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Abstract

Wireless sensor network (WSN) technology has evolved as a convergence of wire-

less communications and sensor technologies. WSNs are a category of ad-hoc

networks used widely for condition monitoring applications.

Issues related to the physical layer of WSNs are of particular significance and

can critically affect WSN reliability and performance. For this reason channel

characterisation and modelling are important processes when designing WSNs.

The diverse nature of the environment in which such networks are deployed means

that these characteristics and models are sensitively dependent on application.

This thesis focuses on channel modelling for three particular WSN appli-

cations: gas-turbine engine monitoring, animal husbandry (in particular cattle

monitoring in the beef industry) and WSNs for smart buildings.

The WSN transmission channel context has been presented and relevant chan-

nel measurement and modelling literature has been reviewed. Transmission loss

statistics have been measured for WSN nodes deployed in each of the three appli-

cations. Channel models have been extracted from the resulting data-bases which

allow accurate link budget estimations. In the gas-turbine application a system

model incorporating interference and noise in addition to transmission loss has

been implemented and in the animal husbandry application the practical benefits

of antenna and base-station diversity have been assessed.
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CHAPTER 1

Introduction

This thesis deals with channel measurements and modelling for three sensor net-

work applications: gas turbine engine monitoring, cattle monitoring and smart

buildings.

1.1 Motivation

The motivations for this work are:

• At the time that the WIDAGATE (Wireless Data Acquisition for Gas Tur-

bine Engines) project started no similar work was in the public domain.

None of the existing work on diffraction around cylinders could be directly

applied to the gas turbine WSN problem, since it dealt with smooth cylin-

ders and antennas placed far from the surface. The WIDAGATE model is

required to accommodate a cylinder with large random surface irregulari-

ties.

• Although many projects have addressed animal monitoring applications,

none of them has incorporated any form of diversity.

• Existing indoor propagation models primarily address the loss expected due

to propagation through different building materials (brick, stone, wood,

plaster, glass etc.), their composite structures (e.g. walls, ceilings, floors,

doors) and the expected loss and fading statistics for propagation within

room interiors - as distinct from propagation over a rooms bounding plane

surfaces. It is the latter which is of primary concern in smart building WSN

applications.
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1.2. AIMS AND OBJECTIVES

All three applications areas have been components of larger collaborative

projects (WIDAGATE [1], CBM [2] and SpeckNet [3]) with associated commer-

cial and/or research council sponsorship.

1.2 Aims and Objectives

The principal aim of the thesis is to characterise the wireless channel for these

sensor network applications and investigate those techniques that may be used

to improve the channels’ reliability and/or performance.

The more detailed objectives are:

• Transmission loss measurements in specific environments

– around the surface of a Gnome gas turbine engine

– in a cattle enclosure

– over two important surfaces in the interior of buildings

• Extraction of empirical models and comparison with theoretical expecta-

tions

• Construction of physical layer channel simulator for gas-turbine WSN ap-

plications

• Investigation of practical WSN diversity techniques for cattle monitoring

applications

• Investigation of the significance of surface waves and antenna’s-surface offset

for WSNs in smart building applications

1.3 Thesis Organisation

The organisation of the thesis is summarised in Figure 1.1.

Chapter 2 contains a brief review of the wireless sensor networks including the

evolution, current technologies and comparison between wireless devices available

on the market.

Chapter 3 is a review of fundamental theoretical concepts used in the thesis.

These include basic mechanisms of electromagnetic wave propagation, path loss,

fading and diversity methods.
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1.3. THESIS ORGANISATION

Chapter 4 is an account of the WIDAGATE channel measurements and mod-

elling for a gas turbine WSN. The channel model has been derived from mea-

surements on a Gnome engine. The resulting channel model is part of a system

model implemented in Simulink comprising transmission gain, interference and

noise.

Chapter 5 describes channel measurements and modelling of a cattle condition

monitoring WSN. Antenna and base-station diversity is investigated and a thor-

ough statistical analysis of the resulting data is presented. The gain obtainable

with antenna diversity, base-station diversity and combined antenna-base-station

diversity is determined.

Chapter 6 contains channel measurements and modelling for smart building

WSN applications. Measurements were undertaken on large vertical and horizon-

tal surfaces for different ranges and antenna-surface displacements.

Chapter 7 draws together conclusions and makes suggestions for further work.

Chapter 2

Transmission Channel Context

T
h
e
o
r
y

Wireless Sensor Networks Review

- Introduction and Evolution

- RF Chipsets 

- Wireless Nodes

- Comparison

Channel Implications for Higher Level Protocols 

Basic Propagation Mechanisms

- Reflection, Diffraction, Scattering

Modelling

- Path Loss

- Fading

Diversity

ISM-band Measurements

- Without Cowling

- With Cowling

UWB-band Measurements

- Without Cowling

- With Cowling

Wall Measurements

Very Short Distance Measurements (0.1 – 1 m)

Short Distance Measurements (0.5 – 10 m)

Chapter 3

Literature Review - Channel 

Measurements and Modelling

Chapter 4

Wireless Data Acquisition in Gas 

Turbine Engines

Chapter 5

Diversity Channels for Animal 

Husbandry

Chapter 6

Wireless Sensor Networks Channels for 

Smart Building Applications

Chapter 7

Conclusions and Future Work

M
ea
su
re
m
en
ts

Statistics on Measurements

Diversity

- Antenna Diversity

- Base-station Diversity

- Overall Diversity

Conclusions

Further Work

Figure 1.1: Thesis overview.

3



1.4. CONTRIBUTIONS AND PUBLICATIONS

1.4 Contributions and Publications

The principal contributions associated with the work achieved in this thesis are:

• The first channel measurements ever reported for gas turbine engine WSN.

• The first antenna and base-station diversity study for cattle monitoring

WSN applications.

• New transmission loss measurements for short range (1 - 2.5 m) and very

short range (0.1 - 1 m) propagation over interior plane surfaces and extrac-

tion of new transmission gain models for smart building WSN applications.

Extracts of the work presented in this thesis have been described in the fol-

lowing journal and international conference proceedings:

1. K. Sasloglou, I. A. Glover, H. G. Goh, K. H. Kwong, M. P. Gilroy, C. Tach-

tatzis, C. Michie and I. Andonovic. Antenna and Base-station Diversity for

WSN Livestock Monitoring. Scientific Research Journal on Wireless Sensor

Network, Volume 1: p. 383-396, Dec. 2009.

2. K. Sasloglou, I. A. Glover, P. Dutta, R. Atkinson, I. Andonovic and G.

Whyte. Empirical Modelling and Simulation of Transmission Loss between

Wireless Sensor Nodes in Gas Turbine Engines. In The 7th International

Conference on Information, Communications and Signal Processing (ICICS

2009), Macau, Dec. 2009.

3. K. Sasloglou, I. A. Glover, P. Dutta, R. Atkinson, I. Andonovic and G.

Whyte. A Channel Model for Wireless Sensor Networks in Gas Turbine

Engines. In Loughborough Antennas & Propagation Conference (LAPC

2009), Loughborough, UK, Nov. 2009.

4. K. Sasloglou, I. A. Glover, I. Andonovic and S. A. Bhatti. Measurements

and Physical-layer Modelling of Transmission Loss for Gas Turbine Engine

Sensor Networks. In IET Festival of Radio Science, Birmingham, UK, Dec.

2009.

5. K. Sasloglou, F. Darbari, I. A. Glover, I. Andonovic and R. W. Stewart.

Some Preliminary Short-range Transmission Loss Measurements for Wire-

less Sensors Deployed on Indoor Walls. In Proc. 11th IEEE Singapore

International Conference on Communication Systems (ICCS 2008), p. 129-

132, Guangzhou, China, Nov. 2008.
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1.4. CONTRIBUTIONS AND PUBLICATIONS

6. K. Sasloglou, I. A. Glover, K. H. Kwong and I. Andonovic. Wireless Sen-

sor Network for Animal Monitoring Using both Antenna and Base-station

Diversity. In Proc. 11th IEEE Singapore International Conference on Com-

munication Systems (ICCS 2008), p. 27-33, Guangzhou, China, Nov. 2008.

7. F. Darbari, K. Sasloglou, R. W. Stewart, I. A. Glover and I. Andonovic.

Effect of Antenna Height and Polarisation on Short Wireless Links. In

16th European Signal Processing Conference (EUSIPCO 2008), Lausanne,

Switzerland, Aug. 2008.

8. K. H. Kwong, T. T. Wu, K. Sasloglou, B. Stephen, D. Cao, H. G. Goh, S. K.

Goo, M. Gilroy, C. Tachtatzis, I. A. Glover, C. Michie and I. Andonovic. Im-

plementation of Herd Management System with Wireless Sensor Networks.

In Joint International Agricultural Conference (JIAC 2009), Wageningen,

Netherlands,Jul. 2009.

9. K. H. Kwong, K. Sasloglou, H. G. Goh, T. T. Wu, B. Stephen, M. Gilroy,

C. Tachtatzis, I. A. Glover, C. Michie and I. Andonovic. Adaptation of

Wireless Sensor Network for Farming Industries. In The 6th International

Conference on Networked Sensing Systems (INSS 2009), Carnegie Mellon

University, Pittsburgh, USA, Jun. 2009.
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CHAPTER 2

Transmission Channel Context

This chapter contains a brief introduction to wireless sensor networks (WSN),

including evolution, current technologies and the available chipsets and wireless

nodes. A brief discussion of the channel implications for higher level protocols is

also included.

2.1 Wireless Sensor Networks

Wireless Sensor Networks (WSNs) are spatially distributed small, light, low-cost

and low power consumption autonomous nodes communicating with each other

through the wireless medium and monitoring parameters such as temperature,

pressure, light intensity, vibration, acceleration etc [4].

Each node consists of three sub-systems, as shown in Figure 2.1. The sensor

sub-system, which is usually transducers sensing physical quantities (such as tem-

perature), the processing sub-system, which is a micro-controller for performing

local computations on the sensed data, and the communication sub-system, which

is an RF chipset for establishing communication between neighbouring nodes [4].

Many wireless devices are also equipped with (FLASH) memory elements,

integrated in the processing subsystem, to store sensed data when there is no

connection to the base-station.

2.1.1 Introduction and Evolution

Although wireless communication networks have a long history, which starts in

1921, Wireless Personal Area Networks (WPANs) and WSNs have evolved rapidly

over the last three decades. They now have applications in industrial , commer-

cial, domestic and personal environments [5].
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2.1. WIRELESS SENSOR NETWORKS

Figure 2.1: High level description of sensor node.

Wireless sensor network technology can be dated back to 1978 with a DARPA-

sponsored project called Distributed Sensor Nets Workshop at Carnegie-Mellon

University in Pittsburgh [5].

A number of WSN related projects are mentioned in [5]. Wireless Integrated

Network Sensors (WINS) is dated back to 1993 and was a collaboration between

UCLA and the Rockwell Science Center. It utilises the spread spectrum technique

operating at either 900 MHz or 2.4 GHz. The PicoRadio program was started

in University of California at Berkeley in 1999, an institute also known for the

Smart Dust [6] program. The µAMPS project started at MIT and resulted in the

generation of the sensor network communication protocol LEACH (Low Energy

Adaptive Clustering Hierarchy). Other projects include the Terminodes and the

MANET (Mobile Ad-Hoc Networks) [5].

Depending on the application, the size of the sensor nodes can be very small.

Transceivers in Specknet [3] have a volume of 1 mm3 (1 mm × 1 mm × 1 mm)

for example. Wireless sensor networks appear in a range of applications including

[5]:

• Industrial control and monitoring

• Home automation and consumer electronics

• Security and military sensing

• Asset tracking and supply chain management

• Intelligent agriculture and environmental sensing

• Health monitoring

The main characteristic that distinguish WSNs is their ad-hoc feature. In

contrast with infrastructure networks, which need special nodes called Access

Points (APs), no fixed infrastructure is required for ad-hoc networks. They offer
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2.1. WIRELESS SENSOR NETWORKS

on-the-fly deployment at any desired location. The nodes may communicate

either directly with each other (single-hop), or by forwarding messages through

other accessible (multi-hop) nodes [4].

Some remarkable issues make sensor networks a distinct category of ad-hoc

wireless networks, such as mobility of nodes, size of the network, density of de-

ployment, power constraints, information fusion and traffic distribution [4].

Although ad-hoc wireless sensor networks can be deployed easily and conve-

niently, major key issues need to be taken into account during the design process

[4]. A summary of these issues has been extracted from an analysis provided by

Manoj and Murthy [4] and is presented in Figure 2.2.

2.1.2 Wireless Sensor Network Technologies

There are several standards currently available for deploying a WSN, including

IEEE 802.15.1/ Bluetooth [7] and IEEE 802.11x (WLAN) [8]. However, the most

common and widely used standard for WPANs to date is the IEEE 802.15.4/Zig-

Bee standard [9]. UWB technology [10] [11] [12] is also used for WPANs when

high data rates are required.

This section presents the RF chipsets and wireless sensor devices currently

available.

2.1.2.1 RF Chipsets

Many RF chipsets are available in the wireless sensor market. Chipcon (acquired

in 2006 by Texas Instruments [13]) dominates this market, as it is the main

provider of one of the largest manufacturers of wireless nodes, such as Crossbow.

Figure 2.3 shows the popular CC2420, the chipset that MICAz wireless devices

are equipped with.

The two main features that characterise RF chipset performance are data rate

and power consumption. Table 2.1 summarises the characteristics of some of the

dominant chipsets in the market.

2.1.2.2 Wireless Nodes

The selection of the appropriate wireless node (which corresponds to the appro-

priate chipset) is highly dependant on the target application. Data rate, range,

power consumption and unit price are usually the crucial parameters which define

the selection of the most suitable wireless device.
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Figure 2.3: CC2420 by Chipcon (After [14]).

Although Crossbow is the leading manufacturer of wireless sensor devices,

there are other manufacturers that offer hardware with similar capabilities. The

RF chipset of each device defines its performance, as the data rate and the ma-

jority of the power consumed depend on it. Table 2.2 summarises the wireless

sensor devices currently available [15] [16] [17] [18].

2.1.2.3 Comparison

Advanced applications have forced manufacturers to develop chipsets that meet

demanding standards in terms of data rate, range and power consumption.

Although Chipcon holds a large percentage of the market, their chipsets have

rather limited data rate. VISHAY [19] offer high data rate RF chipsets which

can reach 8 Mbps without compromising the power consumption.

One wireless device which is distinct from others is the ScenSor by Decawave

[20] (equipped with the DW4aSS1000 chipset), based on the IEEE 802.15.4a [21]

standard. This can achieve 6.8 Mbps, consuming very low currents (2 mA, 20

mA, 1 µA and 100 nA for transmit, receive, watchdog timer and sleep mode

respectively).

Figure 2.4 represents a comparison of the maximum data rates provided by

the wireless devices currently available.

2.2 Channel Implications for Higher Level Pro-

tocols

The physical layer (PHY) is responsible for the transmission of the raw bit stream

over the physical medium [22] [4]. It is the lowest level of the OSI reference

model (Figure 2.5) and deals with all the mechanical (e.g. physical dimensions
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Figure 2.4: Comparison of the wireless devices available in the market.

cables, connectors and pins) and electrical (e.g. voltage levels, duration of each

transmitting bit) specifications of the network hardware, as well as the physical

medium which is used for transmitting those raw bits [4].

As the bottom OSI layer PHY has an impact on all the other layers of the

protocol stack. This makes it vital to the overall communication system design.
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Figure 2.5: Schematic diagram of OSI layers, including antennas and channel.
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CHAPTER 3

Literature Review - Channel

Measurements and Modelling

In wireless communications, channel measurement refers to a method of quan-

tifying the characteristics of the electromagnetic medium. Such characteristics

include path loss and fading described in Sections 3.2.1 and 3.2.2, respectively.

Channel measurements are needed during the design process of a wireless

communication system. They help in the estimation of the gain and loss factors

which are crucial for link budget calculations. In this way, the system limits

can be defined to ensure acceptable (relative to each application) performance

(communication range, throughput and goodput) .

3.1 Basic Propagation Mechanisms

The five basic electromagnetic wave propagation mechanisms are reflection, trans-

mission, absorption, diffraction and scattering [23].

When, during propagation, an electromagnetic wave impinges on a surface or

object considerably larger in size than one wavelength, then part of the wave’s

energy is reflected, part is transmitted, and part (usually smaller) is absorbed by

the material [23] [24].

When the communication link is obstructed by a large, opaque, obstacle there

is no LOS link. The electromagnetic wave however may bend around the edge

of the obstacle, and reach a transceiver located within the geometrical shadow.

This effect is called diffraction.

When, during propagation, an electromagnetic wave impinges on objects

smaller than one wavelength then scattering takes place [23]. Scattering also

occurs due to rough surfaces [23].
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3.1. BASIC PROPAGATION MECHANISMS

3.1.1 Reflection and Transmission Coefficients

The propagation mechanisms associated with reflection are well described by the

Fresnel equations. Assume that an electromagnetic wave is reflected on a plane

surface with an incident angle θi, as shown in Figure 3.1.

��
� � � �

�
� � ��

� ���
� � ��

Figure 3.1: Schematic diagram of an electromagnetic wave reflected and trans-
mitted at a medium interface.

In such a case, part of the energy is reflected at the surface with reflection

angle θr equal to the incidence angle and part is transmitted into the second

medium. The quantity of power reflected or transmitted through the medium is

determined by reflection or transmission coefficients, respectively.

Both reflection and transmission coefficients are dependant on the polarisation

of the wave. For parallel polarisation, the reflection coefficient (Γ‖) is the ratio of

the parallel polarised reflected electric field (Er‖) to the parallel polarised incident

field (Ei‖), given by Equations 3.1 and 3.2. Z1 and Z2 are the wave impedances

of medium 1 and 2 respectively. For the measurements in this thesis medium 1

is always air with impedance 376.6 Ω [24] [25].

Γ‖ =
Er‖
Ei‖

(3.1)

Γ‖ =
Z1cosθi − Z2cosθt

Z2cosθt + Z1cosθi

(3.2)

For perpendicular polarisation, the reflection coefficient (Γ⊥) is the ratio of the

perpendicularly polarised reflected electric field to the perpendicularly polarised

16



3.1. BASIC PROPAGATION MECHANISMS

incident field, given by Equations 3.3 and 3.4 [24].

Γ⊥ =
Er⊥
Ei⊥

(3.3)

Γ⊥ =
Z2cosθi − Z1cosθt

Z2cosθi + Z1cosθt

(3.4)

For parallel polarisation, the transmission coefficient (T‖) is the ratio of trans-

mitted to incident electric field, given by Equations 3.5 and 3.6 [24].

T‖ =
Et‖
Ei‖

(3.5)

T‖ =
2Z2cosθi

Z2cosθt + Z1cosθi

(3.6)

For perpendicular polarisation, the transmission coefficient (T⊥) is the ratio

of reflected to incident electric field, given by Equation 3.7 and 3.8 [24].

T⊥ =
Et⊥
Ei⊥

(3.7)

T⊥ =
2Z2cosθi

Z2cosθi + Z1cosθt

(3.8)

The impedance, Z, for any medium is given by Equation 3.9, where µ, σ, and ε

are the medium’s permeability, conductivity and permittivity, respectively, while

ω = 2πf .

Z =

√
jωµ

σ + jωε
(3.9)

For dielectric materials with σ1 = σ2 = 0 and µ1 = µ2 the reflection and

transmission coefficients are:

Γ‖ =
Z1cosθi − Z2

√
1−

(
Z2

Z1

)2

sin2θi

Z2

√
1−

(
Z2

Z1

)2

sin2θi + Z1cosθi

(3.10)

Γ⊥ =
Z2cosθi − Z1

√
1−

(
Z2

Z1

)2

sin2θi

Z2cosθi + Z1

√
1−

(
Z2

Z1

)2

sin2θi

(3.11)
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3.2. MODELLING

T‖ =
2Z2cosθi

Z2

√
1−

(
Z2

Z1

)2

sin2θi + Z1cosθi

(3.12)

T⊥ =
2Z2cosθi

Z2cosθi + Z1

√
1−

(
Z2

Z1

)2

sin2θi

(3.13)

If the reflecting surface is horizontal then parallel polarised components are

referred to as vertical and perpendicular polarised components are horizontal.

If the surface on which the electromagnetic wave impinges is a good conductor

(essentially perfect) with high σ, most of the energy is reflected. However, in

most cases the material is usually not a perfect conductor and some fraction of

the energy is transmitted. The complex dielectric constant (which accounts for

ohmic loss) for a lossy medium is given by Equation 3.14.

ε = ε0εr − j
σ

2πf
(3.14)

where ε0 is 8.85 × 10−12 F/m, εr is relative permittivity and σ the conductivity

(S/m) [23].

Figure 3.2 (a) shows an example of the reflection and transmission coefficients

for average (dry) ground (εr = 7 and σ = 0.001) at 2.45 GHz. It is apparent that

for both vertical and horizontal polarisation, the reflection coefficients converge

at -1, while the transmission coefficients converge at 0. It is also apparent that as

the incident angle approaches 90 degrees (e.g. when antenna separation becomes

small compared to antenna height) the reflection coefficients converge to -1.

Figure 3.2 (b) shows the magnitude of the reflection and transmission coeffi-

cients. No reflection occurs for vertical polarisation at Brewster angle (θB) which

may be calculated [23] using:

sin(θB) =

√
εr − 1√
ε2
r − 1

(3.15)

3.2 Modelling

3.2.1 Path Loss

In communications, path loss (PL) is defined as the ratio of transmitted power

to received power assuming isotropic antennas [24].
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Figure 3.2: Reflection and transmission coefficients for (a) average (dry) ground
(εr = 7.0, σ = 0.001) and (b) reflection magnitudes for vertical and horizontal
polarisation.
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3.2. MODELLING

Transmission loss (TL) is defined as the ratio of transmitted power to received

power and includes gains introduced by receiving and transmitting antennas.

Path loss is therefore the same as transmission loss for unity gain (0 dBi) antennas.

Both PL and TL are usually expressed as positive dB values [23] [24].

Many theoretical and empirical models exist to predict path loss depending on

the environment. The accuracy of the prediction usually increases with increasing

complexity of the model.

Two of the simplest and most popular physical propagation models are the

free space path loss (FSPL) model and the plane earth path loss (PEPL) model.

These are described in Sections 3.2.1.1 and 3.2.1.2.

Two of the simplest and most popular empirical models are the single slope

path loss (SSPL) and dual slope path loss (DSPL) models, respectively. These

are described in Sections 3.2.1.3 and 3.2.1.4.

3.2.1.1 Free Space (Friis) Model

The free space path loss (FSPL) model, also known as Friis model, is the simplest

of all propagation models.

In this case, only a direct LOS path is assumed, with no reflection and no

diffraction.

The Friis path loss model is given by Equation 3.16, where PT is transmission

power, PR is received power and GT and GR are transmitter and receiver antenna

gains, respectively. The LOS distance between transmitter and receiver is d and

the carrier wavelength is λ, where λ = c
f
.

PR = PT GT GR

(
λ

4πd

)2

(3.16)

Free space path loss (FSPL) is the ratio of transmitted to received power

assuming isotropic antennas (GT = GR = 1.0) and therefore may be expressed

as:

FSPL =
PT

PR

GT GR =

(
4πd

λ

)2

(3.17)

Equation 3.17 when working in dB units is:

PR[dBm] = PT [dBm] + GT [dBi] + GR[dBi]− FSPL[dB] (3.18)
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3.2. MODELLING

and FSPL in dB is:

FSPL[dB] = 10log10

(
4πd

λ

)2

= 20log10

(
4πdf

c

)
(3.19)

Applying the properties of the logarithms, we get Equation 3.20:

FSPL[dB] = 20log10 (f [Hz]) + 20log10 (d[m]) + 20log10

(
4π

c[m/s]

)
(3.20)

i.e.:

FSPL[dB] = 20log10 (f [Hz]) + 20log10 (d[m])− 147.6 (3.21)

Equation 3.21 is often expressed with different units (f in MHz and d in km),

i.e.:

FSPL[dB] = 20log10 (f [MHz]) + 20log10 (d[km]) + 32.4 (3.22)

FSPL increases by increasing the frequency f or the antenna separation d.

Figure 3.3 shows the impact of frequency and distance on path loss.
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Figure 3.3: Free space path loss versus distance for selected frequencies.

FSPL increases at a rate of 6 dB per octave (20 dB per decade) due to the

inverse square law, Figure 3.3 (b).

3.2.1.2 Plane Earth Path Loss Model

The Plane Earth Path Loss (PEPL) model is simple but more realistic than the

free space model when a ground reflection is significant, Figure 3.4.
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3.2. MODELLING

Figure 3.4: Two-ray propagation assumed for the PEPL model.

Following the method of images, the length of the two separate paths, d1

and d2, may be estimated, as long as the heights of the transmitting (hT ) and

receiving (hR) antennas are known. From simple geometry:

d1 =
√

(hT − hR)2 + d2 (3.23)

d2 =
√

(hT + hR)2 + d2 (3.24)

The path length difference of these paths, ∆, is:

∆ = d2 − d1 = d




√(
hT + hR

d

)2

+ 1−
√(

hT − hR

d

)2

+ 1


 (3.25)

The phase difference of signals arriving via these two rays, θ∆, due to path

length difference is therefore:

θ∆ =
2π∆

λ
=

∆ωc

c
(3.26)

while the time delay, τd, between signals arriving via the two rays is:
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τd =
∆

c
=

θ∆

2πfc

(3.27)

The total field arriving at the receiving antenna is the sum of the direct-wave

field (Adirect) plus the reflected-wave field (Areflected):

ATOTAL = Adirect + Areflected = Adirect + AdirectΓejk∆ (3.28)

where Γ is the (complex) reflection coefficient. Simplifying:

ATOTAL = Adirect|1 + Γejk∆| (3.29)

The ratio of received power PR to direct power Pdirect is therefore:

PR

Pdirect

=

(
ATOTAL

Adirect

)2

= |1 + Γejk∆|2 (3.30)

Since the direct path is a LOS link it is described by the FSPL model, i.e.:

Pdirect = PT

(
λ

4πd

)2

(3.31)

The PEPL ratio of transmitted to received power is therefore given by:

PR

PT

=

(
λ

4πd

)2 ∣∣1 + Γejk∆
∣∣2 (3.32)

Assuming that the antenna separation is large enough to yield very small

grazing angles, and that the signal undergoes a phase change of 180 degrees

(Γ ≈ −1) then:

PR

PT

= 2

(
λ

4πd

)2

[1− cos(k∆)] (3.33)

In the more general case [26], a complex factor F can be defined which is the

(complex) ratio of field strength in the presence of the ground reflection to the

free-space field strength:

F = 1 + |Γ| ejφe−jk∆ (3.34)

where φ is arg(Γ).

Assuming perfect reflection (i.e. |Γ| ejφ = −1) Equation 3.34 can be rewritten

as follows (Proof in Appendix A).
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|F | = 2sin (k∆) (3.35)

The power at the receiver is therefore given by:

PR = EIRP × FSPL× |F |2 ×GR (3.36)

where EIRP = PT GT is the effective isotropic radiated power, i.e.:

PR = PT GT

(
λ

4πd

)2

4sin2 (k∆) GR (3.37)

In dB form Equation 3.37 becomes:

PR(dBW ) = PT + GT − FSPL + GR + 6.0 + 20log10 |sin (k∆)| (3.38)

The path difference, ∆, is often simplified using the binomial theorem 1, as

long as the antenna heights hT and hR are small compared with the antenna

separation d (hT , hR ¿ d) [24]:

∆ = d2 − d1 ≈ 2hT hR

d
= ∆′ (3.39)

In this thesis, however, no such approximation is made and the accurate path

difference ∆ is normally assumed.

The furthest point of constructive interference between direct and reflected

signals occurs for the smallest argument of sin(k∆′) which is equal to 1.0, i.e.:

2πhT hR

λd
=

π

2
= 1 (3.40)

The furthest point of constructive interference therefore occurs at distance

Rmax, given by:

Rmax =
4hT hR

λ
(3.41)

Figure 3.5 shows the free space (blue) and plane earth transmission gains for

vertical (black dashed) and horizontal polarisation (red solid) for a typical ground

(εr = 15 and σ = 0.005) at 2.45 GHz. The vertical dashed line represents Rmax.

Figure 3.6 shows the free space (blue) and plane earth transmission gains for

typical ground (black dashed) and perfect conductor (red solid) vertical polari-

1(1 + x)n ≈ 1 + nx for x ¿ 1

24



3.2. MODELLING

10
1

10
2

10
3

10
4

10
5

−150

−140

−130

−120

−110

−100

−90

−80

−70

−60

−50

Distance (m)

T
ra

ns
m

is
si

on
 G

ai
n 

(d
B

)

 

 

Typical Ground (Ver. Pol.)
Typical Ground (Hor. Pol.)
Free Space

R
max

Figure 3.5: Free space (blue) and plane earth propagation models for vertical
(black and dashed) and horizontal (red and solid) polarisations (f = 2.45 GHz,
εr = 15 and σ = 0.005).

sations.

The optimum receiver antenna height may be calculated by differentiating

Equation 3.35 with respect to receive antenna height and setting the result to

zero:

d |F |
dhR

= 2cos
2πhT hR

λd

2πhT

λd
= 0 (3.42)

i.e.:
2πhT hR optimum

λd
=

nπ

2
(3.43)

where n is an odd integer (i.e. n = 1, 3, 5, ...).

Thus:

hR optimum = n
λd

4hT

(3.44)

Figure 3.7 shows the fluctuations of received power for a perfectly reflecting

surface when the receiver antenna height changes, assuming a carrier frequency

of 2.45 GHz, a transmitter antenna height (hT ) of 2 m and an antenna separation

of 50 m. The maxima and minima are apparent. Knowing a separation distance,
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Figure 3.6: Free space (blue) and plane earth propagation models for vertical
polarization assuming typical ground (black dashed) and perfect conductor (red
solid).

an optimum antenna height for the receiver could be selected to minimise the

transmission loss of the radio link. In this particular example, the optimum

height is either at 0.75 m or 2.25 m. Such optimisation is only possible, however,

if both amplitude and phase of the reflected wave are stable.

3.2.1.3 Single Slope Path Loss Model

The single slope path loss (SSPL) model is the simplest empirical model used for

describing the propagation loss of a wireless communication link.

The SSPL model for median path loss (Lp,median) is given by Equation 3.45,

where K is the offset, or intercept, at a reference distance d0, n is the path loss

exponent [24] and d is antenna separation. For short links d0 is usually 1 m.

Lp,median = K + 10nlog10

(
d

d0

)
(3.45)

Received power, PR, is therefore given by Equation 3.46:

PR = PT + GT − Lp,median + GR (3.46)

Figure 3.8 shows an example of SSPL for K = 20 and n = 2 and 4. PT = 0

dBm and the antenna gains are 0 dBi.
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Figure 3.8: Example single slope path loss models.
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3.2.1.4 Dual Slope Path Loss Model

Very often measurement data does not follow a single slope curve.

In this case, the propagation loss can be described by a piecewise linear curve

with two slopes joining at a break point db.

The DSPL model is given by Equation 3.47, where n1 and n2 are the first

and second curve segment gradients respectively, while d and db are distance and

breakpoint distance, respectively.

Lp,median =

{
K + 10n1log10d, for 0 ≤ d ≤ db

K + 10n1log10db + 10n2log10d− 10n2log10db, for db ≤ d

(3.47)

Received power is given by Equation 3.46 .

Figure 3.9 shows an example of DSPL assuming K = 20. The gradients of

first and second line segments, n1 and n2 are 2 and 4, respectively. PT = 0 dBm

and the antenna gains are 0 dBi.

10
0

10
1

10
2

10
3

−100

−90

−80

−70

−60

−50

−40

−30

−20

−10

0

Distance (m)

R
ec

ei
ve

d 
P

ow
er

 (
dB

m
)

 

 

n=2
n=4d

b

Figure 3.9: Example dual slope path loss model.

3.2.2 Fading

Taking into account only path loss, the received power would be constant at a

specific distance. In practice, however, the signal is usually subject to fluctuations

known as fading. Fading has been defined as follows [23]:
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”Fading is used to describe the rapid fluctuations of the amplitudes, phases, or

multipath delays of a radio signal over a short period of time or travel distance,

so that large-scale path loss effects may be ignored”.

Multiple versions of a transmitted signal often arrive at the receiver at different

time instances due to multipath effects. The interference between two or more

versions of the same signal causes fading [23].

Figure 3.10 illustrates a wireless channel model including path loss, fading

and noise.

Transmitter Receiver× × +

Path

Loss
Fading Noise

Figure 3.10: A wireless channel model [24].

The basic factors that affect fading are:

• Multipath propagation (resulting in spatial fading)

• Speed of the mobile station (resulting in temporal fading)

• Speed of surrounding objects (resulting in temporal fading)

• Transmission bandwidth of the signal (determining degree of frequency se-

lective fading)

Fading can be categorised as four types as shown in Figure 3.11: flat, frequency

selective, fast and slow. The first two are time dispersion effects (Section 3.2.2.1)

and the latter two are frequency dispersion effects (Section 3.2.2.2).

The two parameters which determine the type of fading are the coherence

time Tc and the coherence bandwidth Bc of the channel. Coherence time is a

statistical measure of the time duration over which the channel impulse response

is invariant, while coherence bandwidth is a statistical measure of the range of

frequencies (bandwidth) over which the channel may be considered flat [23].

3.2.2.1 Fading based on multipath time delay spread

In multipath propagation, copies of the received signal (with different amplitude

and phase) arrive at the receiver at different times. This is called time disper-

sion and as a result the duration of the signal received is larger than the one

transmitted.
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Fading effects due to 

multipath time delay spread
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Bs « Bc

and

Ts » στ

Bs > Bc
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Ts < στ

Ts > Tc

and

Bs < BD

Ts « Tc

and

Bs » BD

Figure 3.11: The four types of fading [23]. Ts, Tc, Bs and Bc are transmitted
symbol duration, coherence time, transmitted signal bandwidth and coherence
bandwidth of the channel, respectively.

When multipath propagation results in time dispersion, then the signal un-

dergoes either flat or frequency selective fading [23].

Of particular interest are the delay spread measurements provided by [27],

[28] and [29] for diverse frequencies (2, 5 and 17 GHZ, 1.9 GHz and 915 MHz)

and environments (indoor, Olympic Stadium of Athens and large train yard).

3.2.2.1.1 Flat Fading

When the coherence bandwidth of the channel Bc is larger than the bandwidth

of the transmitted signal, then the signal undergoes flat fading. In such a case,

the duration of the transmitted symbol Ts is larger than the rms delay spread στ

[23].

A flat fading simulator implemented in MatLab is presented in [30].

3.2.2.1.2 Frequency Selective Fading

When the coherence bandwidth of the channel Bc is smaller than the bandwidth

of the transmitted signal, then the signal undergoes frequency selective fading.

In such a case, the duration of the transmitted symbol Ts is smaller than the rms

delay spread στ [23].

The effect of frequency selectivity on multi-carrier wideband signals for indoor
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and outdoor to indoor scenarios are studied in [31].

3.2.2.2 Fading based on Doppler spread

Although flat, and frequency selective, fading depends on the coherence band-

width, fast and slow fading depends on the coherence time, which is inversely

proportional to Doppler spread fm [23]:

Tc ≈ 1

fm

(3.48)

An interesting study of Doppler spread is presented in [32], concluded by

indoor measurements at 2.4 GHz.

3.2.2.2.1 Fast Fading

In fast fading, the channel impulse response changes significantly within one

symbol period. This corresponds to a high Doppler spread. In other words, the

coherence time is shorter than the symbol period (i.e. Tc < Ts), which means

that channel variations occur faster than baseband signal variations [23].

3.2.2.2.2 Slow Fading

In slow fading, the channel impulse response does not change significantly within

one symbol period and therefore there is low Doppler spread. In other words, the

coherence time is larger than the symbol period (i.e. Tc > Ts), which means that

the channel variations occur slower than baseband signal variations [23].

3.3 Diversity

Multipath propagation is very common in practice and the received signal often

therefore undergoes fading. Diversity techniques exist, however, which can reduce

the impact of fading.

Diversity is based on the assumption that the probability of simultaneous deep

fading at receivers separated spatially, in frequency, in polarisation or in time is

low.

The most popular diversity techniques are [24] [23]:

• Spatial (Antenna) Diversity

– Selection Diversity

31



3.3. DIVERSITY

– Feedback Diversity

– Maximal Ratio Diversity

– Equal Gain Diversity

• Polarisation Diversity

• Frequency Diversity

• Time Diversity

Selection diversity is used for data analysis in Section 5.3.2.2.

This is the simplest diversity technique and selects the strongest signal re-

ceived from N antennas separated typically by a few wavelengths [33]. The sig-

nal received by each antenna is sampled and that with the highest instantaneous

SNR is selected [23].
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CHAPTER 4

Wireless Data Acquisition in Gas Turbine

Engines

This chapter describes measurements and modelling undertaken during the col-

laborative WIDAGATE (Wireless Data Acquisition in Gas Turbine Engines)

project. WIDAGATE addresses data acquisition in the context of instrumented

gas turbine engines using wireless sensor network (WSN) and is being undertaken

by a consortium comprising Rolls-Royce, Selex, University College London and

the University of Strathclyde.

4.1 Motivation

Wireless sensing offers a potential step change in gas turbine engine testing by al-

leviating a number of significant disadvantages associated with the wired solution

currently used. These disadvantages include lengthy, complicated and expensive

wiring harnesses, complex set up processes and instrumentation, design flexibil-

ity, and inefficient data gathering. Currently the aerospace industry is assessing

wireless sensor kits for test measurements.

At the time that the WIDAGATE project started no similar work on gas tur-

bine engines had been published. Propagation around cylinders, and diffraction

in particular, have been studied however. ITU-R P.526-10 Recommendation [34],

for example, describes RF propagation by diffraction, including diffraction over

cylindrical surfaces. In this document, and elsewhere [24] [35] [36] [37] [38] [39]

[40] [41] [42], knife-edge diffraction approximation technique is used to model the

propagation by diffraction around a cylindrical surface.

None of the existing studies is suitable however for a gas turbine engine, as

such a model should accommodate a cylindrical surface with large random surface
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irregularities.

4.2 Aims and Objectives

The aim of this study is to generate a physical layer wireless channel model de-

rived from a set of channel measurements, in support of the WIDAGATE project

to assess the potential of wireless sensor networks for the condition monitoring

of gas turbine engines. The resulting model is being incorporated into a larger,

multi-layer system model as part of the wider project. The physical layer chan-

nel model, incorporates interference and noise in addition to signal transmission

characteristics.

The objectives can be summarised as follow:

• Measurements of channel frequency response (S21) without and with engine

cowling

• Generation of measurement database

• Extraction of transmission gain statistical model, scalable to engines of

variable size

• Implementation of a simple noise model

• Identification of worst case interference model

4.3 Measurements

ISM-band and UWB-band frequency response measurements between pairs of

points distributed on a grid over the cylindrical surface of a Gnome gas turbine

engine have been made. The measurements, covering the range 2.4 - 2.5 GHz

for ISM-band [43] and 3 - 11 GHz for UWB-band [44], have been made without

(measurement set 1), and with (measurement set 2), an engine cowling. The

corresponding measurement databases form the basis of an empirical transmission

gain model.

The measurement frequency bands were selected based on the wireless devices

currently available. Many WPAN (Section 2.1.2.2) or WLAN (Bluetooth [7],

802.11b/g/n [45] [46]) devices operate within 2.4 - 2.5 GHz ISM-band.

Some wireless transceivers operate in higher bands. Wireless USB, for exam-

ple, uses the entire UWB-band for achieving high data rates [47]. IEEE 802.11y

[48] operates within the 3.65 - 3.7 GHz band and IEEE 802.11a/n [49] operates in
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the 5 GHz band. The bands occupied by a selection of technologies are illustrated

in Figure 4.1.

Bluetooth

802.15.4/ZigBee

802.11a

802.11b

802.11g

802.11h

802.11y

WUSB

2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

Figure 4.1: Wireless technologies operating within the spectrum of 2.4 - 11 GHz.

An estimate of the maximum data rate that can be accommodated assuming

a narrowband channel model (i.e. flat fading without equalisation) is made by

considering two path propagation between a pair of nodes located on the surface

of a cylinder, Figure 4.2.

s1

l

1

2
r

s2

Figure 4.2: Schematic diagram of two-path geometry in a cylinder.

The maximum differential path length for the pair of nodes illustrated is:
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∆s = s2 − s1 =
√

(r(2π − φ))2 + l2 −
√

(rφ)2 + l2 (4.1)

The corresponding differential propagation delay for a propagation velocity c

is:

∆T =
∆s

c
(4.2)

Assuming a narrowband channel model is sufficient if inter-symbol interference

is restricted to a symbol overlap 10% then the maximum symbol rate (assuming

worst-case binary modulation) for which a narrowband channel model is adequate

[26] is given by:

Rsymbol ≤ 1

10∆T
=

c

10
[√

(r(2π − φ))2 + l2 −
√

(rφ)2 + l2
] (4.3)

For example with r = 0.5 m and l = 1.0 m then Rsymbol is limited to 17.9

Mbit/s. Figure 4.3 shows the symbol rate limit of a narrowband model with

respect to engine radius.
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Figure 4.3: Maximum ISI ”tolerable” symbol rate versus engine radius.

4.3.1 ISM-band Measurements

ISM bands occur at several frequencies, Table 4.1 [50]. The ISM-band used in

WIDAGATE project is focused on the frequency range within 2.4 - 2.5 GHz.

A simple theoretical argument for the likely adequacy of a narrowband trans-

mission model has already been given. This is now confirmed experimentally by

examining the measurement data.
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Frequency Range Center Frequency Regions of Operation
6.765− 6.795 MHz 6.780 MHz Subject to special authorisation

13.553− 13.567 MHz 13.560 MHz Subject to provisions of RR No.15.13
26.957− 27.283 MHz 27.120 MHz Subject to provisions of RR No.15.13
40.660− 40.700 MHz 40.680 MHz Subject to provisions of RR No.15.13

433.050− 434.790 MHz 433.920 MHz Region 1
902.000− 928.000 MHz 915.000 MHz Region 2

2.400− 2.500 GHz 2.450 GHz Subject to provisions of RR No.15.13
5.725− 5.875 GHz 5.800 GHz Subject to provisions of RR No.15.13

24.000− 24.250 GHz 24.125 GHz Subject to provisions of RR No.15.13
61.000− 61.500 GHz 61.250 GHz Subject to special authorisation

122.000− 123.000 GHz 122.500 GHz Subject to special authorisation
244.000− 246.000 GHz 245.000 GHz Subject to special authoris ation

Table 4.1: ISM frequency band allocations (After [50]).

Figures 4.4 (a) and (b) show the channel frequency response and its autocor-

relation function (ACF), respectively.

Figures 4.5 (a) and (b) summarise an analysis of the correlation bandwidth

Bc, with the Bc values obtained for the ISM-band measurement sets 1 and 2.

Since half of the 50% correlation bandwidths exceed 5.5 MHz in both ISM-

band measurements, we conclude that a narrowband model of the channel is

adequate for most of the wireless devices currently available in the market (Table

2.2).

The ISM-band measurements were made between a pair of rectaxial antennas

[51], Figure 4.6, using an Agilent N5230A network analyser. Figure 4.7 shows the

return loss (S11) of the antennas. Each antenna was connected to the network

analyser using 10 m of high-quality, low-loss, RF cable [52].

The antennas were mounted on a PVC rod to minimise the effect of scattering

from the metallic antenna positioners. The antenna positioners were shrouded

with RF absorber, Figure 4.8.

The Gnome engine was mounted on a tubular steel framework, Figure 4.9,

which was also shrouded with RF absorber to minimise unwanted reflections.

For both measurement sets, the span of the network analyser was set to 100 MHz

with a centre frequency of 2.45 GHz. The number of samples within the span (2.4

- 2.5 GHz) was 6401. The frequency sampling interval was therefore 15.62 kHz.

The sweep time was 174.747 ms. The transmission power was -5 dBm. Before

the measurements the system, including the cables, was calibrated.

The Gnome engine is approximately cylindrical, Figure 4.9. The length of the

engine is 78 cm and its mean radius is 18 cm.
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Figure 4.4: (a) Channel frequency response (S21), (b) its ACF and (c) its ACF
on an expanded scale.
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Figure 4.5: 50% correlation bandwidth for measurements (a) without and (b)
with cowling and the corresponding cumulative distribution functions (c) and
(d), respectively.

Figure 4.6: Rectaxial antenna.
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Figure 4.7: Measured return loss (S11) for rectaxial antennas.

Figure 4.8: Antenna positioners.
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(a) (b)

Figure 4.9: Gnome engine.

4.3.1.1 Measurements without Cowling (Set 1)

Measurement set 1 was undertaken in the Gnome Test Laboratory at Rolls-Royce

in Derby, UK. The engine for these measurements had no cowling. The geometry

of the measurements is illustrated schematically, in Figure 4.10. Six potential

measurement points were distributed evenly around the circumference of the en-

gine in five planes perpendicular to the engine axis along the length of the engine.

The separation between adjacent planes was 28 cm, 24 cm, 6 cm and 20 cm.
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Figure 4.10: Schematic diagram of engine measurement points (set 1); black
(or darker for black and white reproductions) points omitted. First and second
digits indicate location on circumference and location of plane on engine axis,
respectively.
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There were, therefore, 30 potential measurement points in total. Since mea-

surement time was limited and since measurements between all pairs of potential

points includes redundant geometries two points on each plane were omitted from

the measurement process. These are represented by black (darker) points in Fig-

ure 4.10. The total number of planned measurements between all pair of points

was thus 190. The actual number of measurements made was 136; the balance of

54 measurements being omitted due to the limited time available in the Gnome

engine laboratory. The residual redundancy in measurement geometries, how-

ever, means that all geometries are satisfactorily represented in the measurement

database.

4.3.1.2 Measurements with Cowling (Set 2)

Measurement set 2 was undertaken in the Wireless Communications Laboratory

at the University of Strathclyde. The Gnome engine used was identical in type

but a different instance to that used for measurement set 1. The surface detail of

the two engines was similar but not identical. Since the surface detail represents

an essentially random distribution of scatterers the use of two engines is not

thought to materially reduce the usefulness of the resulting statistical model. The

engine for these measurements were made in the presence of an engine cowling

manufactured by SCITEK Consultants Ltd. from stainless steel mesh, Figure

4.11.

Figure 4.11: Gnome engine with cowling.

Six potential measurement points were distributed evenly around the circum-

ference of the engine in three planes perpendicular to the engine axis along the

length of the engine. The separation between adjacent planes was 25 cm and 26

cm. This is illustrated schematically in Figure 4.12. Two points in each plane
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(black in Figure 4.12) was again omitted. The total number of planned mea-

surements was therefore 66. The number of measurements actually made was

65.
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Figure 4.12: Schematic diagram of engine measurement points (set 2); black
(or darker points for black and white reproduction) omitted. First and second
digits indicate location on circumference and location of plane on engine axis,
respectively.

4.3.2 UWB-band Measurements

The UWB-band in the USA is 3.1 - 10.6 GHz. In Europe the high spectral density

regions of the spectral template is 6 - 8.5 GHz. The corresponding spectral masks

are shown in Figure 4.13 [53].

(a) (b)

Figure 4.13: Spectral mask for UWB in (a) USA and (b) Europe (After [53]).

Section 4.3 gives a simple theoretical argument for the adequacy of a narrow-

band transmission model. This is now confirmed experimentally by examining

the measurement data.

Figures 4.14 (a) and (b) show the channel frequency response and its auto-

correlation function (ACF), respectively.
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Figure 4.14: (a) Channel frequency response (S21), (b) its ACF and (c) its ACF
on an expanded scale.
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Figures 4.15 (a) and (b) represent the correlation bandwidth, Bc, obtained

from the UWB-band measurement sets 1 and 2, the same procedure as described

in Section 4.3.1 being repeated over a much wider frequency band using a pair of

UWB antennas [44].
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(d)

Figure 4.15: 50% correlation bandwidths for measurements (a) without and (b)
with cowling and the corresponding cumulative distribution functions (c) and (d),
respectively.

The UWB-band measurements were made between a pair of UWB, omni-

directional, antennas using an Agilent N5230A network analyser. Figure 4.16

shows one of the antennas.

Figure 4.17 shows the measured return loss (S11) of the antennas used.

Similarly to the ISM-band measurements, transmission loss has been measured

between pairs of points forming a grid over the cylindrical surface of the Gnome

gas turbine engine, Figure 4.9.

The steel cradle in which the engine was mounted was shrouded, as far as

possible, using flexible microwave absorber to reduce unwanted electromagnetic

scattering. The measurements were made using an Agilent N5230A network
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Figure 4.16: UWB antenna.

2 3 4 5 6 7 8 9 10 11

x 10
9

−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Frequency (Hz)

S 11
 (

dB
)

 

 

Transmitting Antenna
Receiving Antenna

Figure 4.17: Antenna return loss (S11).
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analyser to obtain the frequency response over the range 2.4 - 11.0 GHz using the

UWB antennas, Figure 4.16.

The measurements have been made both in the absence, Figure 4.9, and

presence, Figure 4.11, of the engine cowling. These measurements are referred to

here as set 1 and 2 respectively.

The measurement databases have been used to derive an empirical narrow-

band transmission gain model for frequencies within the UWB band (3.1 - 10.6

GHz).

Each antenna was connected to the network analyser using 10 m of low-loss,

high-quality coaxial cable [52].

The antennas were end-mounted on dielectric rods to keep the metallic struc-

ture of the antenna positioners as far as possible from the measurement volume.

Like the engine cradle, the antenna positioners were shrouded in microwave ab-

sorber to further reduce the effect of unwanted scattering on the measurements.

The resolution of the measured discrete frequency response was 537.5 kHz,

within 2.4 GHz to 11 GHz. The corresponding sweep time for those measurements

is 436.827 msec. The transmission power was -5 dBm. The measurement system

including cables was calibrated prior to the measurements.

4.3.2.1 Measurements without Cowling (Set 1)

The measurements of transmission loss for the engine without cowling (measure-

ment set 1) were made in the Gnome Test Laboratory at Rolls-Royce in Derby,

UK. Figure 4.10 shows the nominal topology of the measurement points (rep-

resenting hypothetical nodes). Nominal node locations are assumed at 0◦, 60◦,

120◦, and 180◦ on the engine circumference in each of five planes resulting in 20

node locations and 190 potential measurements. (Points at 240◦ and 300◦ are

not represented since these give rise to redundant link geometries.) The planes,

which were perpendicular to the axis of the engine, are separated by 28 cm, 24

cm, 6 cm and 20 cm. Two of the 190 measurements were lost due to an error

when saving the relevant files.

4.3.2.2 Measurements with Cowling (Set 2)

The measurements of transmission loss for the engine with cowling (measurement

set 2) were made in the University of Strathclyde Wireless Communications Lab-

oratory.

The engine used was of the same (Gnome) type as that used for measurement

set 1 but was not the same engine. The surface detail of the engine was therefore
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different. Figure 4.12 shows the nominal topology of the measurement points.

Similarly to the measurements in set 1, nominal node locations are assumed

at 0◦, 60◦, 120◦, and 180◦ on the engine circumference in each of three planes

resulting in 12 node locations and 66 potential measurements. The planes, which

were perpendicular to the axis of the engine, are separated by 25 cm and 26 cm.

Six of the 66 measurements were lost due to measurement error or corruption

of data during saving.

4.4 Modelling

An empirical transmission gain (i.e. ratio of received to transmitted power) model

has been derived from the measurement database. In order to make the model

generic, such that it can be applied to engines of arbitrary size, the model is

parameterised in terms of path length, s, and path curvature, κ. Figure 4.18

shows a schematic diagram of the path geometry, which defines these parameters.

s

l

1

2
r

Figure 4.18: Schematic diagram of path geometry.

The path length of each measurement is that of a helical segment connecting

transmitter (P1) and receiver (P2). The arc length s is given by:

s =
√

(rφ)2 + l2 (4.4)

where r is engine radius, φ is angular separation between P1 and P2 projected

onto a plane perpendicular to the engine axis and l is the separation of the planes

perpendicular to the engine axis containing P1 and P2.

The path curvature, reciprocal of radius of curvature, is given by:
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κ =
r

r2 +
(

l
φ

)2 (4.5)

It is a fundamental assumption of the generic model that s and κ are sufficient

to predict transmission loss and that the effect of path torsion on loss is small. It

is also assumed that narrowband modelling of transmission loss is adequate for

practical engineering purposes. The rational for this assumption is outlined in

Section 4.3. Examination of the measured data (see Section 4.3.2) confirms the

validity of this assumption.

4.5 Results

Analysis of the measurement database has been undertaken and the best-fit first-

degree polynomial, As+Bκ+CGT +D = 0, where GT is mean transmission gain

in dB (< 0), has been derived. The resulting best-fit surface for measurement sets

1 and 2 are shown in Figures 4.19 and 4.20 respectively. Each point is the mean

of the 6401 spot frequencies within the span. (The mean has been calculated

using linear ratios, not dBs.)
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Figure 4.19: Measurement data without cowling (set 1) and best-fit first-degree
polynomial surface.

Figures 4.21 and 4.22 show the projection of Figures 4.19 and 4.20, respec-

tively, chosen to illustrate the influence of path length. In both cases, the trans-

mission gain GT decreases when the path length s increases.

Table 4.2 contains the best-fit polynomial coefficients derived for each mea-

surement set, emphasising the high dependence of the mean transmission gain
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Figure 4.20: Measurement data with cowling (set 2) and best-fit first-degree
surface.
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Figure 4.21: Two dimensional projection of data without cowling (set 1) illus-
trating transmission gain versus path length.
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Figure 4.22: Two dimensional projection of data with cowling (set 2) illustrating
transmission gain versus path length.

GT on path length s.

Polynomial Coefficients
A B C D

Meas. Set 1 -0.99986 0.00043 -0.01678 -0.30833
Meas. Set 2 -0.99983 -0.010042 -0.01532 0.02659

Table 4.2: Transmission model polynomial coefficients.

The gradients for the ISM-band measurements are summarised in Table 4.3.

ISM-band measurements without cowling (set 1) appear to have lower gradient,

with respect to s, than the one with cowling (set 2). However, both gradients

are very close. Relative insensitivity of the mean transmission gain to the path

curvature, κ, is apparent in both sets. The offset of the measurements with a

cowling is higher (1.74), than those without a cowling (-18.37), which is shown

by the GT levels in Figures 4.19 and 4.20.

Gradient

GT s κ Offset
Meas. Set 1 -59.58 0.03 -18.37
Meas. Set 2 -65.26 -0.66 1.74

Table 4.3: Gradients (dB/m) of mean transmission gain GT with respect to s and
κ for ISM-band measurements.

The error between the measured data and the first-degree model, Equation
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4.6, has been modelled in the same way as the original data, Figure 4.23.

εdB = GTmeasured −GTmodel (4.6)

Figure 4.24 shows a projection of Figure 4.23 chosen to illustrate the influence

of path length.
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Figure 4.23: Difference (ε) between measurement points and best-fit surface:
measurements (a) without and (b) with cowling.
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Figure 4.24: Projection of data in Figures 4.23 (a) and (b) illustrating dependence
of ε on path length.

The 2-dimensional space spanned by s and κ is quantised in a 4 (s) by 3 (κ)

grid and the histogram of ε within each 2-dimensional quantisation interval is

constructed. The mean and standard deviation of the histogram data have been

calculated.

Figures 4.25 (a) and (b) show example histograms for measurements set 1 and

2, respectively, and the normal distribution corresponding to the data’s mean, µ,
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and standard deviation, σ. It is not convincing that the difference (ε) follows

a normal distribution within each quantisation interval, however the available

samples are closer to the normal distribution line in the probability plot (Figures

4.26 (a) and (b)) than any other commonly occurring distribution.

Table 4.4 contains the means and standard deviations for all the quantisation

intervals for both measurements set 1 and 2.

Intervals
1 2 3 4 5 6 7 8 9 10 11 12

Meas. Set 1
µ - 7.9 -5.5 0.9 15.4 -5.8 -2.9 -0.9 9.2 - 4.1 -2.1 5.5 8.0
σ 5.7 5.5 4.4 3.1 7.7 8.4 1.1 3.1 5.7 8.0 6.9 4.4

Meas. Set 2
µ -23.3 -7.9 7.3 22.6 -9.9 -0.5 9.3 18.5 -11.6 -1.4 11.8 25.0
σ 4.8 4.6 4.3 4.1 5.4 5.7 5.3 6.2 4.3 2.3 4.9 7.4

Table 4.4: µ and σ values for each quantisation interval.
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Figure 4.25: Histogram of error within a single s-κ quantization interval and
corresponding normal distribution for measurements (a) without and (b) with
cowling.

Figures 4.26 (a) and (b) show normal distribution probability plots corre-

sponding to Figures 4.25 (a) and (b). The data appear to follow the normal

distribution. All the points are within the 10% probability error (distance of the

point from the distribution line). This is the case for most of the quantisation

intervals.

Figures 4.27 (a) and (b) show the histograms of the error data (dB) for all 12

quantisation intervals for measurement set 1 and 2, respectively.

Figures 4.28 (a) and (b) show the probability plots for all 12 quantisation

intervals for normal distribution corresponding to Figures 4.27 (a) and (b) for

measurement set 1 and 2, respectively. The error data for all 12 quantisation

intervals are close to the normal distribution (as might be expected from the

central limit theorem).
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Figure 4.26: Normal probability plots corresponding to the histograms in Figure
4.25 (a) and (b).
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Figure 4.27: Histogram of error for all s-κ quantization intervals and correspond-
ing normal distribution for measurements (a) without and (b) with cowling.
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Figure 4.28: Normal probability plots corresponding to the histograms in Figure
4.27 (a) and (b).
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The dependence of µ and σ is again modelled on s and κ using a first-degree

polynomial surface, Figures 4.29 and 4.30.

0
0.2

0.4
0.6

0.8
1

0

2

4

6
−10

−5

0

5

10

15

20

 

s (m)
κ(m−1) 

µ

−8

−6

−4

−2

0

2

4

6

8

10

(a)

0
0.2

0.4
0.6

0.8
1

0

1

2

3

4

5

6
0

2

4

6

8

10

 

s (m)
κ(m−1)

 

σ

1

2

3

4

5

6

7

8

9

10

(b)

Figure 4.29: µ versus s, κ and σ versus s, κ for measurements without cowling
(set 1).
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Figure 4.30: µ versus s, κ and σ versus s, κ for measurements with cowling (set
2).

The random surface detail of the gas turbine engine means that path loss

must be modelled statistically. The transmission gain model proposed therefore

comprises a deterministic component, GT (s, κ), and a random component e(s, κ)

where e is a Gaussian random variable with mean and standard deviation that

depend on s and κ, i.e.:

GT (s, κ) = GT (s, κ) + e [µ(s, κ), σ(s, κ)] (4.7)

A block diagram of the transmission gain model is shown in Figure 4.31 in

which gi(t) is the transmitted signal.
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Figure 4.31: Transmission gain model.

Since half of the 50% correlation bandwidths exceed 25 MHz in both UWB-

band measurements, a narrowband model of the channel is adequate.

Similar to the ISM-band measurements, a first-degree polynomial, As+Bκ+

CGT + D = 0, where GT (< 0) is mean transmission gain in dB, which best fits

the empirical data in each 1 GHz frequency band has been obtained. Examples

are shown in Figures 4.32 and 4.33, respectively, for measurements without, and

with, a cowling for the 6 - 7 GHz band. The results for each 1 GHz interval

between 3 and 11 GHz are shown in Appendices B and C.

Each measurement point is the mean within each 1 GHz interval. (The mean

has been calculated using linear ratios, not decibels.)
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Figure 4.32: Example of best-fit transmission gain model for measurements with-
out cowling (6 GHz - 7 GHz).

Figures 4.34 and 4.35 show the projection of Figures 4.32 and 4.33, respec-

tively, chosen to illustrate the influence of path length. In both cases, the trans-

mission gain GT decreases when the path length s increases.

Table 4.5 shows the best-fit polynomial coefficients derived for each measure-
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Figure 4.33: Example of best-fit transmission gain model for measurements with
cowling (6 GHz - 7 GHz).
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Figure 4.34: Two dimensional projection of data (without cowling) illustrating
transmission gain versus path length (6 GHz - 7 GHz).
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Figure 4.35: Two dimensional projection of data (with cowling) illustrating trans-
mission gain versus path length (6 GHz - 7 GHz).

ment set in each frequency band. The predominant dependence of GT on path

length s is clear.

The gradients and offset for the UWB sub-band measurements are summarised

in Table 4.6. In general, the measurement without cowling (set 1) have larger

gradients, with respect to s, than those with cowling (set 2). Relative insensitivity

of the transmission gain to path curvature, κ, is also apparent. The offset of the

measurements with cowling is higher, than the one without cowling.

The error between the measured data and the model, Equation 4.6, has been

calculated and itself modelled using the same process as described above, Figure

4.36 and 4.37.

0
0.2

0.4
0.6

0.8
1

0

1

2

3

4

5

6
−40

−20

0

20

40

60

 

s (m)
κ(m−1) 

E
rr

o
r

ε

−30

−20

−10

0

10

20

30

40

(a)
0

0.2
0.4

0.6
0.8

1

0

1

2

3

4

5

6

−10

0

10

 

s (m)
κ(m−1) 

E
rr

o
r

ε

−5

0

5

10

(b)

Figure 4.36: Difference (ε) between measured data and model: measurements (a)
without and (b) with cowling (6 GHz - 7 GHz).
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Polynomial Coefficients
f A B C D

Meas. Set 1 3.0−4.0 -0.9997 -0.0203 -0.0139 -0.1972
(without cowling) 4.0−5.0 -0.9998 -0.0125 -0.0134 -0.1925

5.0−6.0 0.9999 0.0049 0.0131 0.2044
6.0−7.0 0.9999 0.0066 0.0127 0.2161
7.0−8.0 -0.9998 -0.0080 -0.0139 -0.2953
8.0−9.0 0.9998 0.0073 0.0157 0.4091
9.0−10.0 0.9998 0.0039 0.0160 0.4500
10.0−11.0 0.9998 0.0037 0.0163 0.4846

Meas. Set 2 3.0−4.0 -0.9994 -0.0084 -0.0327 -0.4314
(with cowling) 4.0−5.0 -0.9997 -0.0029 -0.0202 -0.1315

5.0−6.0 -0.9996 0.0018 -0.0258 -0.3390
6.0−7.0 0.9995 0.0088 0.0280 0.4536
7.0−8.0 -0.9997 -0.011 -0.0201 -0.2219
8.0−9.0 -0.9997 -0.0116 -0.0189 -0.1825
9.0−10.0 -0.9997 -0.0116 -0.0182 -0.1842
10.0−11.0 -0.9998 -0.0083 -0.0150 -0.0947

Table 4.5: Transmission gain model coefficients.

Gradient

GT f s κ Offset
Meas. Set 1 3-4 -71.53 -1.45 -14.11

(without cowling) 4-5 -74.34 -0.93 -14.32
5-6 -75.86 -0.38 -15.51
6-7 -78.41 -0.52 -16.95
7-8 -71.86 -0.58 -21.23
8-9 -63.53 -0.46 -26.00
9-10 -62.20 -0.25 -27.99
10-11 -60.99 -0.23 -29.56

Meas. Set 2 3-4 -30.47 -0.26 -13.16
(with cowling) 4-5 -49.46 -0.15 - 6.51

5-6 -38.65 0.07 -13.11
6-7 -35.62 -0.31 -16.16
7-8 -49.59 -0.55 -11.01
8-9 -52.69 -0.61 - 9.62
9-10 -54.65 -0.64 -10.07
10-11 -66.22 -0.55 - 6.27

Table 4.6: Gradients of mean transmission gain GT with respect to s and κ for
UWB-band measurements.
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Figure 4.37: Projection of data in Figures 4.36 (a) and (b) illustrating dependence
of ε on path length (6 GHz - 7 GHz).

The error as a function of s and κ is quantised (four intervals for s, three

intervals for κ and a two-dimensional histogram of ε is constructed. The mean

and standard deviation of the error for each pair of s and κ intervals has been

calculated. Figure 4.38 is an example illustration of the best-fit normal distribu-

tion curve (i.e. with identical mean and standard deviation to the data). Finally,

µ and σ are again regressed on s and κ using a first-degree polynomial surface

as before, Figures 4.40 and 4.41. Similar to ISM-band measurements, for the dif-

ference (ε) a normal distribution is not very convincing. The samples, however,

are closer to a straight line on a normal probability plot than any other simple

model, Figure 4.39 .
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Figure 4.38: Error histograms and corresponding normal distribution for a single
quantised pair of s-κ for measurements (a) without and (b) with cowling.

The histograms with the corresponding probability plots for all 12 quanti-

sation intervals for normal distribution for each 1 GHz band are presented in
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Figure 4.39: Normal probability plots corresponding to the histograms in Figure
4.38 (a) and (b).

detail in Appendices B and C and it seems that they are very close to the normal

distribution, as expected from the central limit theorem.
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Figure 4.40: µ versus s, κ and σ versus s, κ for measurements without cowling (6
GHz - 7 GHz).

Table 4.7 contains the means and standard deviations for all quantisation

intervals within each 1 GHz frequency band.

Appendices B and C include all the resulting graphs for error model, his-

tograms and probability plots with regards to all the 1 GHz intervals within 3 -

11 GHz.

A system transmission gain model has been implemented using Simulink as

a deliverable to the WIDAGATE project. The model includes deterministic and

random components, i.e. GT (s, κ), and e(s, κ), respectively. e is a Gaussian

random variable with mean and standard deviation that depend on s and κ

(Equation 4.7).
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Figure 4.41: µ versus s, κ and σ versus s, κ for measurements with cowling (6
GHz - 7 GHz).

A block diagram of the system transmission gain model is shown in Figure

4.31.

4.6 Interference and Noise

4.6.1 Interference

An interference model has been extracted from ED-14 RTCA DO-160E Environ-

mental Conditions and Test Procedures for Airborne Equipment [54]. This docu-

ment specifies interference models in terms of the modulation and field strengths

to be used in testing aircraft mounted devices in various equipment categories.

The interference waveforms specified in this document include unmodulated con-

tinuous wave (CW) transmissions, square wave (SW) modulated transmissions

and pulse modulated (PM) transmissions, see Figure 4.42.

The interference level specific to a certain equipment category is specified in

a series of tables and graphs, e.g. Table 4.8 and Figure 4.43. This data has been

incorporated in the interference model and can be selected. The field strengths

specified are large however. The interference model developed therefore allows

the interference level to be set manually.

4.6.2 Noise

A noise model has been developed incorporating components both external and

internal to the receiver. The external component is specified by an antenna

equivalent noise temperature. The internal component is specified by the receiv-
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Figure 4.42: Interference waveforms. (After [54].)

Category Corresponding Number Category Corresponding Number
Cat A 1 Cat J 10
Cat B 2 Cat K 11
Cat C 3 Cat L 12
Cat D 4 Cat R 13
Cat E 5 Cat S 14
Cat F 6 Cat T 15
Cat G 7 Cat W 16
Cat H 8 Cat Y 17
Cat I 9

Table 4.8: Available categories for the input. (After [54].)
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Figure 4.43: Example radiated susceptibility test levels. (After [54].)

ing WSN noise figure. Both components are assumed to be additive, white and

Gaussian. The total noise power referred to the WSN input terminals is therefore

given by:

n = k
[
Ta + (10(F/10) − 1)290

]
BN (4.8)

where k is Boltzmann’s constant (1.381 × 10−23 J/K), Ta is antenna equivalent

noise temperature (K), F is WSN noise figure (dB) and BN is the receiver noise

bandwidth [26].

The antenna noise temperature is the noise power available at the receiving

antenna terminals divided by kBN .

Noise figure, F, is quoted in decibels and is related to the more fundamental

quantity noise factor, f, by:

F = 10log10(f)(dB) (4.9)

Noise factor is defined as SNR (expressed as a power ratio) at the device input

divided by SNR (expressed as a power ratio) at the device output when the input

noise correspond to a temperature of 290 K [26].

f =
(S/N)i

(S/N)o

∣∣∣∣
Ni=k290B

(4.10)

65



4.7. SYSTEM MODEL

4.7 System Model

A block diagram of the system model comprising (i) the transmission gain model,

(ii) the interference model and (iii) the noise model, is shown in Figure 4.44. Red

blocks denote input parameters.
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Figure 4.44: High level description of the system model.

4.7.1 System Platform

The system model has been implemented using Simulink. Figure 4.45 shows the

complete Simulink block diagram.

4.7.1.1 Transmission Gain Model

Figure 4.46 shows the transmission gain model.

The transmission model specifies the transmission gain GT of the channel.

This is the sum of the mean transmission gain GT bar (dB) and a random

variation (E dB).
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Figure 4.46: Transmission gain model.

4.7.1.1.1 Transmission Gain Model Parameters

The five parameters of the transmission model are:

Engine Radius (r)

This is the radius of the engine in metres. The value set as default is 0.2, which

applies to the Gnome engine.

Angle (phi)

This is the angular separation in radians between two WSNs projected into a

plain perpendicular to the engine axis. The value set as default is π/3 rad.

Length (l)

This is the lateral separation in metres between the planes perpendicular to the

engine axis containing the WSNs. The value set as default is 0.8.

Transmission Frequency (f )

This is the transmission frequency in GHz. This automatically selects the ap-

propriate polynomial from the transmission gain model. The valid range for this

input is 2.4 to 11 (GHz). The value set as default is 2.4.

FLAG:0 without FLAG:1 with cowling

This flag is passed to the transmission gain model to select underlining measure-

ments without (FLAG:0) or with (FLAG:1) cowling.

4.7.1.1.2 Transmission Gain Blocks

The transmission gain model consists of six blocks in total, which are imple-

mented using Matlab embedded functions. These are:

r phi l to s κ

This function converts the engine radius r, and WSN relative coordinates φ and

l into path length s and path curvature κ.
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s κ f to GT bar

This function exports the mean transmission gain GT bar corresponding to the

particular values of s, κ and f values.

s κ f to mu sigma

This function exports the values of µ and σ (the mean and standard deviation

of the normal pdf from which the random component of transmission gain is

derived) corresponding to the quantisation interval centred on s and κ, for the

selected frequency.

get E dB This function generates the random component of transmission

gain.

GT dB This function adds the mean transmission gain GT bar and the

random variation E dB.

dB to ratio

This function converts the dB value of transmission gain into the power gain of

the channel as a dimensionless ratio.

4.7.1.2 Interference Model

Figure 4.47 shows the interference model.
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Figure 4.47: Interference model.

4.7.1.2.1 Interference Model Parameters

The four parameters of the interference model are:

Type of Interference Flag

This selects a CW, SW or PM interfering signal as defined below.

CW (Continuous Wave Unmodulated Carrier)

This is an unmodulated sinusoid derived from the block ”Generate the desired

noise waveform/SineWave”.
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SW (Square Wave Modulated Carrier)

This generates an Amplitude Shift Keyed (ASK) waveform with two non-zero

amplitude levels. The waveform is generated from the sum of two baseband

pulses with different amplitudes but the same, duty factor (50%). The passband

ASK waveform is obtained by multiplying this sum with a sinusoid generated by

the block SineWave. The relative amplitudes of the two signal states as delivered

are 1.0 and 0.09. This is consistent with a requirement specified by [54].

PM (Pulse Modulated Carrier)

This generates an Amplitude Shift Keyed (ASK) waveform with one non-zero

amplitude level. The waveform is generated from a baseband pulse train with

arbitrary duty cycle. The passband ASK waveform is obtained by multiplying

the baseband pulse train with a sinusoid generated by the block ”SineWave”.

The non-zero amplitude of the pulse train as delivered is 1.0. The default value

for duty-factor of the pulse train is 20%.

Manual Interference Level FLAG

When this flag is set to zero, the electric field strength (E field) of the interfering

signal at the receiving WSN is derived from the relevant table or graph in [54].

This is conditional on the selected equipment category. When this flag is set to

1, the electric field strength (E field) of the interfering signal at the receiving

WSN is set manually using the manual interference level parameter block.

Manual Interference Level (Vrms/m)

This parameter block sets the electric field strength E field at the receiving

WSN when the manual interference level flag is set to 1.

Category

This model parameter selects the appropriate equipment category as defined in

[54]. The parameter is entered as an integer. The integers map to the equipment

category letters as given in [54].

Transmission Frequency (f )

See Section 4.7.1.1.1.

4.7.1.2.2 Interference Model Blocks

get E field PM

This block exports the electric field (V rms/m) of a pulse modulated interfering

signal conditional on equipment category and transmission frequency.

get E field SW CW

This block exports the electric field (V rms/m)of a continuous wave or a square

wave modulated interfering carrier conditional on equipment category and trans-
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mission frequency.

Interference Flag to Interference Waveform

This block generates the real passband interfering signal. The type of interference

(CW, SW or PM) is conditional on the Interference Flag. The parameters of

the interference signal as delivered are set to generate a waveform with peak am-

plitude 1.0 V/m and carrier frequency 62.5 kHz irrespective of interference type.

(Note this carrier frequency has been chosen to be half of the symbol duration

for the QPSK transmitted signal corresponding to a bit rate of 250 kbps. This

ensures that the carrier frequency of the interference lies half-way between the

peak and first null of the QPSK signal spectrum.)

Real passband interference to complex equivalent baseband conversion

The real interfering signal(CW, SW or PM) is converted to an equivalent com-

plex baseband signal using the delay block, the ”Product7” block, the ”Constant

j” block and the ”Add2” block.The number of the parameter delay samples set

by double clicking the delay block must be set to one quarter of the number of

samples per period set in the Sine Wave generator within the ”Interference Flag

to Interference Waveform” block.

E field to Power Density

This block exports the power density (W/m2) of the interfering signal at the re-

ceive WSN.

AEA (Antenna Effective Area)

This block calculates the effective area of an isotropic antenna from the specified

WSN transmission frequency.

Power Density to Received Voltage conversion

Power density is multiplied by antenna effective area to give received power in

watts. (The power density is a maximum if the interference is an SW or PM

signal) The received maximum rms voltage is calculated as the square root of the

maximum power density. The received peak voltage is calculated by multiplying

the received maximum rms voltage by
√

2. The peak amplitude of the received

interfering signal is set by multiplying the unit peak amplitude by the received

peak voltage.

dB Gain

This block can be used to attenuate or amplify the received interference by an

arbitrary factor. The value as delivered is 0 dB.

4.7.1.3 Noise Model

Figure 4.48 shows the noise model.
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Figure 4.48: Noise model.

4.7.1.3.1 Noise Model Parameters

The three parameters of the noise model are:

Noise Figure (dB)

This the WSN noise figure in dB. The value set on delivery is 2 dB.

Antenna Effective Temperature (K)

This the antenna effective temperature in kelvin. The value set on delivery is

300. (This corresponds to the thermal noise temperature expected for an antenna

whose radiation pattern illuminates a black body at a physical temperature of 300

K. In the context of thermal noise it is therefore a worst plausible case antenna

temperature.)

Receiver Bandwidth in MHz

This the bandwidth of the receiver. The value set on delivery is 5 MHz. This

is the typical bandwidth of a WSN node transceiver (e.g. MICAz wireless node

manufactured by Crossbow [15])

4.7.1.3.2 Noise Model Blocks

Te to sigma n

This block imports the three parameters of the noise model and exports the

variance var n of the noise which is passed to the AWGN block.

AWGN
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This block gets the variance of the noise var n and adds additive white Gaussian

noise to the signal.

4.7.1.4 Downsampling

The value of E dB changes with each single simulation step and therefore the

channel fluctuates extremely fast during the simulation. To avoid such an effect

and allow the user to perform a more realistic simulation, a sub-sampling feature

of the E dB parameter has been added. The user can double click the red

block ”Downsample1”, shown in Figure 4.45, and enter the sub-sampling factor

(integer). The value set on delivery is 1000, which means that the E dB pa-

rameter keeps the same value for 1000 simulation steps (then receives the 1001st

simulation value and keeps it for the next 1000 simulation steps).

4.7.1.5 Model Output

The output of the system model is the final sub-system block of Figure 4.45 (yel-

low). This sub-system includes the scope to visualise the constellation points, the

demodulator and the final export of the signal to workspace for further process.

4.7.2 Model Validation

This section describes the validation of the Simulink system model. Channel

fluctuations refer to the statistical deviation E dB, signal interference to an

interference source of 0.015 V/m, thermal noise to a noise source with noise

figure 7 dB and transmission power to -20 dBW (+10 dBm), respectively, unless

otherwise stated. The combinations for validating the system model are shown

in Figures 4.49 to 4.53.

4.8 Summary and Conclusions

A comprehensive set of transmission loss measurements for wireless sensor nodes

deployed around the surface of a gas turbine engine have been reported. ISM-

band measurements have been made using a pair of omni-directional rectaxial

antennas, as well as measurements covering the UWB frequency band, using

appropriate antennas. The measurements have been made both in the presence

of, and in the absence of, an engine cowling.

A simple empirical model comprising best-fit planar regression in path length

s and path curvature κ has been derived for both the ISM-band and for each
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Figure 4.49: Model validation with no channel fluctuation, no interference and
no thermal noise.
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Figure 4.50: Model validation with channel fluctuation only (no interference and
no thermal noise).
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Figure 4.51: Model validation with interference only (no channel fluctuation and
no thermal noise).

Figure 4.52: Model validation with thermal noise only (no channel fluctuation,
no interference). For this case only, the transmission power was set to -55 dBW
(-25 dBm) which is the minimum transmission power for MICAz.
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Figure 4.53: Model validation with channel fluctuation, interference and thermal
noise.

1 GHz frequency interval within the UWB-band. The difference, ε, between

model and measurements as a function of path length and curvature has been

characterised. The resulting transmission gain model has been incorporated into

a simulator along with both an interference and noise model. The simulator is

currently being used within a larger project concerned with the investigation of

the potential of WSNs for gas turbine engine testing.

The following conclusions are drawn:

• A simple theoretical model suggests that the maximum symbol rate (Rsymbol)

for which a narrowband propagation model is adequate for a gas turbine

is dependent on engine radius r. As engine radius increases symbol rate

decreases. For a Gnome engine, with mean radius 0.2 m, the maximum

symbol rate is 70 Mbaud (Figure 4.3).

• The 50% exceedance of 50% correlation bandwidth derived from the mea-

surements is 5.5 MHz and 8 MHz for ISM-band set 1 and set 2, respectively.

• The 50% exceedance of 50% correlation bandwidth derived from the mea-

surements is 120 MHz and 25 MHz for UWB-band set 1 and set 2, respec-

tively.

• Mean transmission gain GT is sensitively dependant on path length s.

• Mean transmission gain GT is relatively insensitive to path curvature κ.
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• Mean transmission gain GT without cowling appears to be lower than with

cowling. This is due to the cavity formed by the engine and cowling.

• Specific transmission gain

(
dGT

ds

)
for ISM-band measurements without

cowling (set 1), is lower than that with cowling (set 2). However, the con-

verse is true for the UWB-band measurements for all 1 GHz intervals.The

latter is anti-intuitive and no definitive (experimentally verified) explana-

tion can be given at the time of writing. The hypothesis offered, however,

is that the radiation impedance (and therefore the input impedance) of the

UWB antennas is more sensitive to being enclosed by a conducting cavity

than that of the ISM antennas. That the radiation impedance must be

changed by a conducting enclosure becomes evident by considering the ex-

treme case of an antenna excited inside a perfectly conducting (and therefore

lossless) cavity. In this case no radiation can occur; the antenna necessarily

being completely mismatched to its transmission line feed. This corresponds

to the real part of the radiation impedance of the antenna becoming zero

or infinity (depending on whether a series or parallel equivalent circuit for

the antenna is being considered.) The reflection coefficient will then be

slightly less than unity due only to the finite losses in the antenna. (A

lossless antenna in a lossless cavity would result in a reflection coefficient

magnitude of precisely 1.0.) There are thus two counterbalancing effects

on the transmission-loss change going from the engine without cowling to

the engine with cowling. The presence of the cowling reduces path loss

due to the wave-guiding effect of the resulting cavity but increases antenna

mismatch (at both transmitter and receiver) due to a change of radiation

impedance. The hypothesis is thus that the reduced path-loss effect out-

weighs the impedance mismatch effect in the case of the narrowband (100

MHz) ISM antenna measurements at 2.4 GHz but the impedance mismatch

effect outweighs the reduced path-loss effect in the case of the higher fre-

quency (2.4 - 11 GHz), broader-band (8.6 GHz), measurements.

• Specific transmission gain

(
dGT

dκ

)
is less than unity in all cases.

• The gradient of the mean difference with respect to path length

(
dε

ds

)
, is

positive (for both ISM-band and UWB-band measurements without and

with cowling). Its value is zero for s = 0.43 m. The transmission gain

model has greatest accuracy, therefore, at path lengths close to 0.43 m.
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4.8. SUMMARY AND CONCLUSIONS

• The distribution of mean difference ε within a single quantisation inter-

val is closer to a normal distribution than any other common analytical

distribution. Nevertheless, the fit is rather unconvincing.

• The distribution of mean difference ε for all 12 quantisation intervals is close

to normal as might be expected from the central limit theorem.
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CHAPTER 5

Diversity Channels for Animal Husbandry

WSNs are widely used in many applications, among them the monitoring of

livestock and particularly cattle.

One of the early projects relating to habitat monitoring [55] was conducted

at Great Duck Island; a 237-acre island located 15 km south of Mount Deset

Island, Maine. 43 sensor nodes were deployed to monitor the microclimate in,

and around, nesting burrows used by the Leachs Storm Petrel. The system was

operated for something over four months and more than 1.1 million readings

were collected. Each node incorporated a micro-controller, a low-power radio

transmitter, memory and a battery. The node sensors measured light intensity,

temperature and humidity. The sensor outputs were periodically sampled and the

samples relayed to a base-station computer which acted as an Internet gateway,

thus allowing real-time data access.

ZebraNet [56] used a WSN for tracking and monitoring zebras in Kenya.

GPS-enabled sensor nodes were incorporated in collars and geographical location

data was passed to a base-station using, where necessary, other network nodes

as repeaters. The system hardware comprised a 16-bit Texas Instruments micro-

controller, 4 Mbit of off-chip flash memory, a 900 MHz radio transceiver, and a

low-power GPS chip.

’Wired Pigs’ [57] used a wireless sensor network to monitor the movement of

pigs.

Several trials using WSNs for cattle monitoring have been reported including

[58] [59]. One trial [60] [61] equipped 45 animals with collars incorporating two

batteries, a GPS receiver ( including antenna), a communications transceiver and

a communications antenna. The antennas were subject to damage, however, due

to animals rubbing them on scratching posts and biting them [61].
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5.1. MOTIVATION

5.1 Motivation

Although many projects have addressed animal monitoring applications, none

have incorporated any form of diversity.

In mammal monitoring and tracking applications a single antenna is tradi-

tionally attached to a collar worn around the animal’s neck. As the animal

moves the line-of-sight (LOS) path between collar-antenna and base-station (or

collar-antenna and another node in the WSN) might be obscured, either by fixed

obstacles or by other animals. The latter is the more likely in the context of

animals with a herding instinct on open grassland such as might be expected in

the dairy and beef industries.

The incorporation of two antennas at the sensor node (spatial diversity)

combined with two widely separated base-stations (base-station diversity) must

clearly increase the probability of LOS conditions. It is the degree to which signal

fading statistics are improved that is the focus of this work.

5.2 Aims and objectives

This particular research concerns the deployment of a real-time WSN which ben-

efits from both base-station and antenna diversity. By real-time we mean that

raw data are not stored on the wireless mote, but are transmitted directly to the

base-stations after the sampling.

The primary objective is the measurements of the performance of a particular

WSN in a realistic environment and the statistical analysis of the resulting data

[62] [63].

5.3 Measurements and Modelling

5.3.1 Ceramic Patch Antenna

Each antenna is an inset-fed microstrip patch with a ceramic element attached to

the radiating surface, Figure 5.1. The radiation pattern of the antenna is shown

in Figure 5.2 at three frequencies, for two orthogonal linear polarisations in three

orthogonal planes [64].
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5.3. MEASUREMENTS AND MODELLING

Figure 5.1: Inset-fed microstrip patch with a ceramic element [64].
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Figure 5.2: Radiation pattern of the patch antenna (After [64]).
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5.3. MEASUREMENTS AND MODELLING

5.3.2 Measurements

The transceiver used was the MICAz [15] shown in Figure 5.3. It operates in the

ISM-band between 2.4 GHz and 2.48 GHz. The transmitted power was set to -10

dBm.

Figure 5.3: The MICAz transceiver.

The transceiver is mounted on a PCB, Figure 5.4, which also includes an RF

switch that connects the MICAz RF input/output to two microstrip antennas.

Figure 5.4: PCB carrying the MICAz module.

The entire configuration was attached to the collar, which was oriented on the

animal such that one antenna was located on the left side of the neck and one on

the right side as shown in Figure 5.5.

The measurement area was a large shed, approximately 20 m × 12 m, enclosed

by thick brick walls, a concrete floor and a pitched metallic roof, Figure 5.6.

The base-station comprised a transceiver (identical to those attached to the

animal collars) interfaced to an MIB600 programming board. A block diagram

is shown in Figure 5.7. The antenna used at the base-station was close to omni-

directional with a gain of 6 dBi [65].
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20 m
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A2A1

4 m

Collar 1

Collar 2

Figure 5.5: Schematic illustration of antenna arrangement on collar and trial
area.

Figure 5.6: Trial area.
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Figure 5.7: Base-station configuration.
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5.3. MEASUREMENTS AND MODELLING

Two test animals were released into the test area along with seven others

and the received power was recorded for 75 minutes at both base-stations. The

two antennas at each animal-mounted node were alternately connected to the

transceiver for 1 s using the RF switch. The complete switching cycle therefore

has a period of 2 s. The sampling frequency for a particular antenna was thus

0.5 Hz.

The movement of animals was sufficiently slow such that each 1 s block of

contiguous data received from a given antenna can be assumed to originate from

a single location.

The resulting data was smoothed by calculating the moving average of 15

samples representing a time window of 30 s.

5.3.2.1 Statistics

The raw data1 (0.5 Hz samples) received from base-station 1 (BS1) and base-

station 2 (BS2) are shown in the upper plots of Figures 5.8 (a), (b), (c) and (d)

and Figures 5.9 (a), (b), (c) and (d), respectively. Figures (a) and (b) correspond

to the data transmitted from antenna 1 (A1) and antenna 2 (A2), respectively,

mounted on collar 1 (C1). Figures (c) and (d) correspond to the data transmitted

from A1 and A2, respectively, mounted on C2.

1For MICAz, the RSSI is an estimate of the received signal strength calculated over an
8-symbol period. [15]
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Figure 5.8: Data received by base-
station 1.

0 500 1000 1500 2000 2500 3000 3500 4000 4500
−100

−90

−80

−70

−60

Time (s)

R
S

S
I (

dB
m

)

Raw Data for A1 of C1 using BS2

0 500 1000 1500 2000 2500 3000 3500 4000 4500
−100

−90

−80

−70

−60

Moving Average of Raw Data

Time (s)

R
S

S
I (

dB
m

)

(a)

0 500 1000 1500 2000 2500 3000 3500 4000 4500
−100

−90

−80

−70

−60

Time (s)

R
S

S
I (

dB
m

)

Raw Data for A2 of C1 using BS2

0 500 1000 1500 2000 2500 3000 3500 4000 4500
−100

−90

−80

−70

−60

Moving Average of Raw Data

Time (s)

R
S

S
I (

dB
m

)

(b)

0 500 1000 1500 2000 2500 3000 3500 4000 4500
−100

−90

−80

−70

−60

Time (s)

R
S

S
I (

dB
m

)

Raw Data for A1 of C2 using BS2

0 500 1000 1500 2000 2500 3000 3500 4000 4500
−100

−90

−80

−70

−60

Moving Average of Raw Data

Time (s)

R
S

S
I (

dB
m

)

(c)

0 500 1000 1500 2000 2500 3000 3500 4000 4500
−100

−90

−80

−70

−60

Time (s)

R
S

S
I (

dB
m

)

Raw Data for A2 of C2 using BS2

0 500 1000 1500 2000 2500 3000 3500 4000 4500
−100

−90

−80

−70

−60

Moving Average of Raw Data

Time (s)

R
S

S
I (

dB
m

)

(d)

Figure 5.9: Data received by base-
station 2.
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5.3. MEASUREMENTS AND MODELLING

The fluctuation of power is large (up to 20 dB). The corresponding lower plots

show the 15-sample moving average. The horizontal line in the figures represents

the mean power for each measurement set.

The peak-to-peak variation of received power recorded for each antenna on

each collar to each base-station over the total observation time is shown in Figure

5.10.
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Figure 5.10: Peak-to-peak fluctuation of the received power at each individual an-
tenna. From left to right, BS1C1A1, BS1C1A2, BS1C2A1, BS1C2A2, BS2C1A1,
BS2C1A2, BS2C2A1, BS2C2A2. (BSxCyAz denotes base-station, collar and an-
tenna numbers, respectively.)

For diversity advantage to be realised the fluctuation of received power in the

two channels must be decorrelated.

The correlation coefficient ρX,Y between two random variables X and Y with

expected values µX and µY and standard deviations σX and σY is defined as:

ρX,Y =
cov(X, Y )

σXσY

=
E((X − µX)(Y − µY ))

σXσY

(5.1)

where E denotes expectation and cov denotes covariance [66].

The correlation coefficients between the antennas mounted on the same collar

are presented in Table 5.1. From the definition of correlation (Equation 5.1), the

LOS component (which is essentially constant) is excluded which explains the

very low values of correlation.

The probability distribution of the received signal from a particular mobile

antenna to a particular base-station might be expected to be close to Ricean as

a result of multipath propagation with a strong LOS component. The Ricean

distribution is given by:
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5.3. MEASUREMENTS AND MODELLING

Base-station Collar Correlation Coefficient
between A1 and A2

BS 1 Collar 1 0.2407
Collar 2 0.0414

BS 2 Collar 1 -0.0733
Collar 2 0.0158

Table 5.1: Correlation coefficient of signals received by antennas on a single collar.

p(r) =

{
r
σ2 e

− (r2+A2)
2σ2 I0(

Ar
σ2 ) for (A ≥ 0, r ≥ 0)

0 for (r < 0)
(5.2)

where A denotes the peak amplitude of the dominant signal and I0 is the mod-

ified zero order Bessel function of the first kind [23]. The K -factor of a Ricean

distribution is the power ratio between the (constant) component of signal power

due to the LOS path and the (fluctuating) component of signal power due to all

other paths, i.e.:

K =
A2

2σ2
(5.3)

As the LOS component becomes smaller K -factor decreases and the prob-

ability density function (pdf) becomes more skewed. As K tends to zero the

Ricean distribution approaches a Rayleigh distribution. As the LOS component

becomes larger, K increases and the distribution becomes less skewed. As K

tends to infinity, the Ricean distribution approaches a normal distribution.

Figure 5.11 shows the pdfs of the power received at BS1. Figures 5.11 (a)

and (b) represent the pdfs of the data obtained from A1 and A2, respectively,

regarding C1. Similarly, Figures 5.11 (c) and (d) refer to A1 and A2 on C2.

A normal distribution of power in dBm (i.e. a log-normal distribution of power

in watts) appears to be the best fit to the data. If fading is due predominantly

to multipath propagation this suggests the presence of a strong LOS component.

An alternative, but less likely, interpretation would be that the log-normal fading

reflects cascaded independent shadowing processes.

Figure 5.12 shows the pdf of the power received at BS2. In a similar way to

Figure 5.11, Figures 5.12 (a) and (b) represent the data transmitted by C1 (for

A1 and A2 respectively) and Figures 5.12 (c) and (d) the data transmitted from

C2 (for A1 and A2 respectively).

Superficially this distribution appears to be closer to Rayleigh (in dBm) than
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5.3. MEASUREMENTS AND MODELLING

normal. The mean signal level is significantly lower than that for BS1 (due to

the larger distance), however, and is approaching the receiver sensitivity which

is -94 dBm. Since no signal is recorded when the received power falls below -94

dBm the pdf is effectively truncated at this level. It seems likely, therefore, that

the pdf of the underlying signal is normal (in dBm) even though the pdf of the

recorded (truncated) signal is skewed.
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Figure 5.11: Pdfs of power (dBm) at BS1 for (a) A1 on C1 and (b) A2 on C1 and
(c) A1 on C2 and (d) A2 on C2. (Smooth curve represents the best-fit normal
distribution.)

The corresponding cumulative distribution functions (cdfs) are presented in

Figures 5.13 and 5.14. The best-fit normal curves along with 95% confidence

bounds are superimposed.

The close fit of the normal distribution to the data logged at BS1 is apparent.

The fit is less good for the data obtained from BS2.

Figures 5.15 and 5.16 show similar plots for received voltage.

Figure 5.17 represents similar data to that presented in Figures 5.8 and 5.9

but of shorter time duration (approximately 40 minutes). The advantage of the

use of base-station diversity is especially apparent in this data. Figures 5.17 (a)

and (b) represent the power received at BS1 and BS2, respectively, from the

signal transmitted from A1 on C1. Figures 5.17 (c) and (d) represent the power

received at BS1 and BS2, respectively, from the signal transmitted from A2 on

C1.
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Figure 5.12: Pdfs of power (dBm) at BS2 for (a) A1 on C1 and (b) A2 on C1 and
(c) A1 on C2 and (d) A2 on C2. (Smooth curve represents the best-fit normal
distribution.
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Figure 5.13: Cdfs of power (dBm) at BS1 for (a) A1 on C1 and (b) A2 on C1 and
(c) A1 on C2 and (d) A2 on C2. (Smooth curve represents the best-fit normal
distribution.
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Figure 5.14: Cdfs of power (dBm) at BS2 for (a) A1 on C1 and (b) A2 on C1 and
(c) A1 on C2 and (d) A2 on C2. (Smooth curve represents the best-fit normal
distribution.
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Figure 5.15: CDFs of detected voltage (volts) at BS1 for (a) A1 on C1 and (b)
A2 on C1 and (c) A1 on C2 and (d) A2 on C2. (Smooth curve represents the
best-fit log-normal distribution.)
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Figure 5.16: CDFs of detected voltage (volts) at BS2 for (a) A1 on C1 and (b)
A2 on C1 and (c) A1 on C2 and (d) A2 on C2. (Smooth curve represents the
best-fit log-normal distribution.)

(a) (b)

(c) (d)

Figure 5.17: Data received from A1 on C1 at (a) BS1 and (b) BS2, and data
received from A2 on C1 at (c) BS1 and (d) BS2.
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The horizontal lines in Figure 5.17 represent the mean power for each mea-

surement. The correlation coefficients between BS1 and BS2 signals are presented

in Table 5.2.

Collar Antenna Correlation Coefficient
between BS1 and BS2

C1 A1 -0.2646
A2 -0.3062

C2 A1 -0.0212
A2 -0.2217

Table 5.2: Correlation coefficient of signals received by different base-stations.

Base-station diversity clearly offers advantage. The consistently small nega-

tive correlation is interpreted as being due to essentially zero short-term corre-

lation due to the physically independent multipath propagation structure expe-

rience by the base-stations, and a longer term negative correlation due to the

changes in distance between collar and base-stations as the animal moves.

5.3.2.2 Diversity

Two types of diversity gain have been evaluated. Antenna diversity relates to the

advantage obtained by having two antennas on one collar. Base-station diversity

relates to the advantage obtained by having two base-stations.

5.3.2.2.1 Antenna Diversity

Since there are two collars each with two antennas and two base-stations, the trial

contains four independent instances of antenna diversity. These are: (i) diversity

collar 1 to BS1, (ii) diversity collar 2 to BS1, (iii) diversity collar 1 to BS2 and

(iv) diversity collar 2 to BS2.

Figure 5.18 shows the cdfs corresponding to each of these antenna diversity

instances. In each sub-figure, there are four curves: the base-station signal re-

ceived from A1, the base-station signal received from A2, the mean base-station

signal received (calculated using A1 and A2), and the maximum base-station sig-

nal received (selected from A1 and A2). The mean base-station signal is adopted

as the reference with which to calculate diversity gain. This is because either

of the diversity antennas could be adopted as the reference. Taking the mean

therefore reduces statistical noise to give a better estimate of expected value.

The mean value is calculated from the received powers in dBm. This results in a
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final diversity gain (in dB) corresponding to the geometric mean of the diversity

gains expressed as ratios obtained using A1 and A2 references.

Figure 5.19 shows the cdfs of the expected diversity gain for (a) C1 to BS1,

(b) C2 to BS1, (c) C1 to BS2 and (d) C2 to BS2.

The expected diversity gain (dB) is the difference between the selected diver-

sity signal power (dBm) and the mean signal power (dBm).

The median diversity gain averaged over all four instances is 2.8 dB. The 10%

and 90% diversity gain exceedances averaged over all four instances are 7.4 dB

and 1.2 dB, respectively.

5.3.2.2.2 Base-station Diversity

There are four instances of base-station diversity gain. These are A1 on C1 to

BS1 and BS2, A2 on C1 to BS1 and BS2, A1 on C2 to BS1 and BS2, and A2

on C2 to BS1 and BS2. The base-station diversity cumulative distributions are

calculated in an identical way to the antenna diversity cumulative distributions.

The results are shown in Figures 5.20 and 5.21.

The median diversity gain averaged over all four instances is 4.8 dB. The 10%

and 90% diversity gain exceedances averaged over all four instances are 8.4 dB

and 1.1 dB, respectively.

5.3.2.2.3 Overall Diversity

There are four instances of antenna and base-station diversity gain with regards

to each collar. These are A1 to BS1, A2 to BS1, A1 to BS2 and A2 to BS2.

Figure 5.22 shows the four curves for each instance, the mean received signal

(dBm) and the maximum signal received for the first collar.

Figure 5.23 shows the four curves for each instance, the mean received signal

(dBm) and the maximum signal received for the second collar.

The overall diversity gain (i.e. the diversity gain available from the combined

antenna diversity and base-station diversity) for the first and second collar is

shown in Figure 5.24 and 5.25, respectively.

The median diversity gain averaged over all four instances for the first and

second collar is 8.1 dB and 7 dB, respectively. The 10% exceedances averaged over

all four instances are 14.3 and 11.2 dB for the first and second collar, respectively.

The 90% exceedances are 4.1 dB for the first and 3.5 dB for the second collar

respectively.

The mean overall diversity gain is shown in Figure 5.26. This is the mean value
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Figure 5.19: Antenna diversity gain for each instance: (a) C1 to BS1, (b) C2 to
BS1, (c) C1 to BS2 and (d) C2 to BS2.
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Figure 5.21: Base-station diversity gain for each instance: (a) A1 of C1 to BS1
and BS2, (b) A2 of C1 to BS1 and BS2, (c) A1 of C2 to BS1 and BS2 and (d)
A2 of C2 to BS1 and BS2.
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Figure 5.22: Overall selection and mean diversity for the first collar (two antennas
and two base-stations).
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Figure 5.23: Overall selection and mean diversity for the second collar (two an-
tennas and two base-stations).
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Figure 5.24: Overall antenna and base-station diversity using collar 1.
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Figure 5.25: Overall antenna and base-station diversity gain collar 2.

calculated from the two individual collar diversity gains. The median overall mean

diversity is 7.9 dB. The 10% and 90% diversity gain exceedances are 11.6 dB and

5 dB, respectively.
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Figure 5.26: Mean overall diversity gain of the two collars.

5.4 Base-station Antenna Height

In an open environment received signal strength may be especially sensitive to

the strength of the ground reflected propagation path. In the case of a strong

ground reflection receive, and transmit, antenna heights (above ground level)

will have a significant impact on received signal strength depending on whether
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interference between direct and reflected paths is constructive or destructive. A

simple two-path model can be used to describe (and predict) this effect (Section

3.2.1.2).

On a dairy farm the transmit antenna height is approximately 1.2 m (for a

standing animal of average height). In principle the height for the base station

(hR) antenna could be optimised (for the expected value range of d providing

this range is not too large) to ensure close to constructive interference between

direct and ground reflected signals. This optimum height would be calculated by

differentiating the factor |F | (Equation 3.34) with respect to hR and setting the

result equal to zero [26].

d |F |
dhR

= 2cos

(
2πhT hR

λd

)
2πhT

λd
= 0 (5.4)

where λ, hT , hR and d are wavelength, transmitter height, receiver height and

distance, respectively. The optimum base-station antenna height is therefore

given by:

hRoptimum = n
λd

4hT

(5.5)

where n is an odd integer which would normally be chosen to 1. Choosing a value

of n > 1 would mean a taller and therefore more expensive antenna tower. The

value of n should, therefore, be chosen as to be as small as possible (thereby min-

imising the cost of the antenna tower) consistent with an acceptable cumulative

distribution of fading due to shadowing [26].

Figure 5.27 shows the variation of the received power (in watts) as a function

of base-station height for 2.4 GHz at 40 m distance [26].

Measurements of received power have been made at a distance of 40 m and

compared with the power predicted by Equation 3.32 in Figure 5.28 [67]. The

transmit antenna height was 1.2 m. This is consistent with Equation 5.5.

The terrain, on which the experiments were conducted, was open pasture.

The length of the grass was approximately 5 cm.

Figures 5.28 (a) and (b) compare the two-ray model and measurements, as-

suming reflection from perfect conductor and pasture (with relative permittivity

εr = 6 and conductivity σ = 0.1). The measurements follow the simple two-ray

model closely.

Figure 5.29 shows the received power with respect to the distance for these

two cases (perfect conductor and pasture). The transmitter and receiver antenna
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Figure 5.27: Variation of the received power (watts) as a function of base-station
height.
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Figure 5.28: Comparison of simulated and measured RSSI as a function of base-
station height for (a) perfect conductor and (b) pasture.
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height is 1.2 m and 1 m, respectively. The transmission power is 0 dBm.
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Figure 5.29: Received power (dBm) as a function of distance for (a) perfect
conductor and (b) grass.

5.5 Summary and Conclusions

Antenna and base-station diversity has been applied to the wireless monitoring of

farm animals. The statistical distributions of received signals and antenna/base-

station signal correlations have been summarised. The advantage offered by selec-

tion diversity has been evaluated and the practicality of optimising base-station

height has been investigated.

The following conclusions are drawn:

• Fluctuation of transmission loss is large (17 - 32 dB).

• The correlation between the signals received by two antennas on the same

collar is low.

• The correlation between the signals received by two base-stations with re-

spect to a single antenna on a collar is low (≤ 0.3).

• RSSI (dBm) is approximately normally distributed. (RSSI (volts) is there-

fore log-normally distributed).

• Antenna diversity and base-station diversity yield significant advantage for

animal husbandry applications.

• Median antenna diversity gain (averaged over four experiment instances)

is 2.8 dB. The 10% and 90% diversity gain exceedances averaged over the

four instances are 7.4 dB and 1.2 dB, respectively.
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• Median base-station diversity gain (averaged over four experiment instances)

is 4.8 dB. The 10% and 90% diversity gain exceedances averaged over the

four instances are 8.4 dB and 1.1 dB, respectively.

• Median diversity gain (averaged over four experiment instances) for two

collars are 8.1 dB and 7 dB, respectively. The 10% exceedances averaged

over all four instances are 14.3 and 11.2 dB for the first and second collar,

respectively. The 90% exceedances are 4.1 dB for the first, and 3.5 dB for

the second, collar.

• Median overall mean diversity is 7.9 dB. The 10% and 90% diversity gain

exceedances are 11.6 dB and 5 dB, respectively.

• Optimising base-station height can offer significant signal enhancement.

This study shows that base-station diversity is advantageous over antenna

diversity. In addition, it is more cost effective because the cost of installing an

additional base-station is aggregated over the whole herd, whereas additional

RF-switches and antennas in the collar represent an incremental cost.
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CHAPTER 6

Wireless Sensor Networks Channels for

Smart Building Applications

This chapter deals with measurements for dense sensor networks deployed in the

interior of buildings such as those proposed in the project SpeckNet [3].

6.1 Motivation

The need for accurate modelling for very short (<1 m) or short (1 - 50 m) range

communications comes, in part, from the increased uptake of WSNs in smart

building applications.

Wireless sensor networks are being widely deployed for building monitoring

and control resulting in multiple devices deployed over flat surfaces, especially

walls and ceilings. (A similar situation exists for autonomous, but information

sharing, robots travelling across an open floor space.)

Many indoor measurements of transmission loss exist in the literature (e.g.

[68], [69], [70], [71], [72]). These, however, primarily address the transmission loss

expected due to propagation through different building materials (brick, stone,

wood, plaster, glass etc.), their composite structures (walls, ceilings, floors, doors

etc.) and the expected loss and fading statistics for propagation within room

interiors (as distinct from propagation over a room’s bounding plane surfaces).

6.2 Aims and Objectives

The aim of this study is to develop transmission loss models for short, and very

short, wireless links such as those required for indoor sensor networks applications.
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6.3. SURFACE WAVES

Those models are focused on very low antenna heights (0.5 - 20 cm) or, more

strictly, displacement from the plane surface over which they are deployed.

The objectives are:

• Short range measurements on a plasterboard interior wall and chipboard

furniture surfaces

• Statistical analysis and extraction of empirical models

• Assessment of the significance of surface-wave propagation

6.3 Surface Waves

Electromagnetic waves may be classified as sky-waves, space-waves and surface-

waves (e.g. [73], [74]). Surface-waves are sometimes referred to as ground-waves

(although this term has also been used to describe the combination of direct

and surface-reflected space waves.) Sky-waves are reflected from the ionosphere

(at HF frequencies and below) and can be used for long range communication.

Here we are concerned with very short range communication, such as may be

encountered in sensor networks, at microwave frequencies where only space and

surface-waves are plausible.

Space waves travel, essentially unbound, via the direct LOS path, reflected

paths and (sometimes) refracted paths. Surface waves are (at least loosely) bound

to the surface over which they propagate. There are various stages of transition

between space and surface waves, and in practical wireless communication prob-

lems a clear division between the two is often difficult to draw [75].

The presence of a surface in close proximity to a transmitting or receiving

antenna potentially modifies both wave generation and propagation mechanisms.

It has been suggested [75] that in most situations surface-wave effects can be

neglected if both transmitting and receiving antennas are elevated more than

one wavelength above the surface. Conversely, and again in [75], it has been

shown that surface waves can be significant if VHF antennas are located within

less than one wavelength of the surface. Much existing work on surface wave

propagation (e.g. [75], [76]) relates to long-range and relatively low-frequency

communications. It is asserted in [73], for example, that surface wave effects are

negligible for frequencies above 100 MHz and can be ignored for both horizontal

and vertical polarisations provided accuracies of the order of 1 dB are acceptable.

Transceiver nodes in future, densely-packed, wireless sensor networks (e.g.

Specknets [3] ) will be small and are expected to be deployed close to (effectively
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6.3. SURFACE WAVES

on) the ground or other surfaces (e.g. walls, floors, ceilings etc.). With node

elevation above the surface measured in centimetres, or even millimetres, it is

possible that surface-wave propagation will be significant.

In addition to link geometry (antenna heights and link length) and surface

characteristics (permittivity, conductivity and roughness), polarisation might also

affect the proportion of power carried by a surface-wave.

A simple, but fundamental, model [73] of propagation that accounts for the

LOS space-wave, the surface reflected space-wave and the surface-wave is given

by:

lP =

∣∣∣∣
e−jkd

2kd

[
Fd + Fr [Γ + (1− Γ)A] e−jφ + ...

]∣∣∣∣
2

(6.1)

Here lP is the ratio of received to transmitted power between unity gain an-

tennas, d is the path length from transmitter to receiver, k is wave number, Fd

represents the direct (LOS) field-strength and Fr the reflected wave field-strength

(which includes amplitude correction for the additional distance travelled). Γ is

the (frequency-dependent) surface reflection coefficient which depends on incident

wave polarisation and surface permittivity and conductivity. φ is the additional

phase delay for the reflected ray.

The remaining unspecified terms (...) in Equation 6.1 represent the differ-

ence between a full electromagnetic field solution and this two-ray approximation

which includes induction fields.

A is the (complex) surface-wave factor (with magnitude less than unity) given

by [73]:

A =
−1

1 + jkd (jkd (Γ + sin(θ)))2 (6.2)

where θ is the reflected ray incidence angle determined by node height and sepa-

ration.

The surface-wave factor depends on incident wave polarisation, frequency and

surface properties. Figure 6.1 illustrates its dependence on several of these pa-

rameters for propagation over chipboard, with εr = 3.55 and σ = 0.02 [77].

Surface-waves are significant for devices operating close to a surface. For

small grazing angles the reflection coefficient Γ is approximately -1 and the LOS

and reflected waves approximately cancel leaving the surface-wave to dominate.

|A| decreases with increasing node separation and antenna height (the incidence

angle and the reflection coefficient therefore changes with antenna height). The
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Figure 6.1: Variation of surface-wave factor magnitude (εr = 3.55, σ = 0.02 S/m
and f = 2.45 GHz).
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following observations are made with respect to Figures 6.1 (a)-(d).

• |A| decreases with increasing frequency (Figure 6.1 (a)).

• |A| is larger for vertical polarisation than for horizontal polarisation (Figure

6.1 (a))

• |A| decreases with antenna height for vertical polarisation and is small, and

approximately constant, for horizontal polarisation (Figure 6.1 (b)).

• |A| increases with increasing surface permittivity for vertical polarisation

and is small, and approximately constant, for horizontal polarisation (Fig-

ure 6.1 (c)).

• |A| increases with increasing surface conductivity for vertical polarisation

and is small, and approximately constant, for horizontal polarisation (Fig-

ure 6.1 (d)).

6.4 Wall Measurements

Measurements of transmission loss have been made at 2.445 GHz using a pair of

ceramic patch antennas and a pair of linearly polarised rectaxial antennas [78],

Figure 6.2. Partial pattern information for these antennas is available in [64] and

[51]. The transmitted signal was an unmodulated carrier.

The return losses of the rectaxial and ceramic patch antennas were measured

using a network analyser and found to be better than -15 dB between 2.40 and

2.50 GHz [51] and better than -6 dB between 2.4 and 2.485 GHz respectively [64].

Their respective gains are 2.2 dBi and 2 dBi.

Figure 6.2: Rectaxial antenna (left) and ceramic patch antenna (right).
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6.4. WALL MEASUREMENTS

All the measurements were made with the antennas flat against the wall sur-

face.

Initially, the linearly polarised rectaxial antennas were oriented to radiate ver-

tically (±2◦). (Note that vertical here is interpreted in the conventional sense,

i.e. defined with respect to the gravity; it does not imply perpendicular to the

surface over which propagation is taking place.) The transmit and receive an-

tennas were initially located 220 cm (17.93 wavelengths) from the floor and 30

cm (2.445 wavelengths) from the ceiling, Figure 6.3 (a). The distance between

transmit and receive antennas (i.e. the path length) was initially set to 100 cm

and the antennas were placed close to the wall (wall offset nominally 0 mm).

Path length was then increased in steps of 25 cm up to a maximum distance of

250 cm (20 wavelengths) and received power recorded at each step.

The wall offset was then increased to 10 mm in steps of 5 mm and the received

power was recorded for each pair of antenna offset and separation distance. Path

length, antenna heights and power were measured with accuracies better than ±1

mm, ±0.5 mm and ±1 nW, respectively.

A second series of measurements was repeated with the antenna height in-

creased to 2.50 m (i.e. just at the intersection of the wall and ceiling) and the

received power was recorded for each antenna-offset and antenna-separation pairs

(Figure 6.3 (b)).

(a) (b)

Figure 6.3: Vertically polarised rectaxial antennas with (a) 30 cm reduced height
and (b) 0 cm reduced height (in contact with the ceiling).
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The transmit and receive rectaxial antennas were also oriented horizontally

±2◦ to radiate a horizontally polarised wave. The received power was recorded

for each antenna reduced height, wall-offset and separation distance.

The measurement procedure was repeated using the pair of identical mi-

crostrip patch antennas [64] with the longer aperture dimension oriented hori-

zontally ±2◦, Figure 6.4.

In all measurements the plane surface of the antennas was parallel to the wall

surface.

(a) (b)

Figure 6.4: Microstrip patch antenna located with a reduced height of (a) 30 cm
and (b) 0 cm (in contact with the ceiling).

In total, therefore, six sets of measurements have been made, four sets for the

rectaxial antennas and two for the patch antennas.

An Agilent E4438C ESG vector signal generator was used as a source to

generate a 2.445 GHz unmodulated 0 dBm carrier. Received power was measured

using an Agilent E4440A spectrum analyser.

Significant fluctuation of the received power was observed and 50 independent

measurements were therefore time-averaged. Power fluctuation was thereby re-

duced to less than ±1 nW. The pair of antennas was then relocated on the wall

but retaining the same offset, reduced height and node separation and a further

measurement (including time averaging) was taken. This process was repeated

several times. The final estimates of received power (and thus transmission loss)

were then calculated by averaging these spatially separated measurements.
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6.4. WALL MEASUREMENTS

(a) (b)

Figure 6.5: Rectaxial antennas with 0 cm reduced height (in contact with the
ceiling) oriented (a) vertically and (b) horizontally.

The total measurement loss (including that due to cables, connectors and

adaptors) was 9.3 dB. This loss has been removed during data analysis.

6.4.1 Offset and Reduced Height

The three curves in each plot of Figure 6.6 correspond to antenna-wall offsets of 0

mm, 5 mm and 10 mm. No significant dependence of received power on antenna-

wall offset is apparent with the exception of the results for the microstrip antenna

with a reduced height of 30 cm. In this case the difference reaches a maximum

of 5 dB for a link length of 1.25 m.

In the case of the vertically polarised rectaxial antennas the loss is lower for

a reduced height of 30 cm compared to a reduced height of 0 cm. (In fact, not

only are the signal levels lower for each particular value of separation, but the

gradients are higher.)

When the rectaxial antennas are horizontally polarised reduced height has no

significant impact on transmission loss.

In the case of the patch antennas transmission loss is lower for a reduced

height of 0 cm than for a reduced height of 30 cm. This is especially so for node

separations less than 2 m.
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6.4. WALL MEASUREMENTS

6.4.2 Transmission Loss

95% confidence intervals for mean transmission power have been calculated using

the three values of offset. These confidence limits are shown in Figure 6.7.
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Figure 6.7: Mean transmission gain with 95% confidence intervals.

Figure 6.8 shows the standard deviation of the data for each set of measure-

ments (subplot) and for each individual offset (bar).

The mean standard deviation of all the data for each set of measurements is

represented by the horizontal line in each bar chart and is between 2 dB and 5.5

dB.

6.4.3 Gradients and Path Loss Index

The best-fit straight lines for the transmission loss data have been calculated

using a minimum mean square error criterion [79] [23], Figure 6.9. The path-loss

indices are summarised in Figure 6.10. They appear to be consistent across (i.e.

largely independent of) antenna-wall offsets.

The path-loss index for the patch antennas with 0 cm reduced height is be-

tween 2.9 and 3.6 and for a 30 cm reduced height is between 1.4 and 1.6 rep-

resenting, at least approximately, an inverse cube law and an inverse 3/2 law
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Figure 6.8: Measurement standard deviations.

respectively. This is counter-intuitive since it might be expected that close to the

intersection between wall and ceiling (i.e. for a reduced height of 0 cm) spreading

loss would be reduced over that for a larger reduced height by the guiding effect

of the two perpendicular surfaces.

The path-loss index for the vertically polarised rectaxial antenna with 0 cm

reduced height is between 4.2 and 4.6. This is close to the classical value for

two-ray propagation over a plane reflecting surface. This may be coincidence,

however, since the environment comprises two perpendicular plane surfaces (i.e.

the wall and ceiling).

The path-loss index for the horizontally polarised rectaxial antenna lies be-

tween 2.0 and 2.1 for 0 cm reduced height and between 1.6 and 1.9 for 30 cm

reduced height. Perversely, a free-space like path index appears to apply when

the antennas are closest to the ceiling.
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Figure 6.9: Linear regression of transmission loss data.
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6.5 Chipboard Measurements for Very Short Dis-

tance

A characterisation of the short range (< 100 cm) narrowband wireless channel

between a pair of antennas with millimetric clearance over a plane surface is

presented in this section, appropriate to a dense network of wireless transceivers

operating in the 2.4 GHz ISM-band. Transmission loss measurements have been

made in vertical and horizontal polarisations using rectaxial antennas for a range

of antenna heights and separation distances for an initial assessment of the impact

of surface waves [80]. Interpretation of the results suggests that surface wave

propagation may be significant for very short WSN links.

6.5.1 Variations with Height and Distance

The effect of antenna height has been investigated using a pair of identical rec-

taxial antennas [51]. An Agilent E4438C ESG vector signal generator was used

as a source to generate a 2.45 GHz unmodulated carrier with a power of 0 dBm.

Received power was measured using an Agilent E4440A spectrum analyser. The

measurements were carried on a plane, horizontal, surface (Figure 6.11) of lami-

nated chipboard (thickness, length and width 2.5 cm, 180 cm and 160 cm respec-

tively) with relative permittivity εr = 3.55 and conductivity σ = 0.02 [77].

The linearly polarised antennas were oriented to radiate vertically ±2◦, Figure

6.12. The largest dimension of the radiating element is 13 mm and the antenna’s

nominal phase-centre is assumed to be located at this element’s mid point. The

height (h) of the antenna above the surface is defined as that of the nominal

phase-centre, Figure 4.6. The distance between transmit and receive antennas

was set to 10 cm with the antenna fed from above.

The antenna heights were increased from 0.65 cm to 5.65 cm (since the antenna

nominal phase centre is 6.5 mm from the end as in Figure 4.6), in increments of

1 cm. (The heights of both transmit and receive antennas were the same for

all measurements.) Antenna separation was increased from 10 cm to 50 cm in

increments of 10 cm. Received power was recorded for each distance-height pair.

For each distance-height combination ten measurements were recorded, the test-

bench being displaced by at least one wave-length between measurements allowing

averaging to reduce random errors. (Displacement allows any weak spatial fading

due to multipath propagation to be treated as a component of random error.)

Additional measurements were carried out for the same range of antenna
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Figure 6.11: Measurement setup.

Figure 6.12: Vertically polarised measurements.
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heights with transmit-receive antenna spacing of 75 cm and 100 cm. Path length,

antenna height and transmission gain were measured with accuracies better than

±1 mm, ±0.5 mm and ±1 dBm, respectively.

The above procedure was then repeated with antennas oriented to radiate

horizontally (±2◦), Figure 6.13.

Figure 6.13: Horizontally polarised measurements.

6.5.1.1 Vertical Polarisation

Transmission gain measured (after averaging) for vertical polarisation as a func-

tion of antenna separation and antenna height is shown in Figure 6.14.

The measurements have been divided into two sets. Set V1 contains measure-

ments satisfying h≤2.65 cm. Set V2 contains measurements satisfying h≥3.65

cm. The data for each set are shown in Figure 6.14.

The following observations are made with respect to data set V1.

• Transmission gain decreases with increasing antenna height, see also Figure

6.15. (A decrease in antenna height from 2.65 cm to 1.65 cm yields a power

increase, averaged over all antenna separations, of 2.02 dB. A decrease in

height from 1.65 cm to 0.65 cm yields a further improvement of 2.63 dB.)

This might be explained by a dominant surface-wave component of coupling

between the antennas which gets weaker as the antennas move farther from

the surface. This interpretation is consistent with Figure 6.1 (b).

• Mean specific transmission loss is 14.5 dB/decade between 10 cm and 100

cm. This suggests that for data set V1, the measured data follows, at least

approximately, a free space law, i.e. 20 dB/decade, see Figure 6.16.

118



6.5. CHIPBOARD MEASUREMENTS FOR VERY SHORT DISTANCE

10
1

10
2

−60

−50

−40

−30

−20

T
ra

ns
m

is
si

on
 G

ai
n 

(d
B

) Data Set V1

 

 

0.65cm
1.65cm
2.65cm

10
1

10
2

−60

−50

−40

−30

−20

Distance (cm)

T
ra

ns
m

is
si

on
 G

ai
n 

(d
B

) Data Set V2

 

 

3.65cm
4.65cm
5.65cm

Figure 6.14: Transmission gain versus antenna separation and height for vertical
polarisation (Data separated in to sets V1 and V2 on the basis of antenna height
dependence).

Antenna Height (cm) Gradient (dB/decade)
0.65 -14.72
1.65 -14.30
2.65 -15.64
3.65 -26.48
4.65 -34.37
5.65 -32.14

Table 6.1: Gradients for V1 and V2.

The following observation is made with respect to data set V2.

• Increasing antenna height above 2.65 cm has no significant effect on received

power. This suggests that any surface-wave effect has decayed to a negligible

level leaving only space-wave (LOS plus surface reflection) coupling between

the antennas.

• For antenna height greater than 2.65 cm the gradient of the measured

data (mean specific transmission loss) is approximately 31 dB/decade, fur-

ther suggesting two-ray behaviour for separations greater than the distance

Rmax, see Figure 6.16.

Figure 6.17 shows transmission gain versus antenna separation and antenna

height for all data available from the very short distance, vertical polarisation
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Figure 6.15: Transmission gain versus antenna height (Data set V1).

measurements. A best-fit first degree polynomial is extracted from the measure-

ment points.

The polynomial has large offset from the measurement points. Triangle-based

cubic interpolation has therefore also been applied, Figure 6.18.

6.5.1.2 Horizontal Polarisation

Transmission gain measured (after averaging) for horizontal polarisation as a

function of antenna separation and antenna height is shown in Figure 6.19. The

measurements have been divided into two sets. Set H1 contains measurements

satisfying h≤2.65 cm. Set H2 contains measurements satisfying 3.65 cm≤h.

The following observations are made with respect to data set H1.

• There is no clear, systematic, dependence of transmission gain for antenna

height ≤ 2.65 cm. Also the propagation loss is greater for horizontal po-

larisation (for h≤2.65 cm, data set H1) than for vertical polarisation (data

set V1), see also Figure 6.20. The mean difference between vertical and

horizontal polarisation (data set V1 and H1) for three different antenna

heights is given in Table 6.2. Since the horizontally polarised electric field

is parallel to the surface the induced surface currents are higher than those

for a vertically polarised field. This might be expected, therefore, to give
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Figure 6.16: Transmission gain for vertical polarisation, with logarithmic best-fit
line, compared to free space and two-ray model (εr = 3.55 and σ = 0.02).
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Figure 6.17: Measurement data and best-fit first-degree polynomial surface.

Figure 6.18: Measurement data and best-fit surface.
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Figure 6.19: Transmission gain versus antenna separation and height for horizon-
tal polarisation (Data separated in two sets H1 and H2 on the basis of antenna
height dependence).

rise to greater attenuation due to higher conduction and/or displacement

current losses.

Height (cm) Power Difference (dB)
0.65 8.64
1.65 7.77
2.65 5.43

Table 6.2: Mean difference in transmission gain for vertical and horizontal polar-
isation (data set V1 and H1).

• In Figure 6.21, at low antenna heights (h≤2.65 cm) the mean gradient

is 25.3 dB/decade. The gradient is larger (more negative) than that for

vertical polarisation indicating greater attenuation.

The following observations are made with respect to data set H2.

• Loss generally increases as transmit and receive antenna heights are reduced

until height of 3.65 cm. (This is not true for the shortest path length, i.e.

10 cm.)

• For antenna heights ≥ 2.65 cm, the gradient for separations greater than

the distance Rmax (35.4 dB/decade) suggests a two-ray model.
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Figure 6.20: Transmission gain for vertical and horizontal polarisation (data set
V1 and H1).

• Transmission gain averaged over antenna height is less for data set H1

than for data set H2. This suggests an increasing propagation loss with

decreasing height for horizontal polarisation.

Average Transmission gain (dB)
10 20 30 40 50 100
cm cm cm cm cm cm

H1 -30.9 -38.3 -41.2 -44.6 -45.8 -57.3
H2 -23.0 -28.5 -30.6 -38.5 -44.7 -56.9
Diff 7.9 9.8 10.2 6.1 1.2 0.4

Table 6.3: Average difference in transmission gain for horizontal polarisation
(data set H1 and H2)

• The spread of received power for various antenna heights decreases with

increasing antenna separation (Table 6.4). This may reflect the diminishing

surface-wave effect with distance. If this interpretation is correct then for

antenna separations greater than 50 cm, the surface-wave effect could be

neglected, see Figure 6.19.
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Figure 6.21: Transmission gain for horizontal polarisation, with logarithmic best-
fit line, compared to free space and two-ray model (εr = 3.55 and σ = 0.02).
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Antenna Height Separation Distance Standard Deviation
(cm) (cm) (dB)
0 - 5 10 4.67
0 - 5 20 5.49
0 - 5 30 3.61
0 - 5 40 3.57
0 - 5 50 1.98
0 - 5 75 0.92
0 - 5 100 0.87

Table 6.4: Standard deviation for horizontal polarisation measurements.

Antenna Height (cm) Gradient (dB/decade)
0.65 -24.24
1.65 -26.39
2.65 -31.73
3.65 -35.95
4.65 -37.46
5.65 -36.42

Table 6.5: Gradients for H1.

Figure 6.22 shows transmission gain versus distance and antenna height for all

data available from the very short distance, horizontal polarisation measurements.

A best-fit first degree polynomial is extracted from the measurement points.

The polynomial fits the data points better than is the case for the vertical

polarisation measurements. A triangle-based cubic interpolation has also been

applied for completeness, however, Figure 6.23.

6.6 Chipboard Measurements for Short Distance

Measurements of transmission gain have been made at 2.45 GHz using a pair of

linearly polarised rectaxial antennas, described in Section 4.3.1.

An Agilent E4438C ESG vector signal generator was used as a source to

generate a 2.45 GHz unmodulated carrier with transmission power of 0 dBm.

Received power was measured using an Agilent E4440A spectrum analyser.

The measurements were carried on a plane, horizontal, surface (Figure 6.24)

of laminated chipboard, identical to the one used for the very short measure-

ments (Section 6.5) with thickness, length and width 2.5 cm, 14.5 m and 4 m,

respectively.

The rectaxial antennas were oriented to radiate vertically (±2◦), i.e. aligned
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Figure 6.22: Measurement data and best-fit first-degree polynomial surface.

Figure 6.23: Measurement data and best-fit surface.
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Figure 6.24: Measurement surface.

with gravity.

Initially, the antennas were placed on the surface with their phase centres at

a height of approximately 0.65 cm.

The transmitting antenna was placed 1 m from the edge of the surface and,

keeping this antenna static, the receiving antenna was placed at a range of 0.5 m

to 10 m from the transmit antenna in steps of 0.5 m.

This procedure was repeated placing the static antenna at a distance of 1.5, 2,

2.5, 3, 3.5, 4 and 4.5 m from the edge of the surface, thus obtaining eight spatial

samples.

This process was repeated placing both antennas at heights of 5, 10, 15 and

20 cm above the surface. For heights of 0.65 cm and 5.65 cm, the antennas were

inverted (i.e. feed from above) to accommodate the low phase centre measure-

ments.

The loss introduced by the RG-316 RF coaxial cable and the SMA connectors

was measured to be 9.3 dB by connecting the signal generator to the spectrum

analyser. This loss has been compensated.

Path length, antenna heights and power were measured with accuracies better

than ±1 mm, ±0.5 mm and ±1 nW, respectively.

The antenna stands used were made of either PVC or perspex (plexiglas) to

minimise the effect of scattering close to the antennas.

Each transmission gain measurement point is the mean (using linear ratios,

not dBs) of all (usually eight) spatial samples.
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6.6.1 Results

Figure 6.25 shows the results obtained with an antenna height of 0.65 cm for very

short range (red), and short range (green) measurements. The gradients of the

data for both measurements are consistent and the deviation of the data from the

logarithmic best-fit line is small. However, an unexplained offset between those

measurements exists. This may have been caused by a systematic measurement

error such as a wrong setting of the apparatus used (e.g. signal generator power

level or spectrum analyser attenuation), but it is most likely caused by not prop-

erly tightening one of the connectors. In any event this error will affect the whole

set of data.

For this reason, 12 dB compensation of the short distance measurements has

been applied (shown in blue) justified by the measurement points at 0.5 m and 1

m.
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Figure 6.25: Very short and short distance measurements for antenna height 0.65
cm with best-fit lines.

Complimentary frequency response measurements were undertaken using the

network analyser to obtain the transmission loss of particular distance points

(0.5 m, 1 m, 1.5 m and 2 m) and thus validate the previous measurements. The

validation measurements were made using the same equipment as used for the

WIDAGATE measurements (Chapter 4). Each validation measurement point has

been extracted by averaging the transmission gain over a 10 MHz span centred

at 2.45 GHz.

Figures 6.26 (a), (b) and (c) show all measurements obtained for an antenna

height of 0.65 cm for the entire span of ranges (0.1 to 10 m). The very short

range (red triangles), the short range (blue triangles) and the network analyser
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measurements (circles) are closely matched (difference less than 1 dB) at a range

of 0.5 m and reasonably close to each other (difference less than 4 dB) at a range

of 1 m. The short distance measurements are also close to the network analyser

measurements (difference less than 2 dB) at 1.5 m. The only exception is the

large difference (approximately 9 dB) between those measurements at 2 m.

The geometric mean of the measurements obtained at each range was cal-

culated. These are denoted by red circles in Figure 6.26 (b) and a logarithmic

best-fit curve was plotted, Figure 6.26 (c). This graph suggests that the loga-

rithmic curve follows closely the free space law (a path loss index close to 2), but

offset by approximately 7 dB. This is unexpected since a simple two-ray model

would suggest an index closer to 4.

The same procedure was repeated for an antenna height of 5.65 cm. Figure

6.27 shows the measurements obtained for very short and short distance, with

the logarithmic best-fit line for each case. This figure is of particular interest, as

it shows that the gradient for ranges less than 1 m is 32 dB/decade, while the

gradient for ranges greater than 1 m is 11 dB/decade.

Figures 6.28 (a), (b) and (c) show all measurements obtained for an antenna

height of 5.65 cm for the entire span of ranges (0.1 to 10 m). The short path

measurements (blue triangles) and the network analyser measurements (open

circles) are closely matched (difference less than 1 dB) for a range of 0.5 m.The

very short path measurements (red triangles) are different by 5 dB for the same

range.

The short distance (blue triangles) and the network analyser (not shadowed

circles) measurements are at similar levels ('2 dB) for 1 m and 1.5 m, while the

difference is approximately 3 dB for 2 m. The very short distance (red triangles)

measurements are less than 5 dB lower than the rest at 1 m.

Similarly to the measurements for an antenna height of 0.65 cm antenna

height, the overall gradient shown in Figure 6.28 (c) follows the free space model.

Figures 6.29, 6.30 and 6.31 show the results obtained for antenna heights of

10 cm, 15 cm and 20 cm, respectively. (These measurements were undertaken

with the antennas oriented such that they were fed from below.)

The transmission gain is affected most by the rectaxial antenna radiation

pattern at shorter distance and higher antenna height. In such cases the reflection

coefficient is low, therefore the LOS path is dominant. Details of the rectaxial

antenna radiation pattern and the magnitude of the reflection coefficient over the

chipboard are available in Appendix D.

The logarithmic best-fit lines in all three cases suggest a gradient close to free
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Figure 6.26: Measurements for antenna height 0.65 cm.
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Figure 6.27: Very short and short distance measurements for antenna height 5.65
cm with best-fit lines.

space (20 dB/decade).

An interesting observation is that transmission gain generally increases, as

antenna height increases, Table 6.6. The only exception is the level at 0.65 cm

antenna height, which may be explained by the presence of a surface-wave.

Antenna Height (cm) Transmission Gain Level (dB) at 1 m
0.65 -46.90
5.65 -50.54
10.00 -50.76
15.00 -46.62
20.00 -44.62

Table 6.6: Transmission gain level (dB) at 1 m.

The transmission gain standard deviation of the eight spatial samples, for the

short range measurements, was calculated for each measurement location and the

results are shown in Figure 6.32. For antenna heights below 15 cm there was no

discernible spread. Normally, it is expected that the standard deviation would

increase with increasing path length. However, when the antennas are placed at

increasing heights from the surface, i.e. 15 cm and 20 cm, the transmission gain

standard deviation increases along the distance as normal.

Figure 6.33 shows all the measurements obtained in this study (very short

and short path lengths) for vertical polarisation.

A curious and unexplained observation is the deep fading close to a range of

1 m distance for an antenna height of 5 cm.

132



6.6. CHIPBOARD MEASUREMENTS FOR SHORT DISTANCE

10
−1

10
0

10
1

−90

−80

−70

−60

−50

−40

−30

−20

T
ra

ns
m

is
si

on
 G

ai
n 

(d
B

)

Distance (m)

Antenna Height: 5.65cm

 

 

Free Space Model
Two−Ray Model
Very Short Meas.
Short Meas.
Network Analyser Meas.

(a)

10
−1

10
0

10
1

−90

−80

−70

−60

−50

−40

−30

−20

T
ra

ns
m

is
si

on
 G

ai
n 

(d
B

)

Distance (m)

Antenna Height: 5.65cm

 

 

Free Space Model
Two−Ray Model
Very Short Meas.
Short Meas.
Mean of Measurements

(b)

10
−1

10
0

10
1

−90

−80

−70

−60

−50

−40

−30

−20

T
ra

ns
m

is
si

on
 G

ai
n 

(d
B

)

Distance (m)

Antenna Height: 5.65cm

 

 

Free Space Model
Two−Ray Model
Measurements
Logarithmic Fit

(c)

Figure 6.28: Measurements for antenna height 5.65 cm.
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Figure 6.29: Transmission gain (dB) for antenna height 10 cm.
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Figure 6.30: Transmission gain (dB) for antenna height 15 cm
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Figure 6.31: Transmission gain (dB) for antenna height 20 cm

Figure 6.32: Standard deviation of transmission gain (dB) in respect of path
length and antenna height for short distance measurements.
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For small antenna separations (less than 0.4 m) the transmission gain increases

with increasing the antenna height. On the contrary, however, for antenna sep-

arations greater than 0.5 m the transmission gain decreases when increasing the

antenna height.

Figure 6.33: All available measurements for vertical polarisation.

6.6.2 Gradients and Path Loss Indices

Table 6.7 summarises all the gradients obtained from the vertical polarisation

measurements for the entire span of ranges (0.1 to 10 m). Excluding the case

where the antennas are attached on the surface (0.65 cm antenna height), the

gradient seems to increase with increasing antenna height.

Antenna Height (cm) Gradient (dB/decade)
0.65 -20.24
5.65 -17.43
10.00 -20.74
15.00 -23.68
20.00 -24.03

Table 6.7: Gradients of all measurements of Section 6.6.
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6.7. SUMMARY AND CONCLUSIONS

Figure 6.34 shows the corresponding path loss indices for all the measurements

obtained in the study.
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Figure 6.34: Path loss indices for all measurements (both very short and short
range measurements).

6.7 Summary and Conclusions

Measurements of transmission loss at 2.45 GHz between pairs of rectaxial and

patch antennas located on the interior wall of a building have been presented in

Section 6.4. The measurements are intended to emulate links such as might be

formed by pairs of nodes in a sensor network within smart buildings.

The conclusions of this study are:

• There is no significant dependence of received power on antenna-wall offset

with the exception microstrip antenna with a reduced height of 30 cm.

• For vertically polarised rectaxial antennas the loss is lower for a reduced

height of 30 cm compared to a reduced height of 0 cm.

• For horizontally polarised rectaxial antennas the reduced height has no

significant impact on transmission loss.

• The path-loss index for the patch antennas with 0 cm reduced height is

between 2.9 and 3.6 and for a 30 cm reduced height is between 1.4 and 1.6.

• The path-loss index for the vertically polarised rectaxial antenna with 0 cm

reduced height is between 4.2 and 4.6.
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6.7. SUMMARY AND CONCLUSIONS

• The path-loss index for the horizontally polarised rectaxial antenna lies

between 2 and 2.1 for 0 cm reduced height and between 1.6 and 1.9 for 30

cm reduced height.

An additional study has related transmission loss to antenna height and po-

larisation for very short wireless links (< 1 m). Since wireless sensor nodes in

future are small and are likely to be deployed close to surfaces, significant im-

provement in received power can be achieved by appropriate selection of antenna

height. The conclusions of this study are:

For vertically polarised rectaxial antennas (Sets V1 and V2):

• Transmission gain decreases with increasing antenna height.

• Mean specific transmission loss is 14.5 dB/decade between 10 cm and 100

cm.

• Increasing antenna height above 2.65 cm has no significant effect on trans-

mission gain.

• For antenna heights greater than 2.65 cm the gradient of the measured data

(mean specific transmission loss) is approximately 30 dB/decade.

For horizontally polarised rectaxial antennas (Sets H1 and H2):

• There is no clear, systematic, dependence of transmission gain for antenna

height less than 2.65 cm.

• For antenna height less than 2.65 cm, propagation loss is greater for hori-

zontal polarisation than for vertical polarisation.

• For antenna height less than 2.65 cm, the mean loss gradient is 25.3 dB/decade.

• For antenna height less than 2.65 cm, the loss gradient is larger (more

negative) than that for vertical polarisation indicating greater attenuation.

• The losses generally increase as transmit and receive antenna heights are

reduced until 3.65 cm. This is not true for 10 cm antenna separation.

• For antenna heights greater than 2.65 cm and for distances further than

Rmax, the gradient (35.4 dB/decade) suggests a two-ray model.

• Propagation loss increases when decreasing height.

• The spread of transmission gain for various antenna heights decreases with

increasing antenna separation.
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6.7. SUMMARY AND CONCLUSIONS

Empirical channel models for short range communications pertinent to a range

of wireless sensor network applications have also been presented. Best-fit loga-

rithmic fits to the empirical data have been produced. The data available from

the very short distance measurements have been merged, where appropriate (i.e.

0.65 cm and 5.65 cm antenna height), to obtain a single model for the range of

interest (0.1 -10 m). Additional frequency response measurements were under-

taken using a network analyser for validation purposes. The conclusions of this

study are:

• Deviation of data points from the regression line is generally small.

• The loss gradient increases when the antenna height increases.

• Transmission gain generally increases with increasing antenna height.

• Unlike the theoretical models, for very low antenna heights (less than 3.65

cm), the gradients are low, i.e. either close to free space or lower.

• For antenna separations less than 0.4 m transmission gain increases with

increasing antenna height.

• For antenna separations greater than 0.5 m transmission gain decreases with

increasing antenna height.

The practical importance of this study relates to applications where anten-

nas are located close to plane surfaces e.g. small, unmanned, vehicles used for

exploration, monitoring or rescue purposes in confined spaces.
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CHAPTER 7

Conclusions and Future Work

This section contains those conclusions that can be drawn from the work reported

and makes some suggestions for extending this work.

7.1 Conclusions

The conclusions drawn from the work undertaken for the WIDAGATE project

are:

• A simple theoretical model suggests that the minimum symbol rate for

which a wideband propagation model is required for a gas turbine depends

on engine radius. As engine radius increases this symbol rate decreases. For

a Gnome engine, with mean radius 0.2 m, the expected minimum symbol

rate is 70 Mbaud. Since this is sufficient to support the maximum foresee-

able bit-rate for the WIDAGATE application, even assuming the minimum

possible modulation order (i.e. two), it is concluded that a narrowband

channel model is satisfactory.

• The 50% correlation bandwidth exceeded for 50% of links is at least 5.5 MHz

and 25 MHz for ISM-band and UWB-band measurements, respectively.

• Mean transmission loss is sensitively dependant on path length and rela-

tively insensitive to path curvature. It appears to be systematically lower in

the presence of a cowling. It is concluded that this is due to a low-Q cavity

resonator formed by the concentric cylinders of the engine and cowling.

• A channel model incorporating transmission loss, interference and noise has

been presented for WSNs deployed in gas turbine engines. The model is

scalable to engines of different size.
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7.1. CONCLUSIONS

The conclusions drawn from the work undertaken for the animal husbandry

project are:

• Fading is generally severe (20 - 30 dB).

• Received power in dBm is approximately normally distributed and RSSI in

volts is therefore log-normally distributed.

• The correlation between signals received by two antennas on one collar is

low suggesting useful antenna diversity can be realised.

• The correlation between signals received by two base-stations from a single

antenna on a collar is low suggesting useful base-station diversity can be

realised.

• Median diversity gain (averaged over four experiment instances) for antenna

and base-station diversity is 2.8 dB and 4.8 dB, respectively. The 10%

and 90% diversity gain exceedances averaged over the four instances for

antenna and base-station diversity are 7.4 dB, 1.2 dB, 8.4 dB and 1.1 dB,

respectively.

• Median diversity gain (averaged over four experiment instances) for two

collars are 8.1 dB and 7 dB, respectively. The 10% exceedances averaged

over all four instances are 14.3 dB and 11.2 dB for the first and second

collar, respectively. The 90% exceedances are 4.1 dB for the first, and 3.5

dB for the second, collar.

• Median overall mean diversity for collar 1 and collar 2 is 7.9 dB. The 10%

and 90% diversity gain exceedances are 11.6 dB and 5 dB, respectively.

• Optimisation of base-station height can coherently combine direct and ground-

reflected signals and offer practical and useful reduction of transmission loss.

The conclusions drawn from the work relating to WSN nodes deployed over

indoor plane surfaces for smart building applications are:

• Measurements of transmission loss at 2.45 GHz between pairs of rectaxial

and patch antennas located on the interior wall of a laboratory have been

presented. The measurements are intended to emulate links such as might

be formed by pairs of nodes in a sensor network within smart buildings.

– There is no systematic, significant, dependence of received power on

antenna offset from the underlying surface.

141



7.1. CONCLUSIONS

• Transmission loss measurements versus antenna height for vertical and hor-

izontal polarisation for very short wireless links (< 1 m) have been under-

taken.

– For antenna height less than 2.65 cm, propagation loss is greater for

horizontal polarisation than for vertical polarisation and the loss gra-

dient is larger (more negative) than that for vertical polarisation.

– For vertically polarised rectaxial antennas:

∗ Transmission loss increases with increasing antenna height.

∗ Mean specific transmission loss is 14.5 dB/decade between 10 cm

and 100 cm.

∗ Increasing antenna height above 2.65 cm has no significant effect

on transmission loss, while for antenna heights in excess of 2.65

cm the gradient of the measured data (mean specific transmission

loss) is approximately 30 dB/decade.

– For horizontally polarised rectaxial antennas

∗ For antenna height less than 2.65 cm there is no clear dependence

of transmission loss.

∗ For distance greater than Rmax the gradient (35.4 dB/decade)

suggests a two-ray model.

∗ Mean loss gradient is 25.3 dB/decade for antenna heights less than

2.65 cm.

∗ The losses generally increase as transmit and receive antenna heights

are reduced until a height of 3.65 cm is reached.

∗ The spread of transmission loss decreases with increasing antenna

separation irrespective of antenna height.

• Empirical channel models for short range communications pertinent to a

range of wireless sensor network applications have been presented. Best-fit

logarithmic curves have been derived from the empirical data. The data

available from the very short distance measurements have been merged,

where appropriate, to obtain a single model for the range 0.1 m to 10

m. Additional frequency response measurements were undertaken using a

network analyser for validation purposes.

– The spread of data around the regression line is generally small.

– Specific loss (dB/octave) increases with increasing antenna height.
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7.2. DISCUSSION AND FUTURE WORK

– In contrast to simple theoretical models specific loss gradient is close

to free-space (or lower) for very low antenna heights (less than 3.65

cm).

– For antenna separations less than 0.4 m transmission loss decreases

with increasing antenna height, while for antenna separations greater

than 0.5 m transmission loss increases with increasing antenna height.

7.2 Discussion and Future Work

Further insight into the fundamental propagation physics for all the applications

investigated could be gained by simulating the channel measurements using a

finite element programme (e.g. COMSOL Multiphysics). Some attention has

already been given to this but significant challenges remain. These are the ad-

equate definition of boundary conditions and long run times with the currently

available computing resources. The animal husbandry measurement present par-

ticular problems in this respect but useful insight would be possible using very

simple models for the cattle (e.g. cuboids with the dielectric properties of an

appropriate saline solution).

Comparison of the WIDAGATE channel measurements with analytical diffrac-

tion models for simple cylinders would yield insight into the practical significance

of engine surface detail. Channel measurements using a model engine comprising

a smooth cylinder would yield similar insight. Comparison of these measure-

ments with simulations obtained using finite element calculations would provide

validation of both.

A larger database of animal husbandry measurements in the environment

already measured would increase the statistical significance of, and the confi-

dence in, the existing measurements. Similar measurements in other environ-

ments would allow a model with greater portability to be developed.

A WSN network simulation (e.g. using OMNeT++ [81]) incorporating the

physical channel models developed from the measurements would enable the eval-

uation of the entire WSN protocol stack allowing the comparison of proprietary

technologies and/or the proposal of new (optimum) protocols for this application.

The measurements for smart building WSNs should be extended to many more

plane surface commonly found in building interiors including, in the first instance,

suspended ceilings and floors. (Investigation of propagation over, and under, floor

coverings should be included in the latter.) The key academic question still not

fully resolved is the significance of surface wave propagation for all these surfaces.
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Appendix A: Complex Factor F

(Equation Proof)

F = 1 + |Γ| ejφe−jθ (A.1)

For the case that the reflecting surface is a perfect conductor:

|Γ| ejφ = −1 (A.2)

|F | =
∣∣1− e−jθ

∣∣ (A.3)

|F | = |1− [cos(θ)− (jsin(θ)]| = |[1− cos(θ)] + (jsin(θ)| (A.4)

|F |2 = F · F (A.5)

where F is the complex conjugate of F.

|F |2 = [(1− cos(θ)) + jsin(θ)] · [(1− cos(θ))− jsin(θ)] (A.6)

|F |2 = (1− cos(θ))2 + jsin(θ) · (1− cos(θ))− jsin(θ) · (1− cos(θ))− (jsin(θ))2

(A.7)

|F |2 = (1− cos(θ))2 + sin2(θ) (A.8)

|F |2 = 1 + cos2(θ)− 2cos(θ) + sin2(θ) (A.9)

|F |2 = 2− 2cos(θ) (A.10)
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Using the trigonometric identity:

sin

(
θ

2

)
= ±

√
1− cos(θ)

2
(A.11)

|F |2 =

(
2sin

(
θ

2

))2

(A.12)

We finally obtain:

|F | = 2sin

(
θ

2

)
(A.13)
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Appendix B: UWB-band Measure-

ments and Modelling for Measure-

ments without Cowling (3 GHz to

11 GHz)
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Figure B.1: Transmission gain and error modelling of measurements without
cowling within 3 GHz to 4 GHz. 148
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Figure B.2: Transmission gain and error modelling of measurements without
cowling within 4 GHz to 5 GHz. 149
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Figure B.3: Transmission gain and error modelling of measurements without
cowling within 5 GHz to 6 GHz. 150
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Figure B.4: Transmission gain and error modelling of measurements without
cowling within 6 GHz to 7 GHz. 151
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Figure B.5: Transmission gain and error modelling of measurements without
cowling within 7 GHz to 8 GHz. 152
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Figure B.6: Transmission gain and error modelling of measurements without
cowling within 8 GHz to 9 GHz. 153
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Figure B.7: Transmission gain and error modelling of measurements without
cowling within 9 GHz to 10 GHz. 154
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Figure B.8: Transmission gain and error modelling of measurements without
cowling within 10 GHz to 11 GHz. 155
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Figure C.1: Transmission gain and error modelling of measurements with cowling
within 3 GHz to 4 GHz. 157
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Figure C.2: Transmission gain and error modelling of measurements with cowling
within 4 GHz to 5 GHz. 158
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Figure C.3: Transmission gain and error modelling of measurements with cowling
within 5 GHz to 6 GHz. 159
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Figure C.4: Transmission gain and error modelling of measurements with cowling
within 6 GHz to 7 GHz. 160
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Figure C.5: Transmission gain and error modelling of measurements with cowling
within 7 GHz to 8 GHz. 161
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Figure C.6: Transmission gain and error modelling of measurements with cowling
within 8 GHz to 9 GHz. 162
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Figure C.7: Transmission gain and error modelling of measurements with cowling
within 9 GHz to 10 GHz. 163
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Figure C.8: Transmission gain and error modelling of measurements with cowling
within 10 GHz to 11 GHz. 164
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Appendix D: Rectaxial Antenna

Radiation Pattern and Chipboard

Reflection Coefficient
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