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Abstract

Engineering high performance indoor wireless communication systems requires good

system deployment strategies. In order to deploy systems effectively, propagation

models that can reliably and yet efficiently characterise wireless propagation be-

haviour are required. Propagation models which are based on high-frequency asymp-

totic techniques (and which are usually referred to as ‘ray models’) are commonly

used. A fundamental limitation of ray models is that walls need to be modelled as

homogeneous or multi-layered slabs. In reality, walls are complex inhomogeneous

structures, which may affect wireless propagation. In addition, system planners

often make simplified assumptions regarding the antenna radiation characteristics

when using ray models, usually assuming radiation patterns in free-space can be

used reliably for performance prediction. In reality, access point antennas are usu-

ally mounted on complex inhomogeneous wall structures, which may affect their

radiation characteristics.

This thesis investigates the effects that complex wall structures have on (i) elec-

tromagnetic wave propagation, (ii) antenna radiation characteristics, and (iii) their

overall influence on indoor wireless systems’ performance estimation using ray mod-

els. In these investigations, interior cavity walls (consisting of two drywall layers

attached to a timber/steel frame) are considered due to their prevalence in modern

construction, and the lack of data available for these walls in the literature. To

investigate the transmission properties of complex wall structures, the transmission

coefficients have been quantified as nominal values using a full-wave method, allow-

ing comparisons to be made with analytically known solutions for simpler homo-

geneous walls. Furthermore, characterising the transmission coefficients as nominal

values allows them to be straightforwardly integrated into ray models, which are com-

putationally more efficient than their full-wave counterparts. The effects of antenna

radiation performance in the presence of complex wall structures are investigated in

this thesis via numerical analysis using a full-wave solver. The radiation patterns of

a patch antenna mounted on complex interior cavity walls (at various locations) were

compared to its radiation pattern in free-space conditions. The transmission coef-

ficients and radiation patterns were then integrated into a ray model to investigate

their overall influence on indoor wireless systems engineering. The results presented

in this thesis have shown that the transmission properties of complex interior cavity

walls may be represented by the transmission coefficients of homogeneous/multi-

layered slabs in ray models to estimate average power levels. In addition, the results

in this thesis suggest that antenna radiation characteristics can be significantly al-

tered (compared to free-space) when mounted on corners, and subsequently, utilising

the antenna radiation patterns measured in free-space leads to erroneous predictions.
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Chapter 1

Introduction

With the uptake of wireless communication technologies in the past decades, wire-

less communications have become an integral part of modern society. The first

generation (1G) of wireless cellular communication systems (based on analog tech-

nology) were initially introduced in the 1980s. About a decade after the deployment

of 1G systems, the second generation (2G) digital cellular systems with enhanced

spectral efficiency and voice quality were commercially deployed in 1992 [1, p. 9].

The most widely deployed 2G cellular systems were the Global System for Mobile

communications (GSM) based on Time Division Multiple Access (TDMA) and the

IS-95 based on Code Division Multiple Access (CDMA) [1, pp. 11–14]. In later

releases of 2G standards, capabilities to support data transmission using General

Packet Radio Service (GPRS) were introduced, but the data rates were slower than

existing dial-up connections [2]. The third generation (3G) cellular services net-

works were deployed in 2002 to cater for the demand for high mobile data rates.

The deployment of 3G networks introduced high-speed mobile internet access to the

public for the first time [1, pp. 17–25], [3]. Since then, the demand for wireless

data have experienced exponential growth. For example, from 2017 to 2018, global

mobile data traffic increased by 88%, exceeding 24 exabytes/month by the end of

2018 [4, p. 4]. This huge demand for wireless data is projected to increase signifi-

cantly, where monthly data usage surpasses 136 exabytes/month by the end of year

2024 [5, p. 16].

In recent years, although many wireless service providers have deployed fourth

generation (4G) mobile networks (e.g. Long Term Evolution (LTE), Long Term

Evolution-Advanced (LTE-A) and Worldwide Interoperability for Microwave Ac-

cess (WiMAX)) to improve data rates, user demand is beginning to exceed their

capabilities. The unrelenting increase in demand for untethered broadband wireless

access can be attributed to the proliferation of affordable smart devices (such as

smartphones and tablets), which cannot be accessed via traditional wired means

(e.g. Ethernet cables). The continual declining cost of wireless smart devices, in

addition to the wide usage of high bandwidth multimedia applications such as video

1
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streaming, suggests that the exponentially growing demand for mobile data will not

subside in the foreseeable future. In addition, future wireless systems need to sup-

port massive interconnectivity amongst various services and applications, such as

virtual reality (VR) applications and the Internet-of-Things (IoT).

The majority of this mobile traffic, approximately 80%, occurs indoors where

there are a large number of users [6, p. 5]. This is largely attributed to the devel-

opment and implementation of wireless local area networks (WLAN), which have

the ability to deliver low-cost untethered broadband connectivity using unlicensed

spectrum within buildings [7]. As the demand for wireless access grows, innovative

solutions for deploying high performance yet cost effective broadband wireless sys-

tems are required. To this end, various technological enablers have been identified,

which can be classified into three categories, which are [8, pp. 147–148]

1. advanced transmission techniques to achieve high spectral efficiency (e.g. mas-

sive MIMO (Multiple Input Multiple Output) antennas);

2. increase of transmission bandwidth (e.g. millimeter wave (mmwave) frequen-

cies); and

3. network densification.

The first two categories have been widely researched, and constitute major fields in

the development of fifth generation (5G) mobile technologies. On the other hand,

the third category constitutes a major part of deployment techniques which have

enabled increased data rates in wireless networks. Network densification is achieved

by deploying more access points (APs) per unit area (or volume) to accommodate

for regions demanding high wireless capacity [9]. The deployment of small cells

(e.g. pico/femto cells) inevitably leads to increasing levels of co-channel interference,

which degrades wireless systems’ performance. Furthermore, the deployment of APs

for indoor wireless systems operating in the unlicensed spectrum (e.g. Industrial,

Scientific and Medical (ISM) band) are usually done in a rather ad-hoc fashion,

which further complicates the management of co-channel interference. With the

increased number of indoor wireless systems competing for limited spectrum allo-

cation, accurate prediction of interference is required which in turn depends on an

accurate characterisation of wireless propagation within the indoor environment.

Numerous propagation studies have been undertaken to characterise the indoor

radio channel statistically using experimental measurements (e.g. [10, 11]). How-

ever, not only are such measurements time consuming and expensive, they can-

not be transported to other environments without additional validation. In recent

years, propagation models which take building features into account have been devel-

oped to estimate system coverage and reliability for successful system deployments

(e.g. [12, 13]). In particular, ray models based on high frequency asymptotic tech-

niques are most often used as they are generally simple and can be computationally
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efficient. However, the high frequency assumption inherent within ray models sug-

gests that walls must be modelled as homogeneous or multi-layered slabs [14]. In

reality, walls are complex inhomogeneous structures (due to the presence of inter-

nal timber/steel studs and steel reinforcing bars) which may affect electromagnetic

wave propagation. In addition, most studies utilising ray models to investigate

antenna deployment effects on indoor wireless systems’ performance make simpli-

fied assumptions, usually assuming antenna radiation characteristics in free-space.

In reality, AP antennas are mounted on complex inhomogeneous wall structures,

and the presence of these structures may affect their radiation characteristics. Al-

though full-wave electromagnetic solvers (e.g. Finite Integration Technique (FIT)

and Finite Difference Time Domain (FDTD)) make no a priori assumptions regard-

ing electromagnetic wave propagation processes and can be used to model complex

wall structures, the requirements for high computational memory and the detailed

knowledge to which the environment is known (e.g. stud locations) exclude their

application in routine system planning. Therefore, if it were possible to model the

effects that complex wall structures have on electromagnetic wave propagation and

antenna radiation characteristics, these can be implemented in ray models to inves-

tigate their overall influence on indoor wireless systems’ performance estimation.

The focus of this thesis is the application of full-wave solvers to model the effects

that complex wall structures have on

� electromagnetic wave propagation;

� antenna radiation characteristics; and

� their overall influence on indoor wireless systems’ performance estimation.

To achieve these goals, the fundamental aspects of indoor wireless systems such as

the propagation of electromagnetic waves and antennas are described in Chapter 2.

Specifically, factors which affect propagation mechanisms and antenna performance

indoors are discussed.

In Chapter 3, a review of existing propagation modelling techniques that can

be used to predict signal strengths indoors are presented. Most of the existing

studies on characterising indoor wireless propagation make simplified assumptions

regarding the environment (i.e. walls can be modelled as homogeneous structures)

and antenna radiation characteristics (i.e. radiation in ideal free-space conditions).

Therefore, research on accurate characterisations of complex wall structures and

antenna radiation characteristics for accurate modelling of indoor wireless propaga-

tion are presented in this chapter. In addition, the contributions of this thesis are

identified in Chapter 3.

Chapter 4 presents the computational tools adopted in this thesis. In particular,

the fundamentals of the ray model adopted in this thesis are presented. However,
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as ray models cannot be used to model complex wall structures directly due to

underlying assumptions, a commercially available full-wave solver1 is used for the

investigations in this thesis, along with the ray model. The fundamental concepts

underpinning the numerical techniques in CST which are relevant to this thesis

and their limitations are also discussed. Due to the electrically large size of the

indoor environment, the investigations in this thesis are divided into three phases, as

described in Chapter 5. In the first phase of this research, CST is used to characterise

the transmission coefficients of complex wall structures as nominal values, suitable

as input into ray models. The second phase of this research investigates the effects

that complex wall structures have on antenna radiation characteristics. In the third

phase, the results from the first two phases are implemented in a ray model to

investigate their influence on indoor wireless systems’ performance estimation.

In Chapter 6, the effects that complex wall structures have on electromagnetic

wave propagation are investigated. To quantify the effects that complex wall struc-

tures have on electromagnetic wave propagation, the transmission coefficients are

characterised as nominal values, which are then compared to the transmission co-

efficients of homogeneous and multi-layered slabs. Three parameters which may

affect the transmission coefficients, namely incident angle, material properties and

operating frequency are examined.

Chapter 7 investigates the effects that complex wall structures have on antenna

radiation characteristics. An antenna is initially modelled in free-space (using CST),

and then in the presence of complex wall structures to investigate their influence

on antenna radiation characteristics. Two parameters which may affect the antenna

radiation characteristics are investigated, namely the antenna mounting location

and the internal stud materials.

In Chapter 8, the results from Chapters 6 and 7 are separately implemented in

a ray model to investigate their overall influence on indoor wireless systems’ perfor-

mance estimation. Specifically, the average received power predicted by ray models

using (a) the transmission coefficients of complex wall structures, and (b) antenna

radiation patterns mounted on complex wall structures, are compared to the pre-

dictions made using homogeneous/multi-layered slab walls and antenna radiation

patterns in free-space, respectively.

Chapter 9 discusses the practical limitations of the investigations in this thesis,

and provides recommendations for future investigations. Conclusions drawn from

the investigations in this thesis are presented in Chapter 10.

1CST Microwave Studio® (CST)
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The investigations in this thesis resulted in the following research outputs:

1. Y. Z. Goh, M. J. Neve, and G. B. Rowe, “Implications of complex wall struc-

tures on indoor wireless systems performance,” in Proc. 15th Aust. Symp.

Antennas, Sydney, Australia, Feb 2017, p. 8;

2. Y. Z. Goh, M. J. Neve, and G. B. Rowe, “Effects of complex wall structures

on antenna radiation characteristics,” in Proc. IEEE APS/URSI Int. Symp.,

Boston, MA, Jul 2018, pp. 2485–2486;

3. Y. Z. Goh, M. J. Neve, and G. B. Rowe, “Transmission properties of complex

interior cavity walls,” in preparation; and

4. Y. Z. Goh, M. J. Neve, G. B. Rowe, and J. Pearce, “Implications of complex

interior cavity walls on indoor wireless systems engineering,” in preparation.



Chapter 2

Indoor wireless systems and the

physical layer

2.1 Introduction

In Chapter 1, the motivations for the development of high performance indoor wire-

less communication systems have been outlined. One of the primary objectives of

this thesis is to determine the influence of complex wall structures on indoor wire-

less propagation, and if there are any effects that could potentially be leveraged for

engineering high performance indoor wireless systems. In order to achieve this, a

general understanding of indoor wireless systems is required.

A typical wireless communication system consists of the following components

[15, pp. 643–644] (as shown in Fig. 2.1):

1. The information source signal is first passed through various signal processing

functions which appropriately filter and code the signals (e.g. bandlimiting

the signal, A/D conversion, error control coding etc.).

2. Next, the signal is modulated on to a carrier frequency— resulting in the

information being shifted in the frequency domain to the appropriate radio

channel.

3. The antenna transmits the signal through the wireless propagation path, which

is primarily air, but there might be obstacles such as walls and furniture.

4. After the signal propagates through the wireless propagation path to the re-

ceiver, the receiver must amplify and demodulate the information signal.

This thesis is focussed on two key aspects of the physical layer1, namely propaga-

tion and antennas. As system planners in charge of deployment do not usually have

1In this thesis, the term physical layer describes just the key aspects of propagation and anten-

nas, unless stated otherwise.

6
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RF
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Mobile 
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The Physical Layer

Fig. 2.1: General architecture of wireless communication systems

the freedom to select the type of mobile antennas2, this thesis focusses on aspects

regarding the access point (AP) antenna. This chapter introduces underlying con-

cepts of the physical layer required for engineering high performance indoor wireless

systems.

Section §2.2.1 describes how the indoor environment can influence the propaga-

tion of radio waves. The variation of mean received signal with distance, and the

statistical models used to characterise the variation are discussed in Section §2.2.2.

Sections §2.2.3 and §2.2.4 describe the factors which limit system performance, and

the concept of architectural electromagnetic shielding to manipulate electromagnetic

waves, respectively. Section §2.2.5 describes propagation models used for estimating

system performance. In Section §2.3, some of the basic antenna principles and de-

grees of freedom available in the deployment of antennas for indoor wireless systems

are outlined. Sections §2.3.1 and §2.3.2 discuss the typical deployment scenarios

for antennas with omnidirectional and directional radiation patterns, respectively.

Section §2.3.3 discusses how the presence of complex structural elements (e.g. walls

and ceilings) may affect antenna performance. Section §2.4 provides a summary of

this chapter.

