6.78 10.09 35.89
IAvgECov 5.01 6.72 23.27
Diam 14.97 10.77 3.88
AvgPL 6.31 4.57 1.9

ARNG AYG
RIVCov 25.04 48.93
RIAvgVCov 12.24 47.25
RIECov 30.57 50
RIAvgECov 18 49.48
Diam 14.97 3.88
AvgPL 6.31 1.9

ARNG AYG
RIVCov 25.97 48.93
RIAvgVCov 12.64 46.94
RIECov 32.01 50
RIAvgECov 19.11 49.47
Diam 13.61 3.88
AvgPL 5.76 1.9

a: Purely geometric b: Isotropic antenna,
gain 5 dBi

c: Anisotropic antenna,
gain between -1.55 dBi
and 4.34 dBi

Figure 4.7: Rubber Duck, 50 modules, 300 m x 300 m, uniform distribution.

RNG GG YG
IVCov 3.46 5.24 17.31
IAvgVCov 2.14 2.93 9.7
IECov 6.4 8.87 28.13
IAvgECov 4.7 5.99 17.27
Diam 20.6 14.13 4.64
AvgPL 8.21 5.68 2.25

ARNG AYG
RIVCov 19.19 43.6
RIAvgVCov 8.64 34.38
RIECov 24.44 47.82
RIAvgECov 13.69 41.58
Diam 20.6 4.64
AvgPL 8.21 2.25

ARNG AYG
RIVCov 20.61 44.13
RIAvgVCov 9.31 34.64
RIECov 26.51 48.05
RIAvgECov 15.38 42.14
Diam 16.3 4.64
AvgPL 6.65 2.25

a: Purely geometric b: Isotropic antenna,
gain 5 dBi

c: Anisotropic antenna,
gain between -1.55 dBi
and 4.34 dBi

Figure 4.8: Rubber Duck, 50 modules, 300 m x 300 m, clustered distribution.

RNG GG YG
IVCov 3.7 6.02 19.77
IAvgVCov 2.27 3.33 11.42
IECov 6.72 10.21 31.38
IAvgECov 4.97 6.69 19.49
Diam 15.17 11.12 4.59
AvgPL 6.37 4.71 2.15

ARNG AYG
RIVCov 24.91 48.81
RIAvgVCov 12.16 45.49
RIECov 30.45 49.96
RIAvgECov 18 48.83
Diam 15.17 4.59
AvgPL 6.37 2.15

ARNG AYG
RIVCov 26.17 48.98
RIAvgVCov 12.89 47.58
RIECov 32.33 50
RIAvgECov 19.49 49.72
Diam 13.64 3.65
AvgPL 5.75 1.83

a: Purely geometric b: Isotropic antenna,
gain 5 dBi

c: Anisotropic antenna,
gain between -1.55 dBi
and 4.34 dBi

Figure 4.9: Rubber Duck, 50 modules, 1500 m x 1500 m, uniform distribution.
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RNG GG YG
IVCov 3.49 5.47 16.29
IAvgVCov 2.16 3.07 9.05
IECov 6.44 9.14 25.63
IAvgECov 4.74 6.18 15.7
Diam 21.7 15.67 6.04
AvgPL 8.55 6.19 2.7

ARNG AYG
RIVCov 19.37 41.92
RIAvgVCov 9.13 31.16
RIECov 24.44 45.89
RIAvgECov 13.98 38.16
Diam 21.7 6.04
AvgPL 8.55 2.7

ARNG AYG
RIVCov 20.77 47.38
RIAvgVCov 9.37 42.06
RIECov 26.87 49.31
RIAvgECov 15.39 46.59
Diam 17.14 4.14
AvgPL 6.89 2.04

a: Purely geometric b: Isotropic antenna,
gain 5 dBi

c: Anisotropic antenna,
gain between -1.55 dBi
and 4.34 dBi

Figure 4.10: Rubber Duck, 50 modules, 1500 m x 1500 m, clustered distribution.

GG,YG) and their anisotropic counterparts (ARNG, AYG) it can be seen that the

interference values, for each metric, are lower in the case of geometric methods. This

is however not a result of anisotropy (because the same behaviour is registered for

simulating modules coupled with isotropic antennas: Fig. 4.5–4.10b. The cause for

this behaviour is the fact that geometric methods ignore different limits (distances) for

radio communication and interference. In the case of anisotropic TC, we defined two

limits: Prmin and Pimin . Because we assumed Prmin > Pimin it implies that a radio

module can generate interference to neighbours which are unable to properly receive

data transmissions. This results in higher radio interference values in the network.

However, if in the ARNG and AYG performed with isotropic antennas we choose

Prmin = Pimin , then the resulting graphs and interference estimations become identical

to RNG and respectively YG – this representing a practical test for Prop. 2.

By comparing the interference estimations obtained for the same type of network (20

or 50 nodes), distributed randomly or clustered over the same area (300 x 300 or 1500 x

1500), the average difference is around the value of 15%. Thus, we can affirm that the

algorithms perform well on both types of networks: with uniform random distribution

or clustered.

From the interference point of view, it can be seen that in each scenario RNG gives

better values than GG and YG (and ARNG than AYG) for geometric (respectively

radio) estimations of interference in the network. Thus, we can build a preference order

for the algorithms: RNG, GG and YG (for geometric estimations) and ARNG, AYG

(for the radio estimations), independently on the number of nodes or their distribution.
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Conclusions:

1. Interference based on geometrical TC is an underestimation when compared to

real radio devices.

2. A transmitter radio module can generate interference to a neighbour which

cannot send data to (when the received power at that neighbour is Pr ∈
[Pimin ;Prmin)).

3. The algorithms (geometric and radio) offer good results for both uniform and

clustered distributions of modules.

4. RNG (ARNG) performs better than GG (-) which performs better than YG

(AYG), from the used interference metrics point of view.

4.3 Interference Aware Topology Control

The behaviour of the ITC algorithm has been compared to XTC and EEG on the

amount of randomly generated UDG (Unit Disk Graphs) graphs. In geometric graph

theory, a unit disk graph is the intersection graph of a family of unit circles in the

Euclidean plane. That is, we form a vertex for each circle, and connect two vertices

by an edge whenever the corresponding circles cross each other – as in Fig. 4.11. Re-

sults for uniformly distributed nodes are well known from presentations of comparable

algorithms. Here, we present alternative tests provided on the amount of UDG graphs

with non-uniformly distributed nodes. The results were published in [A.6].

Figure 4.11: UDG – Unit Disk Graph Example.

Communication graphs presented in Fig. 4.12 have been obtained applying selected

TC algorithms on graphs having 200 randomly placed nodes distributed over the area
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UDG graph

XTC algorithm ITC algorithm

EEG algorithm ISG algorithm

Fig. 3 TC - non-uniform node distribution

Graphs created by ITC are obviously denser than
graphs created by XTC, some links removed by XTC
remain in the communication graph after application of
ITC. Energy efficient graphs created by EEG algorithm are
denser; graphs created by ISG have even greater densi-
ties. Average degrees of nodes in XTC, ITC, EEG and ISG
graphs are ordered correspondingly, our graphs in Fig.4
(average of maxima) and Fig.5 (maximum found in all
graphs) show that maxima observed in our set of random
node distributions remain acceptable.
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Concerning link interference, ITC presents behaviour
close to XTC and provides lower values in comparison to
methods based on power metrics (EEG) and on path inter-
ference (ISG) - Fig.6.
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Fig. 6 Link interference - average of maxima

Interesting results are related to values of the interfer-
ence spanning factor. ITC keeps in the graph edges, which
decrease the path interference. As a result, the interference
spanning factor of ITC is much lower than the interference
spanning factor of XTC (Fig.7).
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Fig. 7 Interference spanning factor - average of maxima

Power effectiveness of methods based on power met-
rics (EEG), with respect to power metric based routing, is
better on average than power effectiveness of interference
based methods. However, the values remain acceptable for
all methods we compared (Fig.8).
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UDG graph

XTC algorithm ITC algorithm

EEG algorithm ISG algorithm

Fig. 3 TC - non-uniform node distribution

Graphs created by ITC are obviously denser than
graphs created by XTC, some links removed by XTC
remain in the communication graph after application of
ITC. Energy efficient graphs created by EEG algorithm are
denser; graphs created by ISG have even greater densi-
ties. Average degrees of nodes in XTC, ITC, EEG and ISG
graphs are ordered correspondingly, our graphs in Fig.4
(average of maxima) and Fig.5 (maximum found in all
graphs) show that maxima observed in our set of random
node distributions remain acceptable.
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Concerning link interference, ITC presents behaviour
close to XTC and provides lower values in comparison to
methods based on power metrics (EEG) and on path inter-
ference (ISG) - Fig.6.
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Interesting results are related to values of the interfer-
ence spanning factor. ITC keeps in the graph edges, which
decrease the path interference. As a result, the interference
spanning factor of ITC is much lower than the interference
spanning factor of XTC (Fig.7).
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Power effectiveness of methods based on power met-
rics (EEG), with respect to power metric based routing, is
better on average than power effectiveness of interference
based methods. However, the values remain acceptable for
all methods we compared (Fig.8).
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remain in the communication graph after application of
ITC. Energy efficient graphs created by EEG algorithm are
denser; graphs created by ISG have even greater densi-
ties. Average degrees of nodes in XTC, ITC, EEG and ISG
graphs are ordered correspondingly, our graphs in Fig.4
(average of maxima) and Fig.5 (maximum found in all
graphs) show that maxima observed in our set of random
node distributions remain acceptable.
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Concerning link interference, ITC presents behaviour
close to XTC and provides lower values in comparison to
methods based on power metrics (EEG) and on path inter-
ference (ISG) - Fig.6.
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Interesting results are related to values of the interfer-
ence spanning factor. ITC keeps in the graph edges, which
decrease the path interference. As a result, the interference
spanning factor of ITC is much lower than the interference
spanning factor of XTC (Fig.7).

 0

 2

 4

 6

 8

 10

 0  10  20  30  40  50

in
te

rfe
re

nc
e 

in
cr

ea
se

 (a
ve

ra
ge

 o
f m

ax
im

a)

node density [nodes/unit disc]

itc 
xtc 
isg 

eeg 

Fig. 7 Interference spanning factor - average of maxima

Power effectiveness of methods based on power met-
rics (EEG), with respect to power metric based routing, is
better on average than power effectiveness of interference
based methods. However, the values remain acceptable for
all methods we compared (Fig.8).
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ties. Average degrees of nodes in XTC, ITC, EEG and ISG
graphs are ordered correspondingly, our graphs in Fig.4
(average of maxima) and Fig.5 (maximum found in all
graphs) show that maxima observed in our set of random
node distributions remain acceptable.
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Concerning link interference, ITC presents behaviour
close to XTC and provides lower values in comparison to
methods based on power metrics (EEG) and on path inter-
ference (ISG) - Fig.6.
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Interesting results are related to values of the interfer-
ence spanning factor. ITC keeps in the graph edges, which
decrease the path interference. As a result, the interference
spanning factor of ITC is much lower than the interference
spanning factor of XTC (Fig.7).
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Power effectiveness of methods based on power met-
rics (EEG), with respect to power metric based routing, is
better on average than power effectiveness of interference
based methods. However, the values remain acceptable for
all methods we compared (Fig.8).

160

c: TC with XTC algorithm d: TC with ITC algorithm

Figure 4.12: TC – non-uniform node placement (distribution).

of 500 x 500 length units (e.g. meters) and able to communicate over a distance of 89

length units (the unit disc of this radius covers 10% of the whole rectangular area).

The PDF (Probability Distribution Function) controlling nonuniform node distribution

concentrates nodes around two centres.

Graphs created by ITC are obviously denser than graphs created by XTC, several

links removed by XTC remain in the communication graph after application of ITC.

Energy efficient graphs created by EEG algorithm are denser. Average degrees of nodes

in XTC, ITC and EEG graphs are ordered correspondingly, our graphs in Fig. 4.13a

(average of maxima) and Fig. 4.13b (maximum found in all graphs) show that maxima

observed in our set of random node distributions remain acceptable.

Concerning link interference, ITC presents behaviour close to XTC and provides lower

values in comparison to methods based on power metrics (EEG) – Fig. 4.13c.

Interesting results are related to values of the interference spanning factor (interference

in the TC graph on interference in the original graph). ITC keeps in the graph edges,

which decrease the path interference. As a result, the interference spanning factor of

ITC is much lower than the interference spanning factor of XTC (Fig. 4.13d).

Power effectiveness (required power in the TC graph on required power in the original
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graph between nodes source and nodes destination) of methods based on power metrics

(EEG), with respect to power metric based routing, is better on average than power

effectiveness of interference based methods. However, the values remain acceptable for

all methods we compared (Fig. 4.13e).

Conclusions:

1. Older topology control methods preferred topological properties of communica-

tion graphs: planarity, restricted node degree, minimal hop count, and their

combinations. Later, greater importance has been given to power (transmitted

and consumed) optimization.

2. More recent research resulted in methods, which are able to optimize topology

with respect to interference. Different approaches were taken, starting from min-

imum spanning trees/forests. Current research is aimed at interference spanners

and graphs formed of all-to-all shortest paths. Several methods are based on

local information, others require a global view.

3. The ITC method, introduced in our work, is fully based on locally available in-

formation, which can be obtained from the node electronic (e.g. RSSI indicator),

and provides a reasonable equilibrium in effectiveness with respect to both, link

based and path based, interference measures.

4. The main drawback of the method, when based on RSSI usage, seems to be the

sensitivity to signal changes due to the mobility of nodes and changes in environ-

ment. Our current research is oriented toward this problem and we believe that

filtering-off signal fluctuation in real cases will result in applicable technology.

4.4 Topology Control With Sector Turning Antennas

In the paragraph 3.5 we presented a mechanism sector turning antennas (STA) can

be used to create a connected topology which decreases interference in the network.

We here present the types of simulations performed and the obtained results. We first

need to make two remarks:

1. The MDMA algorithm presented in 3.5 does not present the case of the antenna

having the highest LA (Local Address) value in the network. Each antenna in

the network turns its strong lobe towards the closest neighbour having the LA

higher then its LA. However, the antenna having the highest LA in the network

does not have such a neighbour. We chose for this antenna to turn towards its
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a: Node degree – average of max-
ima

b: Node degree – maxima

c: Link interference – average of
maxima

d: Interference spanning factor –
average of maxima

e: Power spanning factor – average of maxima

Figure 4.13: Interference-aware TC results.
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closest neighbour – this choice is explained by the fact that, in this manner, we

connect this antenna with the least amount of required power.

2. The MDMA algorithm presented in 3.5 assumes a random placement of the

modules and their addresses. An example of such a network is given by Fig.

4.14a or b (the network presented in Fig. 4.14b is the same as in Fig. 4.14a, with

the difference that the radiation patterns are not drawn – for easier viewing of

the communication links), for 50 modules. It can be seen that, due to the random

placement of the LAs, there are cases of connections over long distances. This

happens when a module cannot find a neighbour with a higher LA in its close

vicinity. We tested this flavour of MDMA as MDMA1 – the random placement

simulates the behaviour of complete uncertainty regarding the location of the

modules and their LAs. We discovered that by differently allocating the LAs we

can further decrease interference by removing the long distance communications.

Thus, in the second simulated flavour of MDMA (MDMA2), the LA of each

module is given by the x coordinate of this module, with the limitation that

no two modules can have the same x coordinate. Thus, by having the same 50

modules network, now with this LA allocation, in Fig. 4.14c or d (the network

presented in Fig. 4.14d is the same as in Fig. 4.14c, with the difference that

the radiation patterns are not drawn – for easier viewing of the communication

links) the number of long distance communications decreases, they being present

only for modules with high x coordinate (towards the right of the image). Those

modules find fewer neighbours with higher x coordinate value and thus are forced

to connect to more distant modules.

For STA the chosen parameters are (homogeneous network): opening angle ϕ from 1◦

to 350◦; λ = 0.12244 m corresponding to 2450 MHz; G1 = 1.5 dBi; G2 from 2 to 20

dBi; Pmin = 0.35 mW (-4.56 dBm); Pmax = 350 mW (25.44 dBm); Prmin = −50 dBm;

Pimin = −55 dBm; ∆θ = 1◦; ∆P chosen in such a way to have from 10 to 1000 power

levels between Pmin and Pmax. For the presented parameters dmax = 1050 m as in

(3.9). For nSTA we maintained the same parameters with the exception of gains and

opening: the opening angle ϕ from 10◦ to 90◦, 5 to 7 levels of gain and the maximal

gain 20 dBi.

The reason for choosing these parameters was the balance between requirements of

ad-hoc networks (small, low power devices) and high-gain antennas. A typical WiFi

transmitter IEEE 802.11b can have power outputs between 100 mW (standard) and
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a: TC with MDMA1 performed over
50 modules

b: Communication links in the network

c: TC with MDMA2 performed over 50
modules

d: Communication links in the network

Figure 4.14: TC with MDMA1 and MDMA2 performed over a network of 50 STA.
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200 mW (afterburner) – thus a choice of 350 mW of transmitted power is still a valid

option for a small device. The low limit of antenna gain (1.5 dBi) was chosen by the

gain of the small whip antennas on-board the XBee modules; the high value of gain was

limited at 20 dBi due to the size of (for example) a parabolic dish of comparable gain

– for this frequency the parabolic antenna is required to have a size of approximately

60 cm [69], which is still suitable for a rather small device. Would this maximal gain

be chosen at 45 dBi, the parabolic antenna would have been approximately 2.5 m in

diameter, which does not make it a good candidate for a “portable” device.

The networks were simulated always with the same type of devices (homogeneous

networks) on a flat 1000 x 1000 m (limited by dmax) surface. Different node placements

were tested: random placement - nodes are placed randomly around the geographic

network centre (defined by coordinates [x,y]=[dmax/2,dmax/2]) and cluster placement

– the centre of each cluster is chosen randomly around the network centre and nodes

composing one cluster are placed randomly around the centre of the respective cluster.

The number of clusters is varied from 2 to 10 and their geometric sizes from 20 x 20

m to 50 x 50 m.

The following experiments were performed for 20 and 50 nodes, uniform or clustered,

STA or nSTA: gain G2 increment, sector ϕ opening and power levels. In all the cases

we measured the RIAvgECov metric (the average radio edge interference), the same

metric used in [A.4] and defined in Def. 24. As a side-effect, we shall show that the

total power required to keep the network connected is also improved. Each result in

each graph is the averaged value over 100 simulations for networks of the same type

and structure.

1. Gain G2 increment: the gain G1 and the sector opening ϕ are maintained constant,

while the gain G2 is increased from 2 dBi to 20 dBi in order to determine how MDMA

will behave with stronger or weaker sector antennas. We shall here present the results

for 50 modules – for 20 modules the graphs are similar.

From Fig. 4.15a and c it can be seen that the interference value (RIAvgECov) is

better (lower) than the interference produced by applying ARNG or AYG with isotropic

antennas of 1.5 dBi and has the tendency to decrease (when the strong lobeG2 increases

its gain) towards the ideal interference values given by the geometric TC methods

(RNG, GG and YG). From Fig. 4.15b and d it can be seen that the total required

power to maintain the network connected is lower for both MDMA flavours than for

any TC algorithm with isotropic antennas of 1.5 dBi of gain. When the strong lobe
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Figure 4.15: 50 nodes STA, gain G2 increment from 2 to 20 dBi.
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c: Interference for clustered distribu-
tion

d: Total power for clustered distribu-
tion

Figure 4.16: 50 nodes STA, sector ϕ opening from 1 to 350 degrees.

G2 increases its gain, the total power requirement decreases. In all scenarios MDMA2

behaved better than MDMA1 (lower interference and lower power requirement). In

the case of power requirement (Fig. 4.15b and d) the geometric methods are absent

because they do not take power into account (being based on geometry only).

2. Sector ϕ opening : the gains G1=1.5 dBi and G2=20 dBi are maintained constant,

while ϕ is increased from 1◦ to 350◦ in order to determine how MDMA will behave

with wider or narrower sector antenna types. We shall here present the results for 50

modules – for 20 modules the graphs are similar.

From Fig. 4.16a and c it can be seen that for narrow sector openings (ϕ from 1◦ to

approximately 10◦) the interference value (RIAvgECov) is close to the idealised case

of geometric methods (RNG, GG and YG). For wider opening angles the interference

increases and even exceeds the interference value for TC with isotropic (1.5 dBi) anten-
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a: Small ϕ opening b: Large ϕ opening

Figure 4.17: Narrow and wide sector STA.

nas. Because MDMA connects to only one neighbour in the direction of the G2 lobe,

all the other modules placed within this lobe are considered as interference. Thus, by

widening the opening angle ϕ of the strong radiation lobe, the number of these modules

increases, leading to increasing interference values.

From Fig. 4.16b and d it can be seen that the total required power to maintain the

network connected decreases with the increase of the opening angle ϕ of the strong

lobe. When the STAs have ϕ = 1◦, from the power point of view, they behave almost

as isotropic antennas with the gain G1 (except for the narrow high-gain beam) – Fig.

4.17a; when ϕ = 350◦, they behave as almost isotropic antennas with the gain G2 –

Fig. 4.17b. Because G2 > G1, for isotropic antennas it is obvious that a network

which has high-gain isotropic antennas will require less power to be connected than a

network which has low-gain isotropic antennas.

3. Power levels: the gains G1 and G2 were maintained constant at 1.5 dBi and 20 dBi

respectively, the opening ϕ = 10◦ is maintained constant, the power levels Pmax and

Pmin were maintained constant. The increment ∆P was chosen in such a way to allow

between 1000 and 10 power levels between Pmax and Pmin. We shall here present the

results for 50 modules (for 20 modules the graphs are similar), as depicted in Fig. 4.18.

When the transmission power of each module can be regulated with fine increments,

each module can increase its power in order to precisely communicate to a desired

neighbour, without causing additional interference. When the power regulation inter-

val is wide, in order to communicate to a desired neighbour, the applied power exceeds

the minimal requirement and thus, any module will generate additional and undesired

interference. From Fig. 4.18 it can be seen that interference is kept at a low value

for high numbers of power regulation intervals (1000 – 800) and increases with the
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Figure 4.18: Interference dependency on the number of power levels.

decrease of the number of possible transmit power levels. For less than 100 power

intervals, as it can be seen, interference in the network is unacceptably high. The ex-

planation for this behaviour is the chosen Pmax value at 350 mW: for 1000 power levels,

the regulation interval is approximately 0.35 mW; for 10 power levels, the regulation

interval is approximately 35 mW. Because of a relatively dense placement of modules

(50 over a 1000 m x 1000 m area), when the power is increased by 35 mW, the amount

of interference is already too high.

Conclusions:

1. For sector turning antennas equipped with narrow (less than 10◦) and high gain

strong radiation lobe coupled with a weak back-lobe, the interference achieved by

the MDMA1 and MDMA2 TC mechanisms is better than TC methods applied

with isotropic antennas and, for very narrow beams, has the tendency to decrease

to the idealised values given by geometric methods.

2. As a side effect, the total power required to maintain the netwok connected is

also improved towards the power needed by TC with isotropic antennas.

3. It is not possible to compare the power required by radio TC to the geometric

methods because they do not take into account radio parameters such as power.

4. In order to obtain good interference results, the power regulation interval for the

transmitters has to be very fine, otherwise the interference in the network will be

unreasonably high. However this requirement is not only towards the MDMA;

all the power regulating TC methods (ARNG, AYG, etc.) have the same need.
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5. The reduction in interference and power requirement to maintain the network

connected are performed at the expense of sacrificing redundant links (the ob-

tained topology is a tree, thus any link failure will determine the apparition of

partitions). This is the trade-off implied by the MDMA algorithm.
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Chapter 5

Collaborative Phase-Shift Beam-

forming in Ad-Hoc and Sensor Net-

works

5.1 Short History and Introduction

The starting point for the idea presented in this chapter was in 2009, at the Inter-

national Wireless Communications and Mobile Computing Conference (IWCMC) in

Leipzig. The authors of [70] described a new approach towards the problem of multi-

path interference.

Multipath interference or self-interference is a very well known phenomenon, since

the first radio transmissions. From our perspective, of ad-hoc and sensor networks,

it occurs in environments packed with objects on which the radio waves can bounce

(reflect). A typical example is the wireless (WiFi) network of an office, like in Fig. 5.1a.

Between the two radio devices travel multiple waves: the direct wave (DW – which

travels directly on the line-of-sight between the two devices) and multiple secondary

waves (SW – which bounce once or multiple times on the objects in the office: walls,

furniture, people, etc.). Because the waves travel different distances (the shortest being

that of the DW), they arrive at the receiver with different phases. When waves meet

with phase differences less than 90◦, their effects add; however when they are separated

by more than 90◦, they work against each-other and decrease the quality of the overall

signal. This is shown in Fig. 5.1b: let us take in the standard trigonometric circle

the vector R as a reference. When another vector is added to R, the effect which we

measure is the projection of the resulting vector along 0y (where our reference is). The

vectors 1 and 2 are separated by less than 90◦ from R and lead to a greater resultant 0y

component than R itself; the vectors 3 and 4 are orthogonal to R and do not change the

0y resultant component and vectors 5, 6 and 7 decrease the value of the 0y component

of the resultant; in fact vector 6 has the same module as R and will cancel R completely

99
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a: Multipath/self interference in a
typical office environment

b: Phase differences and their ef-
fect

Figure 5.1: Multipath interference.

(anti-phase).

Thus, the secondary waves dephased by more than 90◦ behave as destructive noise for

the DW, by interfering with it as if multiple transmissions take place, even if in reality

there is only one single transmitter and one receiver.

Multipath interference was solved with the introduction of multiple antennas per de-

vice. This however fundamentally differs from MIMO or antenna arrays in the fact

that, at a given moment of time, only one antenna is in use. The receiver will listen

to the transmitter through its first antenna, then its second, etc. and choose that

antenna that the received signal had its best quality (and the same happens at the

transmitter). The explanation for this behaviour is that the antennas are placed at an

interval comparable to the wavelength. From the transmitter to each antenna of the

receiver the DW and SWs have to travel a slightly different distance and, hopefully,

there will be an antenna where more SWs add with phases separated by less than 90◦,

having thus a constructive effect to the signal. If multiple transmitters are present in

the network, the receiver will memorise in a table one of its own antennas to be used

as the receiver antenna for each of the transmitters Fig. 5.2. The whole mechanism

here presented is called antenna diversity (AD).

A new problem arouse: is it possible to apply the same previously presented princi-

ple if all devices in the network have one single antenna? In an environment which

contains lots of devices (the typical case of ad-hoc and sensor networks), if the signal

from the transmitter T to the receiver R is unsatisfactorily received due to multipath
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Figure 5.2: Antenna diversity.

interference, it is possible to ask a neighbour of R to behave as an intermediate receiver

or proxy (Ri) for R. Thus, when T wants to communicate with R, it will always send

data to Ri, which will then forward data to R. By considering a quality metric, it is

necessary that the hop-path (T,Ri, R) will have an overall quality metric better than

the direct path (T,R). This mechanism, although seems to behave as routing, can be

applied on the physical layer only (which makes it fundamentally different than rout-

ing) and it is called distributed antenna diversity (DAD) and was introduced and

analysed in [70].

We shall build even further than the idea presented in [70]: if the transmitter T chooses

an intermediate receiver Ri to get to the true receiver R, is it possible that T and Ri

can cooperate and in the same time transmit the same data, with such signal phases,

that their signals will add to the receiver R (in a constructive manner)? Is it possible

to implement this type of mechanism even when all the devices are equipped with only

one single antenna, thus creating a distributed antenna array? What are the properties

of such a system which can be exploited in the realm of ad-hoc and sensor networks?

Definition 39. The principle under which a group of independent radio transmitters,

each equipped with one single antenna, is able to synchronise its radio signals, with

precise initial phases such that the signals meet in-phase at one receiver is defined as

distributed phase-shift beamforming or distibuted antenna array.

The mechanism described in this section differs from other work in this area ([71], [72],

[73]) in the following key points:

• it is oriented on the properties of antennas and propagation (gain, anisotropy,
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reflections, etc.) rather than on the abstract properties of the channel (fading,

Gaussian variables, weights, etc.);

• is makes use of the antenna and propagation laws towards higher levels of net-

working, rather than only physical or medium access;

• it is based on the assumption that the radio modules do not have known spacial

positions (as it happens in real ad-hoc or sensor networks);

• it can cope with the fact that a network is heterogeneous (composed by different

devices, with different physical properties);

• it takes into account the fact that two radio modules do not have identical crystals

to generate carrier signals, thus it proposes a method to cope with these slight

imperfections which, during a transmission, can degrade the quality of the beam-

formed radio signal of the group. Work presented in [74], [75], [76] and [77] takes

synchronisation between the modules as perfect and given in the hypothesis, fact

which in reality cannot happen.

• we based this research on the fact that it can be implementable in real hardware;

• the proposed method for synchronisation is faster to implement and simpler than

[78], although not power optimal (by the use of the secondary (synchronisation)

wave – as it will be shown in paragraph 5.5);

• it can drive long-distance communications in a fully ad-hoc network, not only

towards a base-station, like [78].

5.2 Problem Formulation and Environment Description

Let us assume that a bunch of battery-powered sensors is dropped from an airplane

onto a field. After successfully landing, due to many variable and uncontrollable con-

ditions (wind, rain, etc.) the bunch of sensors is divided mainly into two clusters, with

only a couple of sensors in between, acting as relays (Fig. 5.3). The whole network

N can be now viewed as a triplet (K1,K2,R), where K1 is the first group of nodes

(cluster), K2 is the second cluster and R is the set of relay nodes in between. To

have a fully connected network, in the classic meaning of connectivity, it is neces-

sary to have fulfilled the following conditions: R 6= ∅;R ∩ K1 6= ∅;R ∩ K2 6= ∅. In

this case (of a clustered network), critical is the number of nodes in the relay set:

‖R‖ – the lower this number, the higher the risk for the network to become discon-

nected. Let us take two communication nodes: s ∈ K1 and d ∈ K2 with the condition

{s, d} ∩ R = ∅ , thus s is considered the source of a data packet and d the drain (or
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s

d
n1K1

n2K1
n1K2

n2K2r1

r2

r3
r4

r5

K1 K2

R

Figure 5.3: A network consisting in two clusters and a small set of relay nodes.

destination) of that packet. Let us also assume that there is only one “best route” (e.

g. shortest path found by a routing algorithm) between s and d and that this route

is symmetric (the path s to d is the same as the path d to s) which can be written

as: s, n1K1
, n2K1

, ..., nnK1
, r1, r2, ..., rx, ..., rk, n1K2

, n2K2
, ..., nmK2

, d (Fig. 5.3). For each

unit packet communication from s to d, each relay node rx ∈ R that is situated along

the path has to perform 4 steps:

• receive the packet from the previous hop: rx−1;

• forward the packet to the next hop: rx+1;

• receive the ACK from the previous hop: rx+1;

• forward the ACK to the next hop: rx−1.

thus two receive and two transmit operations while s and d have to perform only one

receive and one transmit operation per device:

• s sends the packet and receives the ACK;

• d receives the packet and sends the ACK.

If ‖R‖ is high then many alternative routes between K1 and K2 passing through R can

be found, thus balancing the power need across modules will extend the life of the fully

connected network; on the other hand, if ‖R‖ is low (or even zero in the case repeaters

cannot be installed) the first nodes to exhaust their battery reserve are those in R;

when a number of relay nodes equal to the minimal cut set of R turn offline, according

to graph theory, the network becomes disconnected with no chance of reconnecting if

no node mobility is involved.
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What is interesting is that algorithms considering piggybacking ACKs to the data

messages even if they reduce the number of searches in the routing table and message

header overhead, they do not help in decreasing the power need per transmitted bit –

they reduce only the number of needed bits per transmission.

There is however another way to connect two distant clusters, without the use of re-

peaters and beyond the maximal transmission range of individual modules: distributed

phase-shift beamforming. A set of nodes from K1 synchronises their transmitted radio

waves in such a way that it creates a virtual antenna capable of carrying the signal

to one node of the K2 group and vice-versa: a set of nodes in K2 will put together

signals to broadcast to at least one node of K1. This task is easily performed by

nodes equipped by multiple antennas (where the distance between antennas is well

known); performing the same task for modules equipped with only one antenna and

on a distributed basis is much more difficult though not an impossible task.

The implications of such a mechanism are huge: connecting groups of radio modules,

without the need for repeaters, beyond the transmission ranges of individual transmit-

ters. Such scenarios can range a vast area of operations, for example in places where

the repeaters exhausted their batteries and are irreplaceable (like on the surface of

another planet) or in places where repeaters cannot be installed at all (because in their

designated area there is a river or enemy territory).

s

d

K1 K2

Figure 5.4: Clusters of nodes become virtual transmitters and are able to send signals
to the neighbouring cluster without the need of a relay node.

The goals of the work presented in this chapter are to determine what will be the

improvements of such a mechanism, how to possibly implement it and what are its

drawbacks. Of course, we have to mention the possible directions of further research
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and improvement. Our work was incremental and composed by six main steps:

• to determine and compare the improvement that a group of transmitters achieves

to a single antenna [paragraph 5.3];

• to create a mechanism which allows two clusters to discover themselves, even

when the distances between the modules belonging to different clusters are greater

than their maximal communication distance and when the coordinates of the

modules are not known [paragraph 5.4];

• to present a possible hardware solution which will allow such devices to be im-

plemented and to behave as desired [paragraph 5.5];

• to estimate the energy needed for bidirectional communication between clusters

and to compare it to the traditional method (repeaters) [paragraph 5.6];

• to determine the influence of a real environment implying multipath propagation

and mobility of modules [paragraphs 5.7.2 and 5.7.3];

• experiments and simulations performed to determine the behaviour of the pro-

posed methods [chapter 6].

5.3 Environment Specification and Improvement Metrics

The laws which describe the behaviour of the antennas have been already described in

2.3.4 and 2.3.5. Because the modules have one single antenna and are placed at dis-

tances much greater than the wavelength, mutual couplings [79] between the antennas

(of different modules) can be ignored for the rest of this research.

5.3.1 Definitions

Definition 40. A radio transmitter coupled with an anisotropic phase-shift capable

antenna is defined as a tuple APSA (P,G(θ), α, Prmin , Pmin, Pmax,∆P,∆α) by the fol-

lowing parameters [in brackets is the measure unit]:

• power injected in the antenna element: P [dBm] ∈ [Pmin;Pmax]; the power can

be increased or decreased in steps of ∆P ;

• gain is given by a function or a table: provided the direction θ, it will return the

antenna gain in that direction G(θ)[dBi] ∈ [Gmin;Gmax];

• initial phase of the signal injected in the antenna: α[◦] – Fig. 5.5; the phase can

be increased or decreased in steps of ∆α[◦]

• minimal power threshold required for proper data receive: Prmin [dBm].
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Figure 5.5: Two dephased waves (wave A leads wave B by 45◦ or (equivalent meaning)
wave B trails wave A by 45◦).

Definition 41. A cluster composed by anisotropic phase-shift capable antennas is de-

fined as a tuple

K (nk, Xk, Yk, xk, yk, APSA[nk]),

by the following parameters [in squared brackets is the measure unit]:

• geographical extent of the cluster: Xk[m], Yk[m];

• geographical coordinates of the centre of the cluster: xk[m], xk[m];

• the number of antennas: nk[−];

• the component antennas: APSA1, APSA2, ..., APSAnk .

All the parameters defining a cluster remain constant (clusters do not change positions

or number of components). If the cluster acts on the principle defined in Def. 39, it is

named a virtual transmitter.

Definition 42. A network composed by clusters of anisotropic phase-shift capable an-

tennas is defined as a tuple N (X,Y, n, k,K[k]), by the following parameters:

• geographical extent of the network: X[m], Y [m];

• n[−] the number of antennas;

• k[−] the number of clusters;

• K1,K2, ...,Kk the component clusters;

• nn[1] + nk[2] + ...+ nk[k] = n.

Definition 43. A network composed by clusters of anisotropic phase-shift capable an-

tennas is named “homogeneous” if it is formed by identical devices, thus the parameters
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G(θ), Prmin, Pmin, Pmax, ∆P and ∆α are identical for all the modules. In this case,

the only parameters which will differ from one module to another are P (the actual

injected power) and α (the initial phase of the signal).

In Def. 43 although we noted that G(θ) is identical for all devices, we have to allow

a different random rotation of each antenna. Only the radiation pattern is the same,

though it can be differently rotated from one antenna to another, like in Fig. 5.6.

Figure 5.6: Two antennas having the same radiation pattern though different rotations.

5.3.2 Improvement Metrics

As it was previously presented, a group (cluster) of transmitters collaborates in order to

send data towards a receiver belonging to a different cluster, beyond the transmission

range of individual modules, forming something described as a virtual transmitter.

The first problem which arouse was to establish how good the virtual transmitter was,

regarding transmission power as the metric.

Because we compose the virtual transmitter from individual modules, the improvement

brought by collaborative communication can be compared to the individual modules

themselves. However this proved to be rather difficult. The whole group can be com-

pared to the weakest transmitter (in the group) and can make a dramatic improvement

or can be compared to the best antenna and not appear much better. The possible

improvement can be measured around the whole group, however maybe only one di-

rection is interesting for a specific purpose. Thus, it was required at the beginning to

establish a set of metrics which are able to measure the improvement a virtual trans-

mitter brings and to determine if such a system is feasible to be implemented. This

was the goal of the [A.3].

First, in order to cancel out the signal variations due to the positions of modules inside

the cluster, we chose to measure the power of the cluster in regions very far away from

the cluster itself. Thus, the cluster was modelled by a squared playground (the size
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of the geographical extent of the cluster: Xk = Yk) and placed in the centre of the

coordinates system. The antennas are randomly placed inside the playground (without

a priori knowing their locations). The measurement area is a circle centred in the center

of the coordinates system, with a radius a couple of orders greater than the size of the

cluster (r >> Xk >> λ). The receiver is an ideal antenna (zero gain) on which the

received power is measured for each azimuthal angle, as in Fig. 5.7.

playground

y

x

ideal
receiverθ

r

Xk
Yk

Figure 5.7: Virtual transmitter measurement.

Definition 44. The Improvement I is defined as:

I =
360

max
θ=0


max
α∈ph.c.

(PV T (θ))(
P[max(G(θ))

max(Pi)

](θ)
)
→orig

 (5.1)

Put into words, it is the global maximum, over all directions, between the best power

obtained from the virtual transmitter (from all phase combinations α – noted as ph. c.)

for a given direction θ and the power registered from the antenna having the greatest

gain in that direction (max(G(θ))) injected with the highest power among the modules

of the cluster (max(Pi)) and translated in the origin of the cluster (Fig. ??), for that

direction θ.
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Antenna chosen 
as reference

It is translated to 
the origin (0,0)

Figure 5.8: Explanation of the “→ orig” notation.

Definition 45. The maximal improvement (ImprovementMax) IM is defined as:

IM =
360

max
θ=0


max
α∈ph.c.

(PV T (θ))(
P[max(G(θ))

Pmax

](θ)
)
→orig

 (5.2)

Put into words, the definition is identical to Def. 44, with the difference that now the

best antenna is fed Pmax and not the maximal power value among the APSAs of the

cluster (max(Pi)).

Definition 46. The directional improvement (DirImprovement) DI is defined as:

DI(θ) =

 max
α∈ph.c.

(PV T (θ))

P[max(G(θ))
max(Pi)

](θ)
 (5.3)

Put into words, for a given direction θ, it is the power improvement of the virtual

transmitter, for all possible phase combinations, compared towards the antenna having

the highest gain in that direction, fed with the highest power available in the antenna

set, in the same direction θ.

Definition 47. The directional maximal improvement (DirMaxImprovement) DIM is

defined as:

DIM(θ) =

 max
α∈ph.c.

(PV T (θ))

P[max(G(θ))
Pmax

](θ)
 (5.4)
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Put into words, the definition is identical to Def. 46, with the difference that now the

best antenna is fed Pmax and not the maximal power value among the APSAs of the

cluster.

Definition 48. The directional origin improvement (DirOriginImprovement) DOI is

defined as:

DOI(θ) =


max
α∈ph.c.

(PV T (θ))(
P[max(G(θ))

max(Pi)

](θ)
)
→orig

 (5.5)

Put into words, the definition is identical to Def. 46, with the difference that now the

most powerful antenna is translated into the origin of the coordinates system.

Definition 49. The directional origin maximal improvement (DirOriginImprovement-

Max) DOIM is defined as:

DOIM(θ) =


max
α∈ph.c.

(PV T (θ))(
P[max(G(θ))

Pmax

](θ)
)
→orig

 (5.6)

Put into words, the definition is identical to Def. 48, with the difference that now the

best antenna is fed Pmax and not the maximal power value among the APSAs of the

cluster.

The six metrics previously introduced are not able to effectively measure the impact of

phase shifting on one given direction, parameter that is of most importance because it is

the essence of phase-shift beamforming. To achieve this, the last metric is introduced:

Definition 50. The glide (GL) on a given direction θ around the antenna set it is the

fraction between the maximum signal and the minimum signal obtained through all the

possible phase combinations.

GL(θ) =

 max
α∈ph.c.

(PV T (θ))

min
α∈ph.c.

(PV T (θ))

 (5.7)
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In the definitions Def. 44 to Def. 50 the only difference between the proposed metrics

is the reference towards which the improvement is measured. The measured quantity is

always the power of the virtual transmitter through all the possible phase combinations.

In the paragraph 6.1 we present the behaviour (the possible improvements) brought

by a virtual transmitter, through the different metrics here presented.

5.4 Cluster Discovery Methods

The goal of this paragraph is to present a way two clusters of modules, with unknown

spacial positions, can initiate a bidirectional communication beyond the maximal trans-

mission ranges of the modules composing the clusters themselves. This procedure is

further called “discovery process”.

Problem Formulation: The problem studied in this paragraph (cluster discovery)

can be formulated based on Fig. 5.4: let us have a flat network N composed by two

clusters of nodes K1 and K2 (composed by nK1 and respectively nK2 APSAs) and

randomly placed and separated by a distance that will not allow direct intercluster

communication. Supposing that each antenna uses its maximal power (P=Pmax) we

need to determine a phase allocation for the antennas in K1: α11, α12, ..., α1nK1
in

such a way that there exists at least one APSAi ∈ K2 which receives from K1 a

signal having power Pri ≥ Prmin and vice-versa a phase allocation for the antennas

in K2: α21, α22, ..., α2nK2
in such a way there exists at least one APSAj ∈ K1 that

receives from K2 a signal having power Prj ≥ Prmin . The suppositions and results were

published in [A.2].

There is a secondary problem which is very complex and cannot be fully presented in

this paragraph: the synchronisation between the modules. Because the modules are

independent, each with its own hardware, small imperfections in the oscillators will

render the whole mechanism of synchronisation useless. For this, we use a master-

slave mechanism to provide synchronisation of the modules: each module is a master

when it transmits its own data. First, it broadcasts the data to its neighbours. Then

it transmits two signals: its own data and a synchronisation signal. The slave modules

are all the other in the cluster; they listen for synchronisation signal and lock their

data signal (with a phase delay) to it. The whole mechanism is briefly presented here

and will be detailed in section 5.5 of this work.

The discovery process is based on the exchange of HELLO packets, composed by the
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following fields:

1. cluster source id;

2. cluster destination id;

3. master id;

4. actual phases of the signals transmitted by the individual modules in the cluster:

α1, α2, ..., αnK .

Input: A flat network N composed by two clusters K1 and K2, each with nK1 and

respectively nK2 APSAs and separated by a distance that will not allow direct inter-

cluster communication;

Output: Phase allocations for all the antennas in the network: αi;

Goal: Intercluster communication;

Measure: Estimate the number of trials before first discovered antenna and the num-

ber of discovered antennas from the other cluster.

Put into words, Alg. 6 becomes:

1. all modules are powered at maximum;

2. K1 tries all phase combinations (active discovery) and sends a HELLO message

for each phase combination; meanwhile K2 waits (passive discovery);

3. each module of K2 builds a list for the best received HELLO messages (based on

their RSSI);

4. the lists are broadcast among the modules of K2 and thus a global LISTK2 for

the entire cluster K2 is build;

5. K2 tries all phase combinations (active discovery) and sends the list LISTK2

with the HELLO messages; meanwhile K1 waits (passive discovery);

6. each module of K1 builds a list for the best received HELLO messages; and

memorises the LISTK2 ;

7. the lists are broadcast among the modules of K1 and thus a global LISTK1 for

the entire cluster K1 is build;

8. the LISTK1 is sent back to K2 by using the phase combinations already known

from LISTK2 .

Each entry in the LIST contains:

1. id of the transmitting master (consisting in source cluster id and master id,

obtained from the HELLO);
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Algorithm 6 Cluster discovery for 2 clusters K1 and K2:

K1 performing active discovery ofK2:

1: All modules P := Pmax
2: for i = 1...nK1 do
3: module i is master, keeping synchronisation signal (as in 5.5)
4: all modules s ∈ K − {i} are slaves, receiving the synchronisation signal trans-

mitted by i
5: while s1 phase search space not exhausted do
6: while s2 phase search space not exhausted do
7: ...
8: while snK1

phase search space not exhausted do
9: transmit HELLO message

10: αnK1
:= αnK1

+ ∆α
11: end while
12: ...
13: αs2 := αs2 + ∆α
14: end while
15: αs1 := αs1 + ∆α
16: end while
17: i:=i+1;
18: end for
19: K1 performs passive discovery of K2 by listening for incoming HELLO messages
20: Wait for LISTK2 from K2 and broadcast it in K1

21: Send LISTK1 to K2

K2 performing passive discovery ofK1:

1: for all i = 1...nK2 in parallel do
2: build empty LISTi
3: if HELLO from K1 received then
4: record HELLO with its RSSI into LISTi
5: end if
6: for each master j ∈ K1 do
7: retain from LISTi the HELLO with highest RSSI value
8: end for
9: discard other values from LISTi

10: broadcast LISTi in K2

11: compose LISTK2 =
nK2⋃
i=1

LISTi;

12: if LISTK2 = ∅ then
13: FAIL – no connection possible
14: end if
15: end for
16: K2 performs active discovery of K1 and sends LISTK2 to K1
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2. actual phases of the transmitting slaves (obtained from the HELLO);

3. id of the receiver;

4. RSSI the best HELLO was received with.

Based on the list LISTK2 (built by the modules of K2 during the active discovery

process) the modules in K1 are able to adjust the phases in order to communicate to

different modules in K2. Of course the same is valid for the modules in K2 using the

shared list LISTK1 .

In order to perform active discovery, in each cluster, each module assumes (one at a

time) the role of the master module (which maintains synchronisation on the secondary

frequency). All the other modules in the cluster are slaves and, while listening to the

synchronisation signal, adjust their phases with the increment ∆α. The condition for

this to be applied, is that the distance between any two modules of the same cluster

is at most dmax.

The number of HELLO active discovery steps of the Alg. 6, per cluster, is:

nK ·
(

360◦

∆α

)nK−1
(5.8)

Each list contains at maximum nK1 · nK2 entries: for all combinations of master and

destination modules, where the master and the destination are located in different

clusters.

The performed experiments, results and conclusions are presented in paragraph 6.2 of

this work.

5.5 Device Architecture Proposal

This paragraph presents a proposed model for a device capable of applying collabora-

tive phase-shift beamforming. Suppositions presented in this paragraph are important

for the understanding of the power estimation presented in 5.6. The device itself is

patent pending, under [A.8]

5.5.1 Theoretical Breviary of Phase-Locked Loops

Our proposed device is based on the mechanism of Phase-Locked Loops (further PLL).

Presenting here the whole theory of PLLs is beyond the scope of this work, so we are

going to only show the conclusions which are important for the building process of our
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Xs1(t)

s2(t)

s3(t)
Xsin(t)

VCO

LPF sout(t)

s2(t)

s3(t)

se(t)

a: Multiplier b: Second order PLL

Figure 5.9: Building a second-order PLL.

devices. The description here is based on the work in [80].

Let us consider two sinusoidal signals having the same frequency f, amplitudes A1 and

A2 and initial phases α1 and α2, separated by 90◦:

s1(t) = A1 · sin (2πft+ α1) (5.9)

s2(t) = A2 · cos (2πft+ α2) (5.10)

and let us multiply the two signals with the help of a multiplier, as in Fig. 5.9a:

s3(t) = A1A2 sin (2πft+ α1) cos (2πft+ α2) (5.11)

which is equivalent to:

s3(t) =
A1A2

2
sin (α1 − α2) +

A1A2

2
sin (4πft+ α1 + α2) (5.12)

As it can be seen, the equation 5.12 – right side is composed by two terms. The

first term depends on the phase difference between the signals, while the second part

corresponds to a signal which has double the frequency and this second term (signal)

can be filtered out.

A second-order PLL has the structure presented in Fig. 5.9b and is composed by:

1. a multiplier (X) – its role was previously presented;

2. a low pass filter (LPF) – its role is to filter the signal with the double frequency;

3. a voltage controlled oscilator (VCO) – its role is to adjust the phase α2 in such

a way that (at best) the signal se(t) depending on the phase difference is zero.

In this case the signals s1 and s2 are aligned.

In the tracking mode (continuous mode of operation) disturbances can be classified
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into four categories [80]:

1. There is a sudden phase shift at the input;

2. The input frequency performs a jump;

3. The input frequency begins to slowly change. This can happen for example, due

to maybe Doppler effect or reflections on a moving object;

4. There is noise present at the input or inside the PLL.

In conclusion, we want that the signals s1 and s2 to have constant frequencies, no

phase jumps and no noise (internal or external).

5.5.2 Device Internal Logic

The proposed device is presented in Fig. 5.10 and it is constituted from the following

blocks:

1. power supply – provides electrical power to the active components;

2. internal logic unit – performs the main tasks of the module (the phase search

initiation, dictates the regime based on the channel access methods, computes

the phase increment, etc.);

3. carrier generator – generates two in-phase synchronised sine waves: one wave

has the frequency fd and it is the data carrier, the other has the frequency

fs = t · fd and it is the synchronisation signal. This can be achieved for example

by involving a crystal capable of generating fs and then a frequency divider which

generates fd from fs, by dividing it to a factor t > 1.

4. transceiver – by the use of a modulation technique, it is responsible to send

and receive information on the data wave;

5. phase synchroniser – it is in essence a phase-locked loop (PLL) capable of

synchronising two waves;

6. phase delayer – delays the phase of a signal by a given amount;

7. mode switch – commutes the module from one regime (or mode of operation)

to another;

8. antenna – the antenna used for transmit and receive; it must allow the frequen-

cies fd and fs to pass through.

We shall further explain the structure of the module and how this module behaves.



i
i

“PhDThesis” — 2013/12/13 — 21:01 — page 117 — #131 i
i

i
i

i
i

5.5. DEVICE ARCHITECTURE PROPOSAL 117
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Figure 5.10: Device capable of distributed phase-shift beamforming.

5.5.3 Device Functioning Regimes

The module can be in one of the four modes (regimes): independent (I); receiver (R);

sync master transmitter (SMT) and sync slave transmitter (SST). The mode is chosen

by the internal logic board (2) and kept by a registry or switch (7).

The independent mode (I) is the simplest: the module behaves as a classic ad-hoc or

sensor module. It is used to communicate local data (intracluster communication). The

carrier generator (3) generates only fd, the phase synchroniser (5) and phase delayer

(6) are offline. In the mode I, the module can act as both transmitter or receiver,

according to the classic mechanisms of ad-hoc networks.

If the module has a data packet to be delivered to another cluster, after it locally

broadcasts its own data packet to the other neighbours in the same cluster, it then

enters the regime SMT (sync master transmitter). In this mode, the data is kept

in the memory of the processing block (2), while the carrier generator (3) generates

both signals fd and fs. The signals are aligned in-phase by the PLL (5) and the

synchronisation signal fs is directly emitted through the antenna, without any further

alteration. The data carrier is then passed through the phase delayer (6) which will
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add, according to the algorithm Alg. 6, a null phase delay. After this, the data carrier

is modulated by the transceiver (4) to transmit data.

If the module locally receives a data packet from one local neighbour and it is requested

to collaborate with the SMT in order to transmit in a phase-shift beamformed fashion,

it enters the regime SST (sync slave transmitter). In this mode, the data is kept in the

memory of the processing block (2), while the carrier generator (3) generates only the

data carrier fd. The module constantly receives the synchronisation signal fs from its

SMT neighbour, through the antenna (8). In the PLL (5) the locally generated data

carrier fd and the received sync carrier fs are alligned in-phase and then, the aligned

fd signal is sent to the phase delayer (6). The phase delayer (6) delays the signal with

a phase difference ∆α, calculated according to Alg. 6. The resulting delayed carrier is

then used in the transceiver (4) in order to transmit data to the other cluster.

If the module is the receiver of a phase-shift beamformed data packet (situated in

another cluster than the collaborating transmitters of the data packet), it enters the

mode R (receiver). In this mode the module receives the data packet through the

antenna (8).

Because a collaborative intercluster communication is expensive (requires a lot of

preparation), in order to prevent a collision from happening at the receiver between a

packet which is received from another cluster and a local data packet, we shall prevent

local communication in the cluster where the receiver is located by a BTMA (Busy-

Tone Multiple Access) method, as in [81]. Thus, when the receiver detects the fact

that a message comes to itself from another cluster, it locally broadcasts fs signal. The

other modules in the same cluster as the receiver will detect the fs signal and, because

they have no common data to transmit in a beamformed fashion, this sync signal is a

busy-tone informing them to postpone any local transmission because of an incoming

intercluster receive operation.

The table in Fig. 5.11 describes the states for the block-components of the module in

different modes of operation.

The PLL, which ensures the synchronisation between the modules for the process of

distributed phase-shift beamforming, is placed in this manner to ensure the locking

stability, according to the disturbance cases 1–4 presented in 5.5.1. Thus, into the

PLL we inject two signals which are clean sine-waves: fd and fs. The sync signal is

either locally generated (for the SMT) or it is received through the antenna (for the

SST); if the module receives sync signal from a module in state R, synchronisation
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Mode
Switch (7)

Carrier
Generator (3)

Phase
Synch. (5)

Phase
Delayer (6)

Transceiver
(4)

I fd OFF OFF Mod / De-
mod

SMT fd + fs Transmit fs ∆α = 0 Mod

SST fd Receive fs ∆α Mod

R fd + fs OFF OFF Demod

Figure 5.11: States for the block-components of the module.

is not required because in this case the sync signal is used as a busy-tone. The two

signals provided to the PLL, tehoretically, cannot suddenly jump in phase during a

transmission because they are constantly generated; their frequencies are precise and

constant and do not slide. There are no Doppler effects (due to lack of mobility)

and external and internal noise was ignored. Presenting the internal architecture of

the module here was important because in the paragraph 5.6 we have to present power

balancing. To be able to calculate power and energy, it is required to know the internal

structure, the frequencies, the regimes and the stages for each communication step.

5.6 Energy Estimation and Power Balancing

In this paragraph we shall estimate the energy required for communication between

two clusters and we shall compare (from the energy point of view) two methods: classic

relaying (or repeating) and collaborative phase-shift beamforming.

The problem which we here analyse is that of two clusters of modules K1 and K2

situated at a distance D greater than the maximal communication distance of the

modules themselves (D > dmax) – Fig. 5.12a. Thus, direct communication is not

possible and there are two ways to connect the two clusters: relaying (by installing

repeaters) – Fig. 5.12b or collaborative phase-shift beamforming – Fig. 5.12c.

Assumption: In the beginning let us consider two modules (A and B) separated by

a distance D, as in Fig. 5.13a. If a communication would have been possible between

A and B, let us define the energy required for transmitting one single message as E.

Receiving is free of charge (no energy is required for receiving). This assumption serves

as a reference which will be later used. For the simplification of the model let us also

assume that all the modules are equipped with identical and isotropic antennas.

The energy E increases with the square of the distance D (because the received power
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A

B

K1 K2

D

A

B

K1 K2

D/2

R

KR

D/2

A

B

K1 K2

D

a: Clusters placement b: Classic relaying c: Collaborative phase-
shift beamforming

Figure 5.12: Beyond horizon intercluster communication.

A

D

B A

DA

BR

DB

A

D/2

BR

D/2

a: Reference b: Classic relaying c: Classic relaying with
the repeater placed in the
middle of the distance

Figure 5.13: Communication between two modules.

decreases with the square of the distance) and with the square of the frequency of

the carrier wave it is used for transmission (from the laws of free space propagation –

(2.8)).

5.6.1 Classic Relaying

Let us begin with two modules A and B separated by a distance D > dmax and, in

order to connect them, a router R is placed between them at distances DA and DB

from A and respectively B, as in Fig. 5.13b, with DA + DB = D. In the case of

a bidirectional communication between A and B in which one message passes each

direction, the total required energy at each module can be given as:

EA = E

(
DA

D

)2

(5.13)

EB = E

(
DB

D

)2

(5.14)

ER = E

(
DB

D

)2

+ E

(
DA

D

)2

(5.15)

and because DA < D and DB < D this results in EA < E and EB < E. Thus, relaying



i
i

“PhDThesis” — 2013/12/13 — 21:01 — page 121 — #135 i
i

i
i

i
i

5.6. ENERGY ESTIMATION AND POWER BALANCING 121

reduces the amount of energy required at end-devices (A and B in this case).

If we study the total energy required at the relay, depending on the distances DA and

DB, by replacing DB = D −DA in (5.15) we obtain:

ER =
E

D2

[
D2
A + (D −DA)2

]
= E +

2E

D2

(
D2
A −DDA

)
(5.16)

by imposing the minimum condition that dER
dDA

= 0 we obtain that distances DA =

DB = D
2 – Fig. 5.13c.

Thus, for a relay placed in the middle between A and B the energy requirement be-

comes: EA = EB = E
4 and ER = E

2 .

If M messages travel in each direction (from A to B and from B to A), then the energy

requirements become M times greater: EA = EB = ME
4 and ER = ME

2 .

Let us now consider the case of two clusters of modules K1 and K2 separated by a

distance D which does not allow for direct communication, as in Fig. 5.12a. K1 and

K2 contain each N modules. We place between the clusters, in the middle of the

distance (as it was previously discovered that is the minimal energy requirement for

the repeaters) a repeater group KR containing R repeaters – Fig. 5.12b. Each module

in one cluster relays the information in one hop to a relay, which in one hop is able to

deliver it to the module in the other cluster. This is an extension of the model which

has only modules A and B and a repeater R. Note that the Fig. 5.12a,b and c are

not to scale, clusters being exaggerated in size for clarity. The distances between the

modules of the same cluster are in reality much smaller than the distances between the

clusters and thus we shall average the results.

For a total of M messages traveling in each direction K1 to K2 and vice-versa, supposing

that each module in K1 and K2 generates an equal amount of messages and that each

relay is used equally in the forwarding, the total average energy requirements are:

Erelayingend−device =
ME

4N
(5.17)

Erelayingrepeater =
ME

2R
(5.18)

where an end-device is any module in K1 or K2 and a repeater is any module in KR.

This represents the general case of intercluster communication by using classic relaying.
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Module step 1 step 2 step 3 step 4

A E
(
d
D

)2
E
(
d
D

)2
t2k 0 0

all in K1 0 E
N 0 0

B 0 0 E
(
d
D

)2
E
(
d
D

)2
t2k

all in K2 0 0 0 E
N

Figure 5.14: Energy needs per module in collaborative phase-shift beamforming.

5.6.2 Collaborative Phase-Shift Beamforming

Let us now assume that the clusters K1 and K2 use collaborative phase-shift beam-

forming in order to communicate, as depicted in Fig. 5.12c. The distance D remains

the same (between the clusters) and the distances between the modules belonging to

the same cluster are much smaller than D.

Let us assume a module A ∈ K1 sends a message to a module B ∈ K2, which replies

back to A (bidirectional 1-message communication). The whole communication is

performed in 4 steps:

1. A broadcasts the message to all the other modules in K1 in one hop, on the

frequency fd;

2. A maintains the synchronisation of the transmission in K1 (SMT) on the fs

frequency, while all the modules (including A) in K1 transmit the data to B on

the frequency fd;

3. B broadcasts the message to all the other modules in K2 in one hop, on the

frequency fd;

4. B maintains the synchronisation of the transmission in K2 (SMT) on the fs

frequency, while all the modules (including B) in K2 transmit the data to A on

the frequency fd.

The required energies are summarised in the table presented in Fig. 5.14, where d is

the average distance between the modules in the same cluster, t is the division factor

between fs and fd: fs = t ·fd and k is a loss factor due to the fact that the antennas do

not have the same gain on both fs and fd (gain of antennas depends on their frequency

[82]).

We can now extend the model for M messages traveling each direction (from K1 to K2

and vice-versa) supposing equal message generation per module. Thus, each module
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becomes SMT for M
N messages, while being SST for the rest of M − M

N messages:

Ebeamformdevice =
M

N

[
E

(
d

D

)2

+ E

(
d

D

)2

t2k +
E

N

]
+

(
M − M

N

)
E

N
(5.19)

5.6.3 Comparison Between the Methods

While having a clustered network like in Fig. 5.12a there are two ways to connect it:

classic relaying – Fig. 5.12b and collaborative phase-shift beamforming – Fig. 5.12c.

We now analyse the situations in which the network becomes disconnected. If we use

classic relaying, the exhaustion of all relay modules in KR will disconnect the network.

In case of beamforming with equal participation of modules the exhaustion of one

module will disconnect the network.

For this, let us assume that each and every module in the network is equipped with

a battery having a capacity B. Let us determine how many messages each module is

able to transmit until its battery is exhausted in case of a bidirectional communication

having equal number of messages each way.

5.6.3.1 Classic Relaying

In the example provided in Fig. 5.12b we have, for the end devices:

M relaying
end−device =

B
E
4N

=
4BN

E
(5.20)

for each relay:

M relaying
repeater =

B
E
2

=
2B

E
(5.21)

and for all the relay cluster (together):

M relaying
relay−set =

RB
E
2

=
2BR

E
(5.22)



i
i

“PhDThesis” — 2013/12/13 — 21:01 — page 124 — #138 i
i

i
i

i
i

124 CHAPTER 5. COLLABORATIVE PHASE-SHIFT BEAMFORMING

5.6.3.2 Collaborative Phase-Shift Beamforming

In the example provided in Fig. 5.12c we have, for all the devices:

M beamform
device =

B

1
N

[
E
(
d
D

)2
+ E

(
d
D

)2
t2k + E

N

]
+
(
1− 1

N

)
E
N

(5.23)

5.6.3.3 Comparison Between the Methods

Let us compare the number of sent messages until the network becomes disconnected.

This happens in case of the exhaustion of all relays (in relayed communication) or in

case of the exhaustion of one module (in beamformed communication). For this we

have to compare M relaying
relay−set and M beamform

device obtained in equations (5.22) and (5.23).

M relaying
relay−set

M beamform
device

=
2BR
E
B

1
N

[
E( dD )

2
+E( dD )

2
t2k+E

N

]
+(1− 1

N )EN

(5.24)

which, after simplification and calculations becomes:

M relaying
relay−set

M beamform
device

=
2R

N

[
1 +

(
d

D

)2 (
1 + t2k

)]
(5.25)

For great intercluster distances D >> d (e.g. d = 10 m, D = 1 km) and thus (5.25)

simplifies to:

M relaying
relay−set

M beamform
device

=
2R

N
(5.26)

Thus, if the number of relays in the relay cluster is less than half the number of

modules, then the number of messages which can be sent through collaborative phase-

shift beamforming is higher than the number of messages sent via a relay cluster. For

this type of networks beamforming is more effective than relaying.

From the end-devices point of view, let us compare the number of sent messages:

M relaying
end−device

M beamform
device

=
4BN
E
B

1
N

[
E( dD )

2
+E( dD )

2
t2k+E

N

]
+(1− 1

N )EN

(5.27)



i
i

“PhDThesis” — 2013/12/13 — 21:01 — page 125 — #139 i
i

i
i

i
i

5.7. INFLUENCE OF IMPERFECTIONS 125

which, after simplification and calculations becomes:

M relaying
end−device

M beamform
device

= 4

[
1 +

(
d

D

)2 (
1 + t2k

)]
(5.28)

For great intercluster distances D >> d (e.g. d = 10 m, D = 1 km) and thus (5.28)

simplifies to:

M relaying
end−device

M beamform
device

= 4 (5.29)

Thus, the end devices are capable of sending four times as many messages in classical

relaying than in beamforming. For distant clusters and low numbers or relays, the

clusters will survive longer, however they will be disconnected (partitioned network).

Proposition 11. In a clustered network containing two clusters having equal number

of modules and in which intercluster distances are far greater than the distances between

the modules of the same cluster, collaborative phase-shift beamforming is more efficient

(will maintain the network connected longer) than classic relaying if the number of

relays is less than half the number of end-devices in each cluster. Per end device,

relaying is at best four times more efficient than beamforming.

Proof. The proof has been already provided in a constructive way in this paragraph.

Of course, the estimation here is an approximation because we ignored the small dis-

tance differences inside and outside the clusters. This however gives a better under-

standing of the quantitative improvements brought by phase-shift beamforming and

give in this way a maximal theoretical limit.

Energy estimation and power balancing made the object of [A.5] and [A.9]. The per-

formed experiments, results and conclusions are presented in paragraph 6.3 of this

paper.

5.7 Influence of Imperfections on Collaborative Phase-

Shift Beamforming

The goal of this paragraph is to show the influence of three imperfections to the mech-

anism of collaborative phase-shift beamforming: delays in the circuit of the device,

multipath propagation (and ground influence) and mobility of modules.
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5.7.1 Influence of Internal Delays of the Device

When we presented the device architecture proposal in section 5.5 we ignored the fact

that the internal blocks of the device have delays which translate into phase delays.

This section investigates the influence of the internal delays of the device upon the

collaborative phase-shift beamforming mechanism.

Let us assume that the block X along the signal propagation introduces the delay ∆tX .

This delay can be referred to the period of the carrier wave (T) as ∆tX = zX ·T , where

zX is a constant. During one period T, the sine signal has a phase variation of 360◦;

thus, the phase delay corresponding to the time delay tX of the block X is given by:

∆αX = zX · 360◦ (5.30)

We can thus write that the PLL (5), the phase delayer (6) and the transceiver (4)

introduce parasitic phase delays: ∆αPLL, ∆αPD and respectively ∆αTR. For this, we

can ignore the delays induced in the wires and connectors; it is safe to do this, because

their delays can be added to the delays of their corresponding input blocks.

Let us determine the exact phases discovered by the algorithm Alg. 6 – the optimal

phase solution. For this, let us assume two devices acting as collaborative transmitters

(SMT and SST) in cluster K1 and one receiver module (R) in cluster K2, as in Fig.

5.15. In the ideal case, the signal emitted by SMT with initial phase α arrives at R with

SMT

SST

R

d1

d2

d3

Figure 5.15: Phase delays in collaborative phase-shift beamforming.

the phase (α + 360◦d1
λ )mod360. The same signal travels to SST, arriving with phase

(α+ 360◦d3
λ )mod360 and it is then delayed by ∆αSST . The signal is then re-emitted by

SST towards R, arriving there with phase (α+ 360◦d3
λ + ∆αSST + 360◦d2

λ )mod360. For
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the waves to be in optimal phase combination, it is required that the signals coming

from SMT and SST meet at R with a maximal phase difference of ∆α (the phase

resolution under which no adjustments can be made). Thus,[(
α+

360◦d3
λ

+ ∆αSST +
360◦d2
λ

)
−
(
α+

360◦d1
λ

)]
mod 360 ≤ ∆α (5.31)

which is equivalent to:[
360◦(d3 + d2 − d1)

λ
+ ∆αSST

]
mod 360 ≤ ∆α (5.32)

and d3 + d2 − d1 > 0. Thus, finding the optimal phase for this topology translates

to finding ∆αSST for which the (5.32) is true. This equation can be extended to any

number of modules, thus for module X working in the SST mode:

∆αX ≤ ∆α− 360◦(dSMT→X + dX→R − dSMT→R)

λ
(5.33)

and from (5.33) it can be seen that ∆αX ≤ ∆α − const. If the right side of (5.33) is

negative, then to this one more period (360◦) has to be added – normalisation (because

delays cannot be negative).

Now, by taking account the internal phase delays and by noting for each module X

the internal phase delay ∆αintX = ∆αPLLX + ∆αPDX + ∆αTRX , then we can rewrite

(5.31) as: (α+ 360◦d3
λ + ∆αintSMT + ∆αSST + 360◦d2

λ + ∆αintSST

)
−

−
(
α+ 360◦d1

λ + ∆αintSMT

)  mod 360 ≤ ∆α

(5.34)

which is equivalent to:

∆αSST ≤ ∆α−
[

360◦(d3 + d2 − d1)
λ

+ ∆αSST + ∆αintSST

]
(5.35)

and thus again ∆αX ≤ ∆α − const, normalised. Of course, the value of the constant

changes, however the principle remains absolutely the same, being shifted by a constant

value in phase. In all the equations in this paragraph the phase differences (increments)

of the modules are considered positive because the algorithm Alg. 6 works with positive

increments and, from physical considerations, it is impossible to delay in the past.
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T R

DW

SW
T1 R

DW1

SW1

T2
DW2
SW2

a: One transmitter, one receiver b: Two transmitters, one receiver

Figure 5.16: Multipath propagation.

In conclusion, internal delays of the modules have no effect on the principle of col-

laborative phase-shift beamforming.

5.7.2 Multipath and Ground Influence

In this paragraph we study the influence brought by parasitic reflected waves (multi-

path interference) and by obstacles placed in the propagation path. For this paragraph

we assume a static environment: besides fixed modules, the obstacles and reflection

surfaces are supposed fixed.

Let us begin with the classic example of a transmitter (T) and a receiver (R). Between

the two devices, on the line-of-sight travels the direct wave (DW). However, we now

assume that a secondary wave (SW) can travel between T and R, too. The distances

the waves pass are noted as rDW and rSW and of course, rDW is also the shortest

possible path between T and R. – Fig. 5.16a.

In order to evaluate the received power PR, in order to simplify the calculus and thank

to (2.19), we can look only at the electric vector. By evaluating the electric vectors,

according to paragraph 2.3.4 we can write that the total electric vector registered at

R is equal to ~E = ~EDW + ~ESW , where (according to (2.18)):

~EDW =
ImaxL

2rDWλ
η

[
sin

(
2πrDW
λ

+ α0

)
+ j · cos

(
2πrDW
λ

+ α0

)]
(5.36)

~ESW =
ImaxLR

2rSWλ
η

[
sin

(
2πrSW
λ

+ α0

)
+ j · cos

(
2πrSW
λ

+ α0

)]
(5.37)

where α0 is the initial phase of the signal in the transmitter T.

The electric vectors EDW and ESW differ in:

1. Amplitude, due to:

(a) the difference in distance the wave has to travel: rDW respectively rSW ,
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with rSW > rDW ;

(b) the reflexion coefficient R < 1.

2. Phase, due to the different lengths of the paths: rSW > rDW .

In a static environment, the difference in amplitude between EDW and ESW is:∣∣∣ ~EDW ∣∣∣∣∣∣ ~ESW ∣∣∣ =

ImaxL
2rDWλη
ImaxL
2rSWληR

=
rSW
RrDW

> 1 (5.38)

and is constant. The phase difference between the signals is:

∆αDWSW =
2π(rSW − rDW )

λ
(5.39)

which is constant, too.

Thus, it can be seen that by altering the initial phase of the signal in the transmitter

(α0) we cannot change the value of ~E and thus the received power level. The received

power level is independent of α0. We showed that with the help of one single secondary

wave, however this was only to simplify the model – the same is valid for n secondary

waves.

Let us now consider two transmitters T1 and T2 and one receiver R, as in Fig. 5.16b.

Between each transmitter and the receiver we allow one direct wave and one secondary

wave: DW1 , SW1 and respectively DW2 and SW2.

The phase difference between the direct waves is:

∆αDW =
2π(rDW1 − rDW2)

λ
+ (α01 − α02) (5.40)

and between the secondary waves it is:

∆αSW =
2π(rSW1 − rSW2)

λ
+ (α01 − α02) (5.41)

Thus, by regulating the phase difference between the transmitted signals (α01−α02) we

can adjust the value of the total ~E = ~EDW1+ ~ESW1+ ~EDW2+ ~ESW2 and that is exactly

what Alg. 6 achieves (finding the best value for different phase combinations). However

it is not possible to alter the values of ~EDW1+ ~ESW1 or ~EDW2+ ~ESW2 independently, as

we have already presented. The same can be shown for n transmitters and m secondary
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waves.

In conclusion, multipath propagation in a static environment does not affect the mech-

anism of collaborative phase-shift beamforming because the total effect of a transmitter

(felt through the direct wave and its secondary waves) cannot be altered by changing

the initial phase of the signal injected in that transmitter.

In a similar manner it can be shown that even in the absence of a direct line-of-

sight (DW), thus even when data is sent by the secondary waves only, the mechanism

of collaborative phase-shift beamforming can be successfully applied. In a similar

manner pass-through obstacles do not affect the collaborative phase-shift beamforming

mechanism.

5.7.3 Tracking and Partial Mobility

Partial mobility applied to phase-shift beamforming refers to the case in which the

modules of the same cluster maintain their fixed relative position in the cluster, while

the clusters themselves move relative one to another. For this case, it is necessary to

determine the behaviour for a cluster of transmitters, working based on distributed

phase-shift beamforming, towards a moving receiver. Let us assume that in the hori-

zontal plane we have a cluster of fixed transmitters: T1, T2, ... and a moving receiver

R. The coordinates of each transmitter i are xi and yi, the coordinates of the receiver

are xR and yR; the constant speed of the receiver is v, oriented at an angle θ relative

to the 0x axis, as in Fig. 5.17a. In order to simplify the calculus, let us just consider

the standard form of a sine wave: w(t) = A · sin(2πft+ α).

Considering the transmitter T1 as the source of the data packet and thus the synchro-

nisation module (SMT), the wave transmitter by T1 will arrive at the receiver R with

the phase 2πr1R
λ + α1. The same signal will arrive at the SST Ti with phase 2πr1i

λ + α1

and, after it is delayed by a phase αi it will be retransmitted and arrive at the receiver

with the phase 2πr1i
λ +α1 +αi + 2πriR

λ . Thus, according to (5.31) or (5.32), to have an

optimal phase combination, the phase difference should not exceed ∆α ar the receiver

R: [
2π(r1i + riR − r1R)

λ
+ αi

]
mod 360 ≤ ∆α (5.42)

thus:

αi ≤ ∆α−
[

2π(r1i + riR − r1R)

λ

]
mod 360 (5.43)

The distances can be determined precisely on the positions of the modules and the
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Figure 5.17: Tracking and mobility.

speed v as:

r1R
2 = (xR + vtcosθ − x1)2 + (yR + vtsinθ − y1)2

riR
2 = (xR + vtcosθ − xi)2 + (yR + vtsinθ − yi)2

r1i
2 = (xi − x1)2 + (yi − y1)2

In this case, initial positions have to be precisely known.

If the origin of the coordinates system (0,0) is placed at the module SMT (T1) and the

axis 0x as the line connecting the moving receiver R and the SMT, as in Fig. 5.17b.

If the initial position of the module R is in the origin, then the distances become:

r1R
2 = vt

riR
2 = (vt− xi)2 + yi

2

r1i
2 = xi

2 + yi
2

A particular case is 2D symmetric movement: SMT T1 has the coordinates (0,−y) and

the SST Ti has the coordinates (0,+y), while R moves along 0x, as in Fig. 5.17c. In this

case r1R = riR and thus αi ≤ ∆α −
[
4πy
λ

]
mod 360, which does not depend on either

the speed or the time. Such a movement can describe for example the communication

between a mobile space probe and a set of other probes locked into one of the five
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possible Lagrange points of two celestial bodies.

Another particular case is the 1D movement, as in Fig. 5.17d. In this case

r1R = xR + vt− x1
riR = xR + vt− xi
r1i = xi − x1

and this results in αi ≤ ∆α, again it does not depend on the speed or time.

In conclusion, if exact module parameters (positions, speeds, directions) are known,

then the phase variation can be calculated for a cluster in order to maintain communi-

cation towards a moving target (a receiver of another cluster for example). However, in

this case the whole mechanism of cluster discovery presented in 5.4 is useless because

optimal phase combinations can be directly calculated and not discovered. We showed

that there are several particular case of movements (symmetric 2D and 1D) which can

be applied directly.

Taking into consideration these observations, this is why for this research we decided

to ignore any module movements and orient the study towards fixed networks.
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Chapter 6

Collaborative Phase-Shift Beam-

forming – Experiments and Re-

sults

The work here presented is complementary to the fifth chapter: in the previous chapter

we presented the methods from the theoretical point of view; in this chapter we add

the results of the experiments and simulations performed and the evaluation towards

existing technologies.

6.1 Testing of the Improvement Metrics

In the paragraph 5.1 we introduced the principle of the collaborative phase-shift beam-

forming and in the paragraph 5.3 we presented a couple of metrics capable of measuring

the improvement brought by a virtual transmitter (a group of antennas working based

on the collaborative phase-shift beamforming concept).

In the current paragraph we present the performed experiments, the results and the

conclusions derived from the obtained results. These results were the object of the

[A.3] paper.

All the results presented in this paragraph are the averaged values for 100 simulations

for homogeneous networks (as in Def. 43) of the same type and structure. Experiments

were performed for virtual transmitters composed by 2, 3 and 4 modules; in this work

we shall present the results obtained for 4 transmitters (the other being similar). The

modules were placed according to a uniform-random distribution inside of a squared,

flat playground having the edge of 1.2 m, 3.6 m and respectively 20.8 m (corresponding

to 10, 30 and respectively 170 wavelengths for the 2450 MHz frequency). The ideal

receiver used for measurement was placed at a distance of 2400 m away from the centre

of the playground (approx. 20000 wavelengths), as depicted in Fig. 5.7.

The simulated antennas were classic dipoles ranging in length from 3 cm to 12 cm and

133
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Metric
[dB] /
Network

MP
1.2 m

MP
3.6 m

MP
20.8 m

MP VG
1.2 m

MP VG
3.6 m

MP VG
20.8 m

I 5.43 5.47 5.53 5.42 5.47 5.50
IM 5.51 5.53 5.57 5.50 5.53 5.58
DI 5.81 5.81 5.83 5.81 5.85 5.85
DIM 5.86 5.86 5.91 5.85 5.86 5.90
DOI 5.25 5.27 5.35 5.23 5.25 5.33
DOIM 5.95 5.96 5.97 5.95 5.96 5.97
Glide 25.82 24.08 25.03 22.05 23.03 27.07

Figure 6.1: Improvement brought by 4 antennas in different configurations.

their gain measurements based on the data presented in 4.1. The power injected into

the antennas was chosen between Pmin = 0.35 mW (-4.56 dBm) and Pmax = 350 mW

(25.44 dBm). The minimal requirement for a correctly received data packet was chosen

at Prmin = −50 dBm.

For the first batch of tests, we maintained the frequency at 2450 MHz and we measured

the obtained results for a phase increment of ∆α = 45◦.

The table in Fig. 6.1 presents the results obtained when the four modules composing

the virtual transmitter are all powered at Pmax (noted as MP). The VG parame-

ter signifies variable gain: in this case we chose the antenna gains according to the

measurements presented in 4.1; when this parameter (VG) is missing from the table

column, the antennas were supposed as isotropic.

There are two main dependencies of the obtained results: on frequency and on phase

increment (∆α). In the second batch of tests, the simulations were repeated for the

whole frequency range between 2400 MHz and 2500 MHz (the whole ISM band) with

the results for the playground 20.8 x 20.8 m presented in Fig. 6.2a and Fig. 6.2b.

As it can be seen, for this frequency range the improvement metrics (I, IM, DI, DIM,

DOI and DOIM) have almost the same value for all the frequencies (are frequency

independent), while the glide parameter has +/- 1.5 dB from the average value, which

can be considered negligible (when compared to 24.3 dB – the average value).

The dependency of the glide parameter on the phase increment is presented in Fig.

6.3b. The glide determines for a direction of propagation the best combination over

the worst combination of the signals, for all possible phase combinations, as in Def.

50. The glide shows in this way the effect of the radio wave superposition.
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Figure 6.2: Parameters frequency dependency.

Figure 6.3: Glide ∆α dependency.

As it can be seen from Fig. 6.3, a low phase increment ∆α results in a higher glide

value. Thus, by using a smaller ∆α value (for a given direction of propagation) we can

better find a phase combination of the initial phases of the individual signals which

results a higher power total signal in that direction. This however comes with a draw-

back: due to the exponential complexity of finding this solution of phase combinations

(presented in (5.8)), the time needed to find this combination of initial phases increases

dramatically. It can thus be seen that we can make a compromise.

In Fig. 6.3 it can be observed that the glide achives minimal values (worst cases) for

the integer phase increments ∆α which are the divisors of 360: 1, 2, 3, 4, ..., 45, ... 90,

180. Thus, by choosing a ∆α value which is not a divisor, we can speed-up the process
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of finding a desired phase combination for the modules in the virtual transmitter, at a

small expense of the glide value. This is something we implied in the cluster discovery

process (presented in 5.4, 6.2 and [A.2]) in order to quicker obtain the results. For

example, instead of using ∆α = 1◦ if ∆α = 43◦, at the expense of only 3.1 dB in glide

(which is the parameter measuring the effect of only phase combinations), the number

of trials decreases from 23328000 (4x180x180x180 – as in (5.8)) to 256 (4x4x4x4), which

is far quicker (although not a best solution).

Conclusions:

1. From the table in Fig. 6.1 it can be observed that the directional maximal

improvements (DIM and DOIM) for the four modules are close to the theoretical

limit (6 dB, thus four times the power). This results in the fact that a group of

four transmitters can be successfully used to create a virtual transmitter which

power is four times greater than one single component transmitter.

2. All the presented study does not make any supposition on the geographical loca-

tions of the modules, this being highly suited to serve in the realm of ad-hoc or

sensor networks. Even in this case, by adjusting the phases of the signals, results

close to the theoretical limits can be achieved.

3. The contribution of the wave superposition is measured by the glide parameter

and it is strongly dependent on the phase increment ∆α.

4. By trading off some of the glide value, the searching for the best phase combi-

nation can be dramatically speeded-up and this had been implied in the next

research (in chapter 6.2).

5. For the simulated frequency interval (2400 – 2500 MHz) the results are very close

and we can consider them as frequency independent.

In order to verify the functioning of the phase-shift beamforming mechanism we tested

and compared different simplified scenarios in the simulator and with real devices

(in the anechoic antenna room and in a normal room). Because we could not use

devices able to perfectly synchronise their transmissions, we connected two rubber-

duck antennas (previously measured in 4.1) spaced at different distances, through a

splitter and to the exit of a single XBee transmitter (Fig. 6.4). We then measured the

radiation pattern of this antenna system and compared it to the result given by the

simulator. We tested also the ability to properly receive a data packet (by a device with

a single rubber-duck antenna) emitted through the antenna system of the transmitter
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(Fig. 6.4). The obtained results are presented in Fig. 6.5.

XBee
Transmitter

XBee
Receiver

Figure 6.4: XBee transmitter coupled with array and XBee receiver with single an-
tenna.

In all the (real scenario) tested cases the data messages were properly received by the

radio receiver equipped with a single rubber-duck antenna. The practical tests here

presented were encouraging to push the study of the distributed phase-shift beamform-

ing further.

6.2 Cluster Discovery

In the paragraph 5.1 we introduced the principle of the collaborative phase-shift beam-

forming and in the paragraph 5.4 we presented a method which can be applied between

two clusters K1 and K2 in order to be capable to achieve a both-way communication

between themselves, without the use of a relay (Alg. 6). The results here presented

were the object of our published paper [A.2].

Let us in the beginning establish the environment by choosing two clusters K1 and

K2, each composed by four identical transmitters (homogeneous network, as in Def.

43), coupled (each) with one rubber-duck antenna having the radiation pattern as the

one measured in the paragraph 4.1. The whole network is depicted in Fig. 6.6. The

maximal power of each transmitter is Pmax=20 mW, the frequency of communication

is 2450 MHz (corresponding to a wavelength λ=0.122 m) and the minimal required

power of the signal (at the receiver) for a properly received packet is Prmin=-76 dBm

– the same parameters as in [A.2]. For these simulations we chose 4 transmitters per

cluster due to two reasons: the time required to simulate increases exponentially with

the number of antennas and because 4 antennas – at best – will give a communication

extended distance of twice the initial communication distance.

The process of cluster discovery involved in this simulation can be described shortly

as the following sequence:
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Figure 6.5: Antenna systems radiation patterns comparison
(simulation vs. real environment).
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distance between clusters
cluster edge (size) cluster edge (size)

Figure 6.6: The network used to simulate cluster discovery in phase-shift beamforming.

• cluster K1 sends to cluster K2 HELLO messages, one through each phase com-

bination;

• once a HELLO message from K1 is properly received by a module belonging to

K2, the cluster K2 tries to send back a REPLY message to K1 (in the same

manner, by trying different phase combinations).

The measured (and presented in the results) parameter is the number of messages

required until the REPLY is received by a module belonging to K1. Also, we measure

the “efficiency” of the HELLO messages, meaning the number of HELLO messages

received by any module of the K2 cluster, over the total sent HELLO messages (from

the K1 cluster).

A HELLO message contains the following fields [in the brackets is their chosen size in

Bytes]:

• HELLO id [5];

• cluster source id [0.5];

• cluster destination id [0.5];

• node source id [0.5];

• node destination id [0.5];

• power levels for the 4 modules in K1: PK11 , PK12 , PK13 , PK14 [2];

• phases for the 4 modules in K1: αK11 , αK12 , αK13 , αK14 [8];

The total length of the HELLO packet is 17 bytes (B).

A REPLY message contains the following fields [in the brackets is their chosen size in

Bytes]:

• HELLO id of the HELLO message that the REPLY message answers for [5];
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• power level that the HELLO message was received with [1].

The total length of the REPLY packet is 6 bytes (B).

Each cluster is defined as a square surface numerically described by the length of

the edge (in meters). Inside this surface the nodes are randomly placed around the

cluster surface centre – Fig. 6.6. Each presented numerical result is an averaged value

upon 100 simulations. Results are presented on two planes: the number of HELLO

messages required to obtain a connection and the fraction of the HELLO received

on the HELLO sent messages until a REPLY is received (the efficiency of delivery).

Note that in the results, intercluster distances below 420 m are not detailed because

direct communication between clusters is possible. At intercluster distances above

1700 m phase-shift beamforming cannot cope with the huge gap between clusters (no

communication possible). We tested both networks having isotropic and anisotropic

antennas.

In the beginning (in the experiment named “phasehopping”), based on the observations

made by analysing the glide dependency on the phase increment ∆α in 6.1, we tested

the influence of the ∆α on both the required number of messages for a bidirectional

communication and on the HELLO efficiency. The value of ∆α was chosen according

to the requirement that, by continuous addition of ∆α and applying modulo 360 to

the sum, all the numbers between 0 and 180 are generated. The list of the possible

∆α values is: 1, 7, 11, 13, 17, 19, 23, 29, 31, 37, 41, 43, 47, 49, 53, 59, 61, 67, 71, 73,

77, 79, 83, 89, 91, 97, 101, 103, 107, 109, 113, 119, 121, 127, 131, 133, 137, 139, 143,

149, 151, 157, 161, 163, 167, 169, 173 and 179 because having an integer increment

∆α > 180◦ will only repeat the signal this time in anti-phase.

“Phasehopping”: for a distance between clusters of 760 m and cluster sizes of 10x10

m different increments are tested from 1◦ to 179◦. The results are presented in Fig

6.7. It can be seen that the best result for bidirectional link (the lowest message

requirement) and the best HELLO efficiencies are achieved for a phase increment of

∆α = 1◦. For a phase increment of ∆α = 43◦, the increase in the required messages

is by 32%; thus, for beamforming, it is recommended to use a low phase increment,

regardless to the glide parameter. The explanation for this is that glide refers to one

direction whereas for our discovery purpose we are interested in multiple directions

around the cluster (where the receivers of the other clusters are placed). Thus, for the

next experiments (based on the results of phasehopping) we used a phase increment

∆α = 1◦.
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Figure 6.7: Results of phasehopping. The distance between clusters is 760 m.

The anisotropic antennas behave a little better thank to the fact that in several direc-

tions have higher gain, although the difference can be regarded as negligible.

“Clustersize”: the distance between the cluster centres is maintained constant (300,

750, 1000, 1500 and 2000 m) while the size of each cluster was increased from 5x5 to

50x50 m with increments of 5 m. – Fig. 6.8a. The results are presented in Fig. 6.9.

For the distance of 2000 m between the clusters (as in 6.9), the number of messages

is zero because the distance is too great for phase-shift beamforming to function (zero

efficiency).

“Clusterdistance”: the the size of each cluster is maintained constant (5x5, 10x10,

25x25 and 50x50 m) while the distance between the centres of the clusters is increased

from 300 m to 2000 m with increments of 20 m. – Fig. 6.8b. The results are presented

in Fig. 6.10. It can be seen that for a distance between the clusters greater than 1700

m the clusters are permanently disconnected (beamforming is not sufficient to connect

the clusters). The fact that wider clusters (25x25 and 50x50) require less messages can

be explained by the fact that the modules are spread over a larger area and thus more

probable of being “hit” by a strong radiation beam. For intercluster distances between

580 m and 1700 m, the network is maintained connected by phase-shift beamforming,

without the need of any repeater.

“Clusterrotarion”: for different cluster distances (300, 750, 1000, 1500 and 2000

m) and cluster sizes (5x5, 10x10, 25x25 and 50x50 m) one of the clusters is kept in

place while the second rotates around it on a complete revolution circle with an angle

resolution of 1◦. – Fig. 6.8c. The results are presented in Fig. 6.11. Thank to the

symmetry of the network (antennas do not rotate) we realised that it is enough to test

the revolution of one cluster around the other for an angle of 0 − 90◦; for more than
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Figure 6.8: Different simulations performed for cluster discovery.

90◦ the results will repeat themselves.

“Turnaround”: for different cluster distances (300, 750, 1000, 1500 and 2000 m)

and cluster sizes (5x5, 10x10, 25x25 and 50x50 m) antennas are randomly placed with

different turns around their vertical axis - these tests were performed to view the

influence of different gains upon the result. – Fig. 6.8d. The results are presented in

Fig. 6.12.

Conclusions:

1. Between approximately 600 m and 1700 m the clusters can communicate although

600 m is approximately the maximal transmission range of the modules. The

interesting zone is that between 600 and 1200 m, for which the required number

of trials before a connection is made is almost constant.

2. The cluster discovery process is able to establish a bidirectional communication

between two clusters, beyond the maximal transmission range of the individual
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Figure 6.9: Results of clustersize. Colour represents results for different distances
between clusters.
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Figure 6.11: Results of clusterrotation. Colour represents results for different cluster
sizes.
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Figure 6.12: Results of turnaround. Colour represents results for different cluster sizes;
A represents results for anisotropic antennas, while I represents results for isotropic
antennas.
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modules, without the necessity of a relay / repeater.

3. The average needed HELLO packet number (until a connection is made) is around

2500, which at a rate of delivery of 115 kbps becomes: 2500x17x8/115200 = 2.95

seconds (a very acceptable time interval).

4. During the search process a rate of approximately 20% of HELLO messages

from K1 are properly received by a module of K2, this can help speed-up the

process because optimal phase combination can be extrapolated when having

multiple possibilities and when knowing the sequence the phases were generated.

Remarkable is that the efficiency of the HELLO delivery maintains values around

20-30% for both isotropic and anisotropic antennas.

5. One other important remark is that rotations, revolutions and cluster sizes have

minimal influence on the network establishment - the most important factor by

far is the intercluster distance.

6. For beamforming, the best HELLO efficiency and the lowest message requirement

number are achieved for the smallest ∆α phase increment, regardless to the glide

parameter.

6.3 Energy Estimation and Power Balancing

In the paragraph 5.1 we introduced the principle of the collaborative phase-shift beam-

forming and in the paragraph 5.6 we estimated the energy requirement for a bidirec-

tional communication between two clusters of modules in two cases: classical relaying

and phase-shift beamforming. The current paragraph contains the results of the sim-

ulations for a network composed by two clusters A and B, requiring a bidirectional

communication. The results here presented were the object of our published paper

[A.5].

Figure 6.13: Two clusters: A and B, each containing 4 modules.

Let us at the beginning define the environment. We have two clusters A and B of rect-
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angular sizes – as in Fig. 6.13. Each cluster contains four modules (placed randomly

around the cluster centre). Each module is powered by a battery having an energy of

200 mWh (other capacities do not influence the relative results of the two methods,

they only provide a longer lifespan of the network). For proper data delivery, a re-

ceived signal must have the power higher than Pmin = −75 dBm. The data-rate of the

communication was chosen at 155200 bps. Each module is equipped with an isotropic

1.5 dBi antenna (we present the results for isotropic antennas to emphasise the contri-

bution of beamforming independent to the antenna characteristics); the propagation

model is – as in all the other simulations – free space. The size of a data packet was

chosen at 128 B while an acknowledgement at 12 B (based on the ZigBee packets).

Random traffic is generated from one cluster to the other (random chosen source and

destination modules, where the source and destination always belong to different clus-

ters). Each presented result is the averaged value of 100 simulations for networks of the

same type. In the results, only the number of delivered packets is presented because

the time interval of the network functioning is proportional to the number of packets.

The relationship between the frequencies required for data transmission (fd) and for

synchronisation (fs) is (from the chosen value of t=2) fs = 2fd.

We performed four types of experiments: relay position, multiple relays, beamforming

for different intercluster distances and beamforming for different cluster sizes.

Experiment 1: Two clusters of 10 x 10 m, containing 4 modules each, are placed

1000 m from each other. In between there is a single relay module. The relay is moved

along the line, which passes through the centres of each cluster, from the proximity

of the first cluster to the proximity of the second cluster (Fig. 6.14a). The goal is to

determine the number of packets delivered until the network becomes disconnected.

The result, presented in Fig. 6.14b, shows the fact that the best result (the longest

uptime – the greatest number of delivered packets) is achieved when the relay is placed

in the middle of the distance between the two clusters. In all the tested cases, the

clusters become disconnected due to the exhaustion of the relay battery. The fact

that the optimum is reached when the relay sits in the middle of the distance was

theoretically shown in paragraph 5.6.1; results match the prediction.

Experiment 2: Two clusters of 10 x 10 m, containing 4 modules each, are placed

1000 m from each other. In between (in the middle of the distance between the two

clusters) there are 1 to 4 relay modules used in a round-robin fashion (Fig. 6.15a).

The goal is to determine the number of packets delivered until the network becomes
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Figure 6.14: Experiment 1: relay placement.

disconnected.

Results depicted in Fig. 6.15b show dramatic improvement by the increase of the

number of relay modules. In all the cases the clusters become disconnected due to the

exhaustion of the relays battery.

Experiment 3: Two clusters of 10 x 10 m, containing 4 modules each, are placed 450

m from each other. Cluster B is then moved along the axis that connects the centres

of the two clusters, away from cluster A, up to 1700 m. There are no relay nodes,

only phase-shift beamformed communication. The goal is to determine the number of

packets delivered until the network becomes disconnected. (Fig. 6.16a)

Results are depicted in Fig. 6.16b, which shows how distance affects the overall number

of delivered packets. The cause of disconnection is the exhaustion of batteries of either

source or destination nodes. What is really interesting in this graph (Fig. 6.16b)

is that at the distance of 1000 m between the clusters, the number of acknowledged

packets is approximately 1.8 million. By comparison, the best-case scenario of a single

relay is slightly below one million. This shows in a simulated environment the fact

that phase-shift beamforming can outperform classic relaying if the number of relays

is very low. This matches the expectation calculated in equation (5.26)

Experiment 4: Two clusters of 10 x 10 m, containing 4 modules each, are placed 1000
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Figure 6.17: Experiment 4: cluster sizes.

m from each other. The size of each cluster is increased (from 10 x 10 m to 150 x 150

m), while its centre remains on the same coordinates. This method proves the stability

of the phase-shift beamformed communication between the clusters (Fig. 6.17a).

The results are depicted in Fig. 6.17b and show the fact that the number of delivered

packets is almost constant at around 1.85 million, which corresponds to the result

obtained in Experiment 3 for the same distance between the clusters (1000 m).

Conclusions:

1. In this work certain energy consumptions were ignored, for example the data

processing before it is transmitted or after it is received. However, the expected

power needs are constant for each received or processed data packet, depending

only on the size of the respective packet.

2. It can be seen that if repeaters can be installed, it is the preferred method.

However, when this is not possible at all or the number of repeaters is less than

half the number of end-devices, phase-shift beamforming can outperform classic

relaying.

3. The strength of beamforming is given by the fact that it is scalable with the

number of transmitters in each cluster.
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Final Conclusions and Future Work

7.1 Final Conclusions

This work (to summarise it in only a couple of words) has the goal to narrow the

gap between two worlds: the antennas and propagation world and that of the ad-hoc

or sensor networks. We structured this research in two areas, which can be briefly

described as: to take into account and make use of the antenna properties to the

interference estimation methods and to develop a mechanism for collaboration between

the modules of a cluster, which allows them to achieve higher transmission power

and thus longer communication distances (beyond the maximal capable range of the

individual modules themselves).

By analysing the existing work in the area of interference in ad-hoc and sensor networks

we realised that a key component of radio transmissions was left aside: the antenna.

Because the modules themselves (for such networks) have reduced dimensions, their

antennas are small and thus all the metallic components of the modules have the ten-

dency to modify the quality of the antenna(s) to different directions. By measuring

(in the anechoic antenna chamber) the antenna gains for typical ad-hoc networks mod-

ules (the XBee Series 1 coupled with different antenna types – 4.1) we were able to

determine how the radiation patterns of such modules look like.

In 3.4 we extended the purely geometrical methods for interference estimation to take

into account antenna irregularities and we developed a couple of methods (ARNG,

AYG) to achieve topology control which is able to cope not only with the fact that

antennas do not have the same quality in all directions but also with limitations of the

radio transmitter itself (maximal power, sensitivity, power resolution, etc). The results

of the comparison between existing pure geometric methods and the proposed extended

methods (presented in 4.2) showed that interference estimations, without taking into

account antenna irregularities and transmitter properties, is an underestimation of the

real situation. In reality interference is much higher than the geometrical methods

predict.

151
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A particular case (the simplest) of the anisotropic antenna is the sector antenna. We

realised that such an antenna has interesting properties and tried to develop a mecha-

nism to use these properties, the MDMA (3.5). Briefly, a sector antenna is capable of

transmitting over long distances while generating low interference to undesired direc-

tions. Existing research shows how multiple sector antennas can be combined at one

transmitter for it to be able to emit in any direction; we took another path: to equip

each transmitter with one single sector antenna (instead of multiple ones) and to rotate

it in order to achieve topology control. In 3.5.5 we showed that such a method can be

implemented without global knowledge of the network and, from the results presented

in 4.4, we observed that for narrow and high-gain sector antennas the interference in

the network has a value close to the idealised geometric methods (which ignore any

radio properties).

Ad-hoc networks are usually composed by small and low-power devices which, nor-

mally, compete for channel-access. We took a different approach towards how these

modules function: instead of letting them to compete, we allowed them to cooperate.

When these devices combine together their transmitting powers, they achieve longer

communication distances than the individual modules (beyond horizon communica-

tion). The strength of such a method is that it is scalable: the greater the number of

transmitters, the higher the communication distance. There is however a drawback (as

it is presented in 5.4): the method to find the phase combination of the signals of these

devices has exponential complexity, however this search for the phases is performed

only once (at beginning of the communication between two clusters of modules). In this

research we provided both the advantages of such a communication method and the

mechanism to keep the modules synchronised, even when their internal clock crystals

are not ideal – 5.5.

Collaborative phase-shift beamforming is of great importance because it allows for a

network composed of distant clusters of modules to continue functioning even in cases

when repeaters exhaust their energy resource or in cases when repeaters cannot be

installed. In 5.6 we showed (backed by the results in 6.3) that in certain environments

collaborative phase-shift beamforming can even outperform classic relaying in terms of

network survivability. The applications for such networks are enormous: ranging from

emergency situations in zones which will not allow for a powerful transmitter to be

installed and to remote sensor networks on another celestial body (beyond the reach

of human intervention).
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7.2 Future Work

All the presented results and methods allow room for improvement and we shall present

the possible improvements based on the two directions of research: topology control

and collaboration.

7.2.1 Topology Control

High-gain narrow sector antennas have the property that they can transmit over long

distances requiring low amounts of energy, while maintaining connectivity and low

interference with near modules (outside their strong lobe). This is highly suited to

create an pseudo-infrastructure in a clustered network by connecting clusters using the

strong lobe of different modules, while maintaining local connectivity, like in Fig. 7.1.

One goal is to develop a method able to cope with such scenarios and, one requirement

is not to use geographical positions of the modules while the other requirement is to

use locally available knowledge.

Figure 7.1: Clusters connected by high-gain lobes, while local communication by low
gain.

7.2.2 Collaborative Phase-Shift Beamforming

Phase Search: The first improvement can be achieved in the algorithm which searches

for the phase combination of the modules – 5.4. The proposed method (although

performed only once) implies the usage of brute force by searching all the possible phase

combinations. A heuristic may decrease the number of tested phase combinations,
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making the cluster discovery process much faster.

Collision Management: In the presented results for collaborative phase-shift beam-

forming we ignored the collisions which can appear between local communication (in-

tracluster) and beamformed communication (intercluster). For this we made the as-

sumption of precisely establishing the time intervals when the clusters are allowed to

transmit. This supposition is not a proper one for large-scale implementations (with

tens of clusters and hundreds of modules). Thus, the mechanisms for allocating the

time intervals for transmissions have to be further improved to allow such network

deployments.

Routing: As a result of the cluster discovery mechanism, each cluster builds a table

of phases to be used in order to transmit to a certain neighbour in a different cluster.

Such information can be used to achieve routing in the network. Usually routing pro-

tocols require a “next hop” where to convey a packet on its way towards destination.

The next hop in our case is not an address instead, it is a phase combination. Rout-

ing methods can be adapted to use clusters as their “next hop” and not individual

devices. The metric on which a path is chosen can be, for example, the total energy

required to beamform data to an adjacent cluster. Thus, virtual devices become the

routing elements, as in Fig. 7.2. We are work in progress in implementing this routing

mechanism to Omnet++ and results should be available in the near future as [A.10].

2
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Figure 7.2: Clusters are compressed to “virtual devices”.

Module Selection: If a cluster has more modules than the minimal number required

to transmit to a neighbouring cluster, then using too many devices can become in-

effective. Another improvement step is to choose from a multitude of modules only

as-much-as-required to achieve the transmission, based on some requirement / specifi-
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cation.

Combining the Methods: In this work we showed two methods to achieve long

distance communication: narrow high-gain sector antennas and beamforming. The

nature of these methods makes them orthogonal (complementary) and thus they can

be combined to achieve even better results (even greater communication distances).

Implementation: Last but not least is the actual implementation of the phase-shift

beamforming with real devices. To achieve phase synchronisation it is required to have

low level access to the radio chip itself, something which most manufacturers of existing

radio technologies (ZigBee, Wifi, Bluetooth, etc) will never disclose or allow. For this,

dedicated devices have to be used, where the radio transmitter is programmable. One

such device we found is the USRP2 by Ettus Research [83], combined with the open

source GNU Radio project. One impediment in trying the method in hardware had

always been the price per module (in excess of 1000 Euro) and the number of required

modules (to simulate our tests 8 modules are required).

As a final word, it was an honour and a privilege to be able to see where cutting-edge

science is going to and to be able (as little as it could be done) to help move it forward.

No mechanism here presented is flawless or perfect, thus improvement is only a small

step on the path. Thank you, dear reader, for the time and patience given to this text.
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Appendix A

List of abbreviations

Abbreviation Definition

AD Antenna Diversity

AMS Adaptive MIMO Switch

AWGN Additive White Gaussian Noise

BER Bit Error Rate

BTMA Busy-Tone Multiple Access

Cov the Coverage interference value

DAD Distribiuted Antenna Diversity

DOA Direction Of Arival

DT Delaunay Triangulation

DW Direct Wave

EEG Energy Efficient Graph

E plane Electric Plane

E vector Electric Vector

FEC Forward Error Correction

H plane Magnetic Plane

H vector Magnetic Vector

HOM Higher Order Modulation

IAvgV Cov Average Edge Coverage Interference

IAvgECov Average Vertex Coverage Interference

IECov(G) maximal Edge Coverage Interference

IEEE Institute of Electrical and Electronics Engineers

IVCov(G) maximal Vertex Coverage Interference

IMPHCov Muptipath Coverage Interference

ISM Industrial, Scientific and Medical

GG Gabriel Graph

LED Light Emitting Diode

LPF Low-Pass Filter
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MAC Medium Access Control

MANET Mobile Ad-Hoc Network

MDMA Minimal Distance Maximal Address

MIMO Multiple Input Multiple Output (equivalent of MOMI)

MISO Multiple Input Single Output (equivalent of SOMI)

MOMI Multiple Output Multiple Input (equivalent of MIMO)

MOSI Multiple Output Single Input (equivalent of SIMO)

MST Minimum Spanning Tree

MU-MIMO Multi User MIMO

PLL Phase Locked Loop

RNG Relative Neighbourhood Graph

RSSI Received Signal Strength Indicator

SIMO Single Input Multiple Output (equivalent of MOSI)

SM Spacial Multiplexing

SMT Sync Master Transmitter

SNR Signal to Noise Ratio

SOMI Single Output Multiple Input (equivalent of MISO)

SST Sync Slave Transmitter

STC Space Time Coding

SU-MIMO Single User MIMO

SW Secondary Wave

TC Topology Control

VCO Voltage Controlled Oscillator

VLA Very Large Array

XTC a practical Topology Control algorithm

YG Yao Graph



i
i

“PhDThesis” — 2013/12/13 — 21:01 — page 171 — #185 i
i

i
i

i
i

Appendix B

Český abstrakt

Senzorové a ad-hoc śıtě, jež jsou tvořeny mnoha malými a identickými moduly, mohou

být využity v mnoha oblastech, kde je potřeba rychlého nasazeńı bez možnosti vybu-

dováńı předchoźı infrastruktury, nebot́ tato mı́sta jsou mnohdy nebezpečná či nedos-

tupná. Každý modul, který je v těchto śıt́ıch použit, se skládá ze tř́ı základńıch součást́ı,

jmenovitě: zdroj elektrické energie, elektronika ř́ıd́ıćı činnost modulu a rádiová část

vybavená anténou.

Nacháźı-li se moduly v dostatečně malé vzdálenosti, pak maj́ı přirozenou tendenci

spolu komunikovat. Tento jev však múže vést k mnoha nežádoućım účinkúm. Jednak

vzniká velké množstv́ı komunikačńıch cest (což zahlcuje směrovaćı protokoly), docháźı

ale také k výraznému zat́ıžeńı komunikačńıho kanálu (ve stejném čase, prostoru a na

stejné frekvenci nesmı́ vyśılat v́ıce jak jedno zař́ızeńı). Taktéž dosah komunikace je

výrazně omezen možnosti daného zař́ızeńı, ovlivňuje jej jak rádiová část tak i omezený

zdroj energie.

Tato práce se zaměřuje na tyto problémy z pohledu vlastnost́ı antén a š́ı̌reńı rádiových

vln, jejichž význam nebyl brán v potaz v tomto oboru. Byla upřesněna definice in-

terference tak, aby respektovala parametry antén, a současné algoritmy pro ř́ızeńı

topologie (omezuj́ı počet paralelńıch spojeńı v śıti) byly upraveny tak, aby mohly pra-

covat s novou definićı. Nový algoritmus MDMA (Minimal Distance Maximal Address)

je založen právě na této definici, nebot́ využ́ıvá znalosti, že vyzařovaćı charakteristiky

antén nedosahuj́ı stejného výsledku ve všech směrech, a t́ım snižuje úroveň interference

a taktéž spotřebuje energie, č́ımž docháźı k prodloužeńı životaschopnosti śıtě.

Práce se také zabývá problémem dosahu komunikace, kdy je představena metoda (Col-

laborative Phase Shift Beamforming), jež umožňuje navázat spojeńı dvěma nebo v́ıce

skupinám modulú, jejichž jednotliv́ı členové nejsou schopni komunikovat s moduly z

jiné skupiny, nebot́ vzdálenost těchto modulú je větš́ı než je maximálńı dosah každého

modulu. Tato metoda umožňuje spojit skupinu modulú tak, že se mohou tvářit jako

jeden virtuálńı vyśılač se silněǰśım zdrojem energie.
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Kĺıčová slova:

bezdrátové, ad-hoc, senzorové, śıtě, ř́ızeńı topologie, interference, beamforming, dis-

tribuovaná vyśılaćı anténa, sektorové antény, distribuované anténńı pole, isotropické

antény, anisotropické antény