2.2 Physical layer— Propagation

2.2.1 The indoor wireless environment

The typical modern indoor environment is generally complex, with a wide range of

construction materials, such as steel-reinforced concrete (typically used for structural

walls, floors and ceilings), drywall mounted on a timber or steel frame (as interior

cavity walls), and glass panels for windows. The geometry of an interior cavity

wall [16] with timber frames and steel-reinforced concrete wall [17] is illustrated in

Fig. 2.2. The types of construction material used can have significant influence

on the mechanisms governing indoor wireless propagation. Due to the presence of

walls and other environmental clutter (such as furniture), a direct (unobstructed)

line-of-sight (LOS) path between the access point (AP) and the user device (UD)

does not always exist. As a result, the non-line-of-sight (NLOS) signal can be

2Mobile antennas are necessarily omnidirectional, and therefore cannot really be optimised.
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studs
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10 mm drywall

400–600 mm 

Top plate
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Steel reinforcing bars
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200–600 mm
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Fig. 2.2: Illustration of typical (a) interior cavity wall with timber frame and

(b) structural steel-reinforced concrete wall. A portion of the walls have been re-

moved to illustrate the internal frame structure.
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UD3

UD2

UD1

AP

Fig. 2.3: Illustration of key propagation paths in an indoor office environment, where

paths denoted A, B, and C represent direct, reflected and diffracted waves.

significantly attenuated over short distances (e.g. transmission through structural

concrete walls). In these cases, the propagation of signals via secondary paths

via reflection, diffraction, and scattering may increase the received signal strength.

Examples of typical propagation paths are shown in Fig. 2.3.

Reflection

Reflection of energy from surfaces (such as walls) can make a significant contribution

to the received signal levels. In Fig. 2.3, paths B1 and B2 are examples of reflection

from a concrete wall which may appreciably contribute to the received signal level at

user devices UD1 and UD2. The level of reflection from a surface is dependent on the

angle of incidence, polarisation, frequency and material properties. One approach

to determine the level of reflection (and transmission) is via Fresnel’s plane wave

reflection and transmission coefficients for a half-space dielectric slab [18, pp. 351–

369]. A plane wave propagating at incident angle θi (relative to the normal) will

produce a reflected and transmitted component, as shown in Fig. 2.4. The angle

of the reflected (θr) and transmitted (θt) wave obeys Snell’s Law [18, pp. 362–363],

such that
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Dielectric half spaceIncident wave

Reflected wave

Transmitted wave

Air

Normal

Medium 1 Medium 2

θi

θr θt

n1 n2

Fig. 2.4: Plane wave (represented as rays) incident on a homogeneous half-space

dielectric slab.

θi = θr (2.1)

and

n1 sin θi = n2 sin θt (2.2)

where n is the refractive index of the material3. Fresnel’s transmission (τ) and

reflection (Γ) coefficients for a half-space dielectric slab are given by

τ =
2nT1

nT1 + nT2

(2.3)

and

Γ =
nT1 − nT2

nT1 + nT2

(2.4)

where nT1 and nT2 are the transverse refractive indices for medium 1 and medium 2

respectively, quantified by

nT =

n cos θ, TE polarisation

n
cos θ

, TM polarisation.
(2.5)

When a plane wave impinges upon a homogeneous dielectric slab of finite thick-

ness, the wave undergoes multiple reflections and transmissions through the different

3The refractive index n =
√
µrεr, where µr and εr is the relative permeability and relative

permittivity of the material. For non-magnetic (dielectric) media, n =
√
εr.
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Finite slab
Incident wave
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Air

Transmitted waves

Air

n1 n2 n1

Fig. 2.5: Multiple transmissions and reflections4 of a plane wave incident on a finite

homogeneous dielectric slab.

media as shown in Fig. 2.5. To determine the overall transmission through the finite

slab, a heuristic (but exact) approach involves summation of the multiple transmit-

ted and reflected waves using Fresnel’s half-space equations described in (2.3) and

(2.4) [19, pp. 203–207]. The resulting overall transmission coefficient (T ) is

T =
τ1τ2 exp−jkl

1 + Γ1Γ2 exp−2jkl
, (2.6)

where τ1 (Γ1) and τ2 (Γ2) are Fresnel’s transmission (reflection) coefficients at the air-

dielectric and dielectric-air interface respectively, k is the propagating wave vector

in the dielectric slab, and l is the thickness of the slab. Similarly, the reflection

coefficient (R) of the dielectric slab can be found using [19, p. 207]

R =
Γ1 + Γ2 exp−2jkl

1 + Γ1Γ2 exp−2jkl
. (2.7)

Using these expressions ((2.6) and (2.7)) as a basis, the reflection and transmission

coefficients of laterally-uniform multi-layered slabs can also be calculated through

an iterative procedure [19, pp. 207–211].

4Although more reflected rays within the slab may exist, only those up to 6th order reflection

are depicted for clarity.
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Diffraction

Signals propagating via a diffracted path may also contribute to received signal lev-

els, especially in regions shadowed by obstacles which are large (compared to the

wavelength), and where no strong LOS path is present. Diffraction is a phenomenon

which causes electromagnetic waves to ‘bend’ around sharp or curved surfaces. Ac-

cording to the Huygens-Fresnel principle, every point in a new wave-front may be

considered as a centre of a secondary disturbance which gives rise to spherical sec-

ondary waves (with the same frequency as that of the primary wave), and these

secondary waves combine to produce a new wavefront. In an indoor environment,

diffraction can occur from the corners of corridors or vertical edges of walls. The

diffracted wave resulting from the obstruction can increase the signal levels in shad-

owed regions. As shown in Fig. 2.3, energy arriving along the diffracted path (C1)

can (potentially) be the dominant mechanism for signals arriving at user device

UD3, if the direct path (A3) is significantly attenuated by the structural concrete

wall.

Scattering

Scattering occurs when propagating waves travel through a medium consisting of ob-

jects which are small compared to a wavelength, causing reflection in a non-specular

manner [20, pp. 135–136]. Scattering can be caused by rough surfaces, small ob-

jects or other irregularities in the environment. Typically, the indoor environment

contains many small objects (e.g. fan, chair, potted plants etc.) which have the

potential to scatter propagating waves in all directions. Consequently, scattering

is generally not considered as a dominant propagation mechanism which may sig-

nificantly increase the received signal level at the user device, and is therefore not

included in Fig. 2.3. Apart from the paths depicted in Fig. 2.3, other propagation

phenomenon such as waveguiding in corridors (due to multiple reflections) could

exist in some buildings [21, 22].

2.2.2 Characteristics of received signals

The received signal at any given location is the phasor summation of signals that

propagate via the various paths described in Section §2.2.1, which can lead to rapid

fluctuations in the received signal, known as fading. The variation in the received

signal (red trace) for a hypothetical indoor environment (at 1.0 GHz) is illustrated

in Fig. 2.6. The local mean, also referred to as sector averaged mean (blue trace) was

calculated by averaging the received signal over a 10λ sector. The received signals

generally exhibit three types of variation, known as small-, medium-, and large-scale

variation [23, pp. 239–280], [24].
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Fig. 2.6: Typical variation in received signals.

Small-scale variation

Small-scale variation refers to the rapid fluctuation of the instantaneous received sig-

nal (the red trace in Fig. 2.6), also known as fast fading [25, pp. 18–21], [26, p. 114]

or small-scale fading [27, pp. 67–68]. As the received signal is a combination of

multipath components with different phases, the superposition of these components

lead to constructive interference (when signals are in phase) and destructive inter-

ference (when signals are out of phase). The distances between successive fades are

usually between 0.5–1.0λ, with fades typically between 30–40 dB below the mean

signal level [20, p. 106]. The mean received signal (the blue trace in Fig. 2.6)

which has been averaged over a local area such that the short-term variation is

eliminated is known as the local mean [28, p. 155]. In practice, the local mean is

important as it is required for system performance estimation (e.g. outage proba-

bility) [29,30], [31, p. 41].

Depending on the propagation environment, the small-scale variability in the

received signal strength can generally be modelled statistically by either a Rician or

Rayleigh distribution [20, pp. 210–214]. The Rician distribution is usually used in

situations where a single dominant LOS path exists between the transmitter and the

receiver, while the Rayleigh distribution is used to represent NLOS environments

where no single dominant path exists. However, results of experimental measure-
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Table 2.1: Path-loss exponent for various environments

Environment n

Free-space 2.0

Outdoor (urban area) 2.7–3.5

Outdoor (suburban area) 3–5

Indoor (LOS) 1.6–1.8

Indoor (NLOS) 4–6

Corridors/Tunnels5 0–2

ments reported in [32] at 5 GHz have revealed that the received signals are more

accurately characterised with the Rayleigh distribution, regardless of path condi-

tions (LOS or NLOS). This observation suggests that strong signals are reflected

from walls and have comparable amplitudes to the direct LOS path (i.e. no single

dominant path exists), at least for that particular environment [32].

Medium-scale variation

The presence of significant obstacles (e.g. steel-reinforced concrete central services

shaft, containing lifts and stairwell) in the environment can cast radio shadows,

causing fluctuations in the local mean (represented by the blue trace in Fig. 2.6).

This phenomenon is termed slow fading [23, pp. 246–247], also known as shadow

fading or shadowing [25, pp. 21–22]. Slow fading usually occurs over larger distances

compared to fast fading, and the slow fading envelope can be characterised by a log-

normal distribution [28, p. 115].

Large-scale variation

As the separation distance between the transmitter and receiver increases, the radio

signal is increasingly attenuated due to the spatial divergence of radio waves [27,

pp. 67–69], known as range-dependent path loss [25, p. 22]. This variation in the

mean received power, Pr (W), can be described by an inverse power proportionality

relationship [20, pp. 138–139], given by

Pr ∝ 1/dn (2.8)

where d is the antenna separation distance, and n is the path-loss exponent. The

5Electromagnetic waves propagate as plane waves in an ideal waveguide, with n = 0. The

less than free-space path-loss exponents observed in corridors and tunnels (at higher frequencies)

suggest that some sort of waveguiding mechanism may exist in these environments.
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Fig. 2.7: Graphical representation of the available channels in the 2.4 GHz band in

IEEE 802.11 standards.

specific value of n is dependent on the environment, and examples of typical values

are listed in Table 2.1 for various environments [20, p. 139].

2.2.3 System performance constraints

Wireless Local Area Networks

Communication protocols for wireless local area networks (WLANs) operating in

the unlicensed portions of the frequency band (i.e. 2.4 GHz industrial, scientific and

medical (ISM) band, and the 5.8 GHz unlicensed national information infrastructure

(U-NII) band) are specified by the IEEE 802.11 standards [33]. Systems supporting

the IEEE 802.11 standards are widely deployed within buildings to provide wireless

connectivity. In the IEEE 802.11 standards, the 2.4 GHz band is divided into 11

channels6 with a bandwidth of 20 MHz per channel, as illustrated in Fig. 2.7. The

adjacent channels in the 2.4 GHz frequency band overlap with each other, and only

three channels (1, 6, and 11, shown as green traces in Fig. 2.7) are non-overlapping

in frequency. As a result, when more than three channels are allocated to APs,

frequencies are reused and varying levels of co-channel interference might be present,

which have the potential to degrade system performance.

Co-channel interference

The effects of co-channel interference can be reduced by providing sufficient physical

isolation between co-channel cells. However, the large number of users indoor re-

quires wireless systems that are able to accommodate high user capacities— this can

be achieved by utilising small cell sizes, with each cell served by an individual AP.

Accordingly, as cell size decreases, the distances between co-channel cells utilising

the same frequency also decrease which can lead to a high level of interference.

For communication links to be reliable, a parameter known as the Signal-to-

Interference Ratio (SIR) needs to be above a certain threshold termed the receiver

6The USA standard divides the spectrum into 11 channels; in Japan, up to 14 channels can be

used [33].
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Fig. 2.8: Illustration of (a) low SIR and (b) high SIR in a typical office environment.

protection margin7, rp according to

SIR =
S

I1 + I2 + I3 + ...IN
≥ rp (2.9)

where S is the desired signal power in Watts, In (1 ≤ n ≤ N, n ∈ I) is the interfering

signal power from the nth co-channel transmitter in Watts, and N is the total

number of co-channel transmitters. For SIR values above the protection margin,

the system performance is deemed acceptable while SIR values below the protection

margin usually result in poor system performance.

The influence of deployment on SIR is illustrated in Fig. 2.8, where co-channel

APs are deployed in opposing corners of a typical office environment with a central

services core. When the mobile user is at one corner equidistant from the desired

AP and potential interferer, as in Fig. 2.8(a), the SIR value8 is approximately 1—

indicating that the desired signal level is almost equal to the level of interfering

signal which leads to poor wireless performance. In contrast, when the mobile user

is located as shown in Fig. 2.8(b), the level of the desired signal is higher than

the interfering signal due to the attenuation (of 20 dB) provided by the central ser-

vices core [34]. This form of natural shielding provided by the environment can be

exploited to improve indoor wireless systems’ performance to a certain extent. How-

ever, natural shielding is sometimes insufficient to control interference— especially

for high capacity systems where dense installation of APs are required.

7The protection margin is the threshold SIR value required to return acceptable system

performance— the exact threshold value depends on the details of the standard used, such as

derivatives of the IEEE 802.11 standards.
8It is assumed that isotropic (radiate equally in all directions) antennas are used at the APs

and the attenuation factor of the interior cavity walls are equal.
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2.2.4 Architectural electromagnetic shielding

While the environment in which the wireless system operates can significantly affect

the propagation mechanisms, it is also possible to manipulate the propagation of

radio waves by means of architectural shielding. For example, metal sheets can be

applied to the walls of a building to provide shielding from undesired co-channel

interfering signals. Completely surrounding an indoor area with metal sheets (ef-

fectively forming a Faraday cage) prevents the penetration of any radio signal, thus

eliminating all interfering signals. However, this solution is impractical as the fi-

nancial cost of installation is high. Most importantly, doing so will also block out

desirable signals from other frequency bands (e.g. emergency services radio commu-

nications, licensed spectrum services etc.).

As an alternative to metal sheets, the deployment of frequency selective surfaces

(FSSs) has been proposed to selectively block only co-channel interfering signals

from neighbouring APs, while still allowing signals from other frequencies to pass

through. The FSSs used for this purpose typically consist of planar periodic con-

ductive geometries supported by a dielectric substrate. A square loop, band-stop

FSS designed to operate at 5.8 GHz is shown in Fig. 2.9(a). The square elements

are fabricated from thin aluminium foil, attached to a cardboard sheet for support.

The frequency response for the transmission coefficient of a typical band-stop FSS

with a resonant frequency of 5.85 GHz, is illustrated in Fig. 2.9(b). At resonance

the incident waves are reflected off the FSS9, while allowing transmission at other

frequencies. Although the performance of FSSs may degrade (e.g. shift in resonant

frequency and reduction in achieved attenuation) when mounted on walls, results

in [35] suggest that wall-mounted FSSs may still provide an additional attenuation

of 10–15 dB. An attenuation of 10–15 dB is considered significant, and has been

shown to be sufficient for reducing co-channel interference [34]. While FSSs appear

to be a promising solution in minimising co-channel interference, the installation

costs of FSSs remain high. To reduce deployment costs, the total size of FSSs can

be minimised by identifying and shielding only the dominant propagation paths of

co-channel APs [36]. For this purpose, mathematical models which characterise the

propagation phenomenon can be used [37, p. 113].

2.2.5 Modelling propagation for indoor wireless systems

Propagation models are used to predict the signal strength at a given receiver lo-

cation, which can then be used to assess and optimise system performance. For

example, propagation models are used to assess the coverage area and/or interfer-

ence levels for a given deployment scenario [38, p. 45]. In addition, propagation

models can be used to optimise AP locations without the need for repeated mea-

9At resonance, FSSs behave like metal sheets.
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Fig. 2.9: (a) Square loop FSS and (b) Frequency response of a band-stop FSS [35].

surements, which are time-consuming [37, p. 114].

In general, propagation models can be categorised as either empirical or deter-

ministic. Empirical models are usually represented by a set of formulas derived

from extensive measurement campaigns [39]. An example of an empirical model

is the Wall Attenuation Factor (WAF) model introduced by Seidel and Rappa-

port [40] where additional attenuation caused by transmission through walls were

measured and integrated with the free-space path loss model. These models are

easy to implement and use, but many of the parameters (such as the WAF) lack

an electromagnetic basis, and can vary considerably between buildings. As a result,

the prediction accuracy of these models for other indoor environments where the

measurements were not conducted remains questionable, and they are therefore not

transportable to other environments.

In contrast to empirical models, deterministic models are based on the use of

electromagnetic wave propagation theory (represented by Maxwell’s equations) and

take specific building features (e.g. building layout and materials) into considera-

tion for accurate path-loss prediction. In general, deterministic models can be highly

accurate provided that the physical models (such as building description) used for

path-loss prediction represent the propagation environments adequately. Some pop-

ular examples of deterministic models such as ray tracing, Finite-Difference Time-

Domain (FDTD), and hybrid (e.g. ray tracing + FDTD) methods are reviewed in

this section.

Ray models

Numerical electromagnetic tools using ray tracing algorithms are often employed

in the estimation of system performance due to their computational efficiency [41].
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Ray models are fundamentally based on the high frequency asymptotic approxima-

tions embodied within geometrical optics (GO). In ray models, Maxwell’s equations

are approximated in a quasi-optical fashion where the propagating electromagnetic

waves are assumed to behave as rays [41]. The rays interact locally with interfer-

ing objects and the path of each ray is traced such that its optical path length

is extremised (maximised or minimised). A ray that is incident on an interfering

object will lead to a reflected and transmitted ray, where both rays follow Snell’s

Law [37, p. 129]. This assumption is generally valid when the dimensions of obstacles

in the propagation channel are very large compared to the wavelength.

To model indoor wireless propagation using ray models, walls and other obstacles

are typically modelled as homogeneous [42, 43] or multi-layered structures that are

laterally uniform [14, 44, 45]. However, as mentioned in Section §2.2.1, walls are

complex inhomogeneous structures (due to the presence of internal framing structure

such as studs or reinforcing bars), which may affect the propagation of radio waves.

In addition, propagation mechanisms such as dielectric wedge diffraction (which is

commonly encountered in the indoor environment) is known to be a non-ray-optical

process [46]. Therefore, ray models should only be applied to the indoor propagation

problem with caution.

Full-wave methods

Unlike ray models, full-wave solvers make no a priori assumptions regarding the

radio wave propagation processes. The FDTD method is a popular example of a

full-wave solver, which is a grid-based method that solves Maxwell’s equations in the

differential form10. The calculation domain is discretised into finite grid elements

(known as mesh cells), where central differences are employed to approximate the

temporal and spatial derivatives of the electric and magnetic field strength [47].

The FDTD method is capable of modelling very detailed geometries [48], and is

therefore suitable to accurately model propagation in the presence of complex wall

structures. Although the FDTD method can be used to accurately predict path

loss, the high computational resources required to model electrically large structures

(such as multi-storey buildings [48]) prohibits the use for routine system planning.

However, the FDTD method can still be used as a standard for validation of other

modelling techniques [49, 50].

Hybrid methods

Hybrid methods usually consist of a combination of two or more electromagnetic

models. For example, the combination of FDTD and ray models has been widely

10Another grid-based method known as the Finite Integration Technique (FIT) solves Maxwell’s

equations in integral form. The commercial software CST Microwave Studio® (CST) is based on

FIT.
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used by researchers to accurately model indoor wireless propagation [12, 13, 51–53].

Although the FDTD method can be computationally intensive, it is able to accu-

rately predict the scattered field in the presence of complex discontinuities [12]. In

the indoor wireless environment, APs are frequently installed near these complex dis-

continuities, such as complex inhomogeneous wall structures, where no asymptotic

solutions are available [12]. For this reason, the FDTD method is used to analyse

scattered fields of the APs in regions near complex wall structures and where ray

models are insufficiently accurate. The FDTD method is only applied to a limited

area of the entire calculation domain, ensuring computational requirements do not

increase significantly. The ray model is then used to analyse the interaction of the

propagating fields from the AP (calculated using FDTD) with obstacles in the rest

of the indoor environment. Previous studies have demonstrated that a more accu-

rate modelling of radio propagation can be achieved compared to a standard ray

model [12, 13].

While deterministic models such as FDTD can accurately predict the small scale

fading in an indoor environment, a detailed description of the environment is re-

quired if the instantaneous received signals are to be calculated. For example, the

location of studs in interior cavity walls can influence the exact location of fades in

the received signals. However, it is very difficult, if not impossible, for indoor wire-

less system planners to obtain such information. Instead, the complex nature of the

indoor environment requires the performance of wireless systems to be quantified

statistically (with either the Rayleigh or Rician distribution).

System performance estimation

To assess the performance of indoor wireless systems, an outage probability ex-

pression is typically used. Outage refers to the regions that fail to maintain an

adequate signal margin above any interference present and thermal noise, quantified

by the signal-to-interference plus noise ratio (SINR) [54]. The effect of interference

is dependent on the communications protocol, and therefore outage probability ex-

pressions involving interference are protocol specific [55]. For example, CDMA is

a spread spectrum technique where multiple users are separated with orthogonal

spreading codes. Therefore, the desired signal for one user will appear as noise-like

interference to other users. The outage probability for CDMA transmissions with n

interferers is given by [29]

P n
out = 1−

N∏
n=1

Λn

Λn + rp
(2.10)

where Λn is the ratio between the mean desired signal and nth interfering signal, and

rp is a receiver protection margin. As shown in (2.10), the outage probability only

requires the ability to estimate mean signal levels. Therefore, propagation models
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are used to estimate the local mean instead of the small scale fading for indoor

wireless system performance estimation. Although an accurate description of the

indoor environment (such as the building layout) can improve prediction accuracy of

deterministic models, the results in [13] suggest that accurate modelling of antenna

radiation characteristics is also required.

2.3 Physical layer— Access point antennas

All wireless systems include a wireless link— usually as a last link between the trans-

mitter and receiver [15]. To transmit (and receive) radio waves over the air, antennas

are required. Antennas are transducers that convert an electrical signal flowing from

a guided medium (e.g. coaxial cable) into radiating electromagnetic waves propa-

gating over free-space, or vice versa. The antenna is an integral component in all

wireless systems, and can significantly influence system performance.

In practice, there is a limited degree of freedom available to the system plan-

ner in charge of deployment. Modulation and coding are specified and locked into

standards (e.g. derivatives of the IEEE 802.11 standards series), and these can-

not be changed at the time of deployment. However, factors such as antenna type,

location, orientation, and channel allocation can be optimised to improve system

performance. Careful selection and deployment of AP antennas are important for

successful implementation of indoor wireless systems [56, 57]. In general, AP an-

tennas can be categorised as either omnidirectional or directional. Sections §2.3.1

and §2.3.2 discuss omnidirectional and directional antennas respectively, and typi-

cal deployment scenarios for these antennas. The effects that the environment may

have on AP antenna performance for these typical deployment scenarios are briefly

discussed in Section §2.3.3.

2.3.1 Omnidirectional antennas

Omnidirectional antennas are one of the most common antennas found in APs

with (almost) equal radiation intensity in the horizontal (azimuth) plane. Typi-

cal examples of omnidirectional antennas are the half-wave dipole and quarter-wave

monopole. If coverage is to be provided in a building with large spaces (such as lec-

ture halls, conference rooms, office buildings etc.) by a single AP, omnidirectional

antennas could be used [37, p. 203], [58]. In these cases, the antenna should be

mounted on the ceiling, clear of most obstructions thereby having a LOS path to

user devices [58]. In addition, omnidirectional antennas should be centrally located

on the ceiling area to ensure most of the radiation is contained within the intended

coverage area, reducing the risk of interference with other systems.
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2.3.2 Directional antennas

Directional antennas have narrow azimuth and elevation beamwidth, and therefore,

typically have higher gains than omnidirectional antennas. In addition, directional

antennas have large front-to-back ratios, making them suitable for cases where cov-

erage is to be maximised in a certain direction. For example, directional antennas

can be used in areas like long corridors, where a directional coverage is required

over an extended but narrow area [37, p. 206]. In addition, directional antennas

are used in certain dense deployments with concentrated coverage within a certain

area with high user traffic. In these cases, the usage of directional antennas al-

lows more efficient interference management, as compared to omnidirectional anten-

nas [37, p. 207]. A typical directional antenna used for indoor wireless applications

is the patch antenna and it is often mounted on walls [37, p. 206], [58], [59].

Multiple APs with directional antennas can be deployed in areas with high-user

density (e.g. lecture halls, office buildings) to meet the high data demand11. In these

cases, appropriate channels12 for the APs should be selected to avoid interference to

adjacent systems.

2.3.3 Impact of the environment on AP antenna perfor-

mance

The radiation pattern of an antenna is usually specified by antenna manufacturers for

performance in free-space [60,61]. The free-space radiation pattern can be measured

in an anechoic chamber or calculated analytically. However, when deployed in an

actual environment, the AP antenna is surrounded by different objects and materials

of finite extent and conductivity [62, p. 176]. The ceilings and walls are made of

materials including steel-reinforced concrete, drywall, and timber or steel studs.

The presence of these materials in the vicinity of the APs may affect the antenna

radiation pattern, altering the radiation pattern as compared to one measured in

free-space. One main focus of this thesis is to investigate the effects that mounting

APs on these complex wall structures have on their radiation characteristics, and

whether there are any effects that could be leveraged to improve indoor wireless

systems’ performance.

11The majority of Wireless Local Area Network (WLAN) systems operate in the 2.4 GHz band

(IEEE 802.11b and IEEE 802.11g standards) and 5 GHz band (IEEE 802.11a standard), with

maximum data rates from 11 Mbps (802.11b) up to 54 Mbps (802.11g/a). A maximum data rate

of 100 Mbps can be achieved by systems operating in either frequency band (IEEE 802.11n).
12In the 2.4 GHz band (IEEE 802.11b and IEEE 802.11g), there are three non-overlapping

channels which do not interfere with each other, as discussed in Section §2.2.3.



Chapter 2. Indoor wireless systems and the physical layer 23

2.4 Summary

In this chapter, two key aspects of indoor wireless communication systems have been

introduced— propagation and antennas. The influence of the environment on radio

propagation has been discussed and the variability in building layout and construc-

tion materials further complicates the modelling of indoor radio propagation. The

application of architectural shielding to enhance system performance has been dis-

cussed, together with propagation modelling techniques used for system performance

estimation.

This chapter also discussed the limited degrees of freedom available to system

deployment engineers in selecting and deploying AP antennas for indoor wireless

systems. The antenna radiation patterns are usually specified by manufacturers

for the case of free-space propagation, while APs are usually mounted on complex

wall structures and ceilings. The surrounding environment in the vicinity of the AP

may alter its radiation characteristics, and hence the overall system performance.

Chapter 3 will review existing work within the literature, with a focus on propagation

modelling and antenna deployment for designing high performance wireless systems.



Chapter 3

Electromagnetic engineering for

indoor wireless systems

3.1 Introduction

As discussed in Chapter 2, propagation models which can accurately predict relevant

planning parameters (such as local mean) are required for the successful deployment

of current and future wireless systems. Empirical models based on experimental

measurements are simple to apply but the results are generally not transportable

due to the complexity of the indoor environment. In contrast, deterministic models

(based on electromagnetic theory) take into account the electromagnetic properties

and geometry of the physical environment, which can yield accurate predictions of

signal strength. To accurately characterise the indoor channel using deterministic

models, two important factors need to be considered— accurate modelling of the

environment, and accurate antenna radiation characteristics.

Section §3.2 provides a review of the studies available in the literature on em-

pirical and deterministic models commonly used to estimate indoor wireless system

performance. A literature survey on the characterisation of complex wall struc-

tures for accurate propagation modelling is described in Section §3.3. Section §3.4

presents the literature on the effects of mounting antennas on complex structures.

The contributions of this thesis are outlined in Section §3.5, followed by a summary

of the chapter in Section §3.6.

3.2 Propagation modelling

Propagation models can be used for indoor wireless systems’ performance estima-

tion. The simplest propagation model is the free-space path loss model, but it is

only applicable in certain conditions (such as LOS in an indoor environment where

contributions of secondary paths are insignificant). The presence of walls (and furni-

24



Chapter 3. Electromagnetic engineering for indoor wireless systems 25

ture) suggests that the free-space path loss model is not always applicable for indoor

environments. To improve the prediction accuracy of propagation models, physical

details of the propagation environment (e.g. architectural layout and construction

materials) need to be incorporated in some way.

3.2.1 Empirical models

Lafortune and Lecours (1990) [10]

In [10], empirical propagation models with input parameters describing the environ-

ment (e.g. obstacles between antennas such as walls/windows) were developed based

on measurement studies conducted in a multi-storey university building (containing

laboratories, class rooms, and offices) at 917 MHz. The building was divided into

simple canonical regions (e.g. propagation in corridors, NLOS propagation internal

partitions and propagation to adjacent floors) where measurements were conducted.

Models to predict the path loss were then fitted to the measurements. For propa-

gation within the same floor, the loss in excess of free-space is given by

L = 3.7− 1.5n− 10.7 log10(d) +

0, d′ < 4 m

−7.8 + 15.3 log10(d′), d′ ≥ 4 m
(3.1)

where d is the transmitter-receiver separation (m), n is the number of intervening

walls, and d′ is the distance between the transmitter and the first intervening wall.

When the transmitter and receiver are located on different floors, the loss in excess

of free-space is

L = −1.5n− 10.7 log10 d− 23.8− 41.7 log10 p, (3.2)

where n and p are the number of interior partitioned walls and concrete floors in the

transmission path respectively, and d is the distance between the transmitter and

receiver. It was reported in [10] that 68% of the measurements conducted achieved

an accuracy of ±2 dB when compared to the values predicted using (3.1). As

the transmitter-receiver separation d increases, the prediction error is identified to

increase due to additional uncertainty and diversity in the architectural configuration

and materials [10].

Seidel and Rappaport (1992) [11]

Empirical models to predict the local mean based on experimental measurements

conducted in two multi-storey buildings were proposed in [11]. Although the mea-

surements were conducted at 914 MHz, it was suggested that the models could be

applicable for low microwave frequencies up to 5 GHz.

For the case of propagation within the same floor, the Wall Attenuation Factor

(WAF) model was proposed, which incorporates additional losses due to internal
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partitions and concrete walls to the free-space path loss model. The WAF model is

given by [11]

PL(dB) = 20 log10

(
4πd

λ
+ p×WAFpartition + q ×WAFconcrete

)
, (3.3)

where p and q are the number of soft partitions and concrete walls respectively, and

WAFpartition and WAFconcrete are the attenuation of internal partitions and concrete

walls respectively. The values of WAFpartition and WAFconcrete were measured to

be 1.39 dB/partition and 2.38 dB/wall respectively. The WAF model was shown

to be able to predict the mean path loss within 6 dB in most regions when com-

pared to measurement results. To further improve the accuracy of the WAF model,

Cheung et al. (1998) [63] proposed a modified version which considers (i) an angle-

dependent WAF, and (ii) diffraction around structural corners. It was reported

that (3.3) can be accurately used to determine the mean path loss for short dis-

tances (e.g. 1–5 intervening walls), for the environment considered in [63]. However,

for long propagation distances (e.g. more than 5 intervening walls), the path loss

predicted using (3.3) was over-estimated by up to 40 dB when compared to measure-

ment results [63]. This observation was suggested to be due to significant attenuation

experienced by the signals along the direct path (being obstructed by 5 walls), mak-

ing the model in (3.3) predict a large path loss. However, the model proposed by

Cheung et al. predicted that the actual path loss is less, as there are diffraction

paths that exist from door frames and structural corners. The mean error of the

improved model and (3.3) were found to be −0.3 dB and 14.8 dB respectively when

compared to measurement results [63].

For multi-floor propagation, the Floor Attenuation Factor (FAF) model was

proposed in [11], given by

PL(dB) = PL(d0) + 10× nsf × log10

(
d

d0

)
+ FAF, (3.4)

where PL(d0) is the path loss at a reference distance (d0) and includes all the

losses and gains in the system, d is the transmitter-receiver separation distance, nsf

is the distance-dependency exponent for data measured on the same floor as the

transmitter, and FAF is the floor attenuation factor. The values of FAF (in dB)

measured for the environment in [11] are shown in Table 3.1. It can be observed in

Table 3.1 that the value of FAF is dependent on the building and number of floors

separating the transmitter and receiver. Since the floors in the building are identical,

if transmission through the floors is the dominant propagation path, the FAF should

increase linearly. However, it is observed that the incremental FAF decreases as the

floor separation increases, suggesting that secondary paths contribute to the received

signal.

In [64], Butterworth et al. (2000) used the model given by (3.4) to estimate

indoor wireless system performance (in terms of outage probability) in a multi-



Chapter 3. Electromagnetic engineering for indoor wireless systems 27

Table 3.1: Values of Floor Attenuation Factor (dB) measured in [11].

Floor separation Building 1 Building 2

1 12.9 16.2

2 18.7 27.5

3 24.4 31.6

4 27.0 —

storey building [64]. It was found that the application of (3.4) resulted in pessimistic

estimates of the outage probability [64]. By complementing the model given by (3.4)

with an additional factor which takes into account a phenomenon termed correlated

shadowing, more accurate estimates of the outage probability were achieved [64].

Practical implications

Although empirical models are simple to apply, they lack a physical basis and are

difficult to generalise. As a result, empirical models can be accurate for the envi-

ronment where the measurements were conducted, but are not readily transportable

to other environments. Additional measurements are required to tune parameters

in the models [63, 64] which can be time-consuming and expensive. As an alterna-

tive to empirical models, deterministic models which take detailed building features

(such as construction materials and architectural layout) into account can be used

for accurate path-loss prediction.

3.2.2 Deterministic models

Deterministic models are based on an electromagnetic analysis solving Maxwell’s

equations with appropriate boundary conditions. Analytical solutions can only be

obtained for simple cases due to the complex boundary conditions (and geome-

try) of the indoor environment. The complex propagation environment suggests

that the problem can only be solved analytically for simplified canonical geometries

of the indoor environment. As an alternative to analytical methods, ray models

based on Geometrical Optics (GO), and full-wave solvers have been widely used for

modelling indoor wireless propagation. In this section, a review of relevant indoor

wireless propagation modelling techniques using ray models, and full-wave solvers is

presented.

Ray models

Honcharenko et al. (1992) [65] used a ray model to investigate propagation mech-

anisms in a single-floor office environment. It was reported that the path loss can
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be considered similar to free-space if the clear space between the floor (or furniture)

and ceiling is larger than the first Fresnel zone. Consequently, if the clear space is

less than the size of the first Fresnel zone, additional attenuation will occur. Al-

though the results in [65] provided valuable insight on the mechanisms governing

indoor propagation, the walls and furniture were modelled as laterally homogeneous

dielectric structures and PEC screens. In reality, walls are complex inhomogeneous

structures, which may affect propagating waves in a different manner. The various

materials present within complex wall structures further complicates the prediction

of signal strengths in an indoor environment.

To approximate and include these effects into ray models, Seidel and Rappa-

port (1994) [66] modelled complex wall structures using an effective relative per-

mittivity, εeff, also known as the homogenisation technique. In [66], the effective

material properties of the wall model were empirically adjusted based on the differ-

ence between the measured and predicted power delay profile. It was shown that

by representing walls with their effective relative permittivities, the amplitudes and

arrival times of individual multipath components can be generally predicted [66].

However, the heuristic presented in [66] does not account for the inhomogeneity in

complex wall structures. Due to the empirical basis of the approach, measurements

are required to determine the applicability of the effective relative permittivity and

the appropriate values to be used in ray models.

Tarng et al. (1997) [67] proposed the patched-wall model in an attempt to

represent wall structures more realistically. Patched-wall models are physical wall

models formed by patches with different physical sizes and relative permittivities (to

represent doors and windows). In [67], the patched-wall model and a uniform wall

model (which assumes uniform relative permittivity) of a corridor were implemented

in a ray model. It was found that the prediction accuracy using the patched-wall

model was not significantly improved (i.e. improvement in the mean error and

standard deviation are approximately 1 dB).

A fundamental limitation to ray models are that they can sometimes be in-

accurate due to non-ray-optical propagation processes, such as dielectric wedge

diffraction. To incorporate the effects of diffraction in ray models, Kouyoumjian

and Pathak [68] developed the Uniform Theory of Diffraction (UTD) which models

diffraction around perfectly conducting wedges. Although the prediction accuracy of

ray models have been shown to be increased with the incorporation of the UTD, its

application to indoor environments may not be suitable, as the majority of objects

indoors are made of dielectric materials. To improve the prediction accuracy of ray

models indoors, heuristic modifications of the UTD to account for fields diffracted

by dielectric materials have been proposed [46,69–72]. The results have shown that

prediction accuracy in shadowed regions can be improved with appropriate esti-

mates of the diffracted fields. However, the heuristic UTD developed for dielectric
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wedge diffraction are inherently site-specific1 and may only be applicable to a par-

ticular environment. Consequently, the general applicability of the heuristic UTD

for dielectric wedge diffraction remains uncertain. As an alternative to ray models,

full-wave methods which make no a priori assumptions regarding the propagation

processes may be used to model indoor wireless propagation.

Full-wave methods

Recent advances in computational resources have allowed the application of full-

wave methods such as Finite Difference Time Domain (FDTD), Finite Integration

Technique (FIT), Method of Moments (MoM), and Multi-Resolution Time Domain

(MRTD) to electrically large indoor propagation problems. In most investigations

on indoor propagation, only the large-scale geometry (e.g. walls extended from floor

to ceiling) has been considered, and is usually represented by homogeneous dielectric

slabs. Unlike ray models, full-wave methods do not make a priori assumptions of

the propagation processes, and are suitable for modelling complex wall structures.

In the literature, only a few studies have modelled complex wall structures when

using a full-wave approach to characterise the indoor channel.

Yun et al. (2004) [73] analysed indoor wireless propagation in an indoor envi-

ronment consisting of complex wall structures (cinder block walls) using the FDTD

method. The predicted average received power were compared to another model,

where the walls were modelled as homogeneous dielectric slabs with an effective rel-

ative permittivity. It was shown that 40%–50% of the total floor area had different

local mean power when modelling the walls as complex structures or simple homo-

geneous slabs. In addition, the mean Ricean K factors of simple slabs were found

to be larger than those of complex wall structures by 3–5 dB.

In [74], Lai et al. (2008) used the FDTD method to identify those dominant

propagation paths in an indoor environment which significantly contribute to the

received signal strength. Propagation models which include only the dominant prop-

agation paths can provide meaningful system performance estimates, while remain-

ing computationally efficient. The environment considered in [74] contained a central

services core surrounded by corridors and offices. The FDTD method was used to

investigate radio wave propagation around one corner of the central services core

which is constructed from reinforced concrete. It was found that reflections from the

central services core and office walls are the dominant propagation path, implying

that penetration through, and diffraction around the corner is negligible.

Following a similar approach, Austin et al. (2011) [48] conducted an exhaus-

1Although a general solution to dielectric slab diffraction is provided in [69], certain limitations

to the solution applies, namely (a) the source must be at least a wavelength away from the slab,

(b) the angle of incidence must not be greater than 60◦ (due to surface waves which were neglected

in the model), and (c) the thickness of the slab must be less than a quarter wavelength.
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tive FDTD analysis of an office environment (resembling the environment in [74]) to

identify dominant propagation paths within buildings. Two scenarios of propagation

within a single-floor were considered in [48], where the authors identified shortcom-

ings of previous research involving the characterisation of the radio channel using the

FDTD method, usually assuming that the offices were empty. In reality, offices are

filled with a varying amount of clutter (e.g. furniture, book shelves, whiteboards).

Results comparing the dominant propagation paths were presented for empty and

clutter-filled offices in [48]. The transmitting antenna was located at one corner of

the corridor, with multiple receiver locations on the floor. It was found that reflec-

tions along the corridor were the main propagation paths for signals arriving at the

diagonal corner from the transmitter when the offices were empty. This observation

is consistent with the results reported in [74]. However, the presence of clutter sig-

nificantly altered the dominant propagation paths arriving at the diagonal corner

from the transmitter, where diffraction around the central services core was found

to be the dominant path [48].

Hybrid method

To improve computational efficiency, hybrid methods consisting of two or more elec-

tromagnetic models have been used to model indoor wireless propagation. In [13],

Kim et al. (2014) used the hybrid method to investigate indoor wireless propa-

gation of an antenna embedded in a commercial television set. It was suggested

that the presence of other electronic components in the television set could distort

the antenna radiation pattern. In addition, televisions are often located near walls,

which can further distort the radiation pattern. In [13], the FDTD method was

used to model regions of the indoor environment in the near-field of the antenna to

calculate the radiation pattern. The radiation pattern was then used as an input

parameter of a ray model used to predict the path loss for the rest of the indoor

area. The predicted path loss of the hybrid model was compared against measured

results, and was found to be more accurate than using free-space radiation patterns

in ray models. The results in [13] suggest that an accurate representation of the

antenna radiation pattern could lead to more accurate path-loss prediction, and is

an important input parameter for ray models that needs to be considered.

Practical implications

In general, deterministic models can be highly accurate provided that the physical

model used for computation represents the propagation environments adequately.

However, there are often trade-offs between accuracy and complexity of these models.

Ray models based on GO are often used by system planners to estimate wireless sys-

tem performance due to their computational efficiency compared to their full-wave
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Fig. 3.1: The homogenisation technique to represent complex wall structures as

single- and multi-layered, laterally-uniform slabs.

counterparts. However, due to underlying assumptions inherent within ray-based

models, walls and other obstacles are usually modelled as homogeneous structures.

In reality, walls are complex inhomogeneous structures consisting of various mate-

rials. Although full-wave solvers can be used to model complex wall structures, the

high computational requirements make them unsuitable for routine system planning

purposes. Therefore, it is necessary to characterise the transmission and reflection

properties of complex wall structures as suitable input parameters into ray mod-

els. In addition, most investigations on indoor wireless propagation make simplified

assumptions regarding the antenna radiation characteristics, usually assuming free-

space radiation patterns. Reviews on the literature of characterising electromagnetic

wave propagation, and antenna radiation pattern distortions due to complex wall

structures are presented in Sections §3.3 and §3.4 respectively.

3.3 Characterisation of complex wall structures

3.3.1 Homogenisation

A popular technique used to characterise complex wall structures in ray models is

known as homogenisation, where the walls are represented by a single- (or multi-)

layered dielectric slab(s) [14,44,45,75]. The concept of homogenisation is illustrated

in Fig. 3.1, where a complex wall consisting of a timber stud sandwiched between

two drywall layers is characterised by a simple homogeneous slab with its effective

relative permittivity, εeff.

Although the homogenisation technique enables direct calculation of the Fresnel

transmission and reflection coefficients, results from previous research suggests that

complex wall structures cannot always be represented by laterally-uniform slabs for

accurate system performance estimation [73, 75–78]. Dalke et al. (2000) [76] and

Richalot et al. (2000) [77] compared the transmission and reflection properties of re-

inforced concrete walls to a homogeneous concrete slab with no reinforcing bars. The

results obtained in [76, 77] have shown that the homogenisation technique failed to
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adequately characterise the transmission and reflection properties of reinforced con-

crete when the diameter of the reinforcing bar is small compared to the wavelength.

In addition, it was reported that the field fluctuates significantly with frequency,

and the variation is dependent on the thickness of the wall and geometry of the

internal reinforcing structure [76, 77].

Paknys (2003) [78] investigated the transmission properties of reinforced con-

crete walls using numerical methods (Method of Moments/Green’s Function), and

observed field variations caused by the reinforcing structure. However, the average

transmitted signal was similar when compared to a homogeneous concrete slab, ex-

cept for cases where the separation distance between the transmitter and receiver

was small [78]. A similar observation was reported in [75], where a 5–10 dB dif-

ference in received signal was found when comparing complex wall structures to

a homogeneous slab for short propagation paths. These findings are significant as

they imply that homogenisation techniques cannot always be used to model complex

wall structures for indoor wireless system planning. These observations suggest that

transmission in non-specular directions (known as Floquet harmonics) can have a

significant influence on electromagnetic propagation.

3.3.2 Floquet theory

When a plane wave is incident on a complex wall structure, it is possible for the plane

wave to be scattered in non-specular directions which do not obey Snell’s Law [79],

[80, pp. 13–20]. As shown in Fig. 3.2, the scattered field of two neighbouring

scatterers (centred at z = 0) has a path length difference of δ1 + δ2. For the rays to

add coherently and to see a plane wave in this direction (called Floquet harmonics

[81, pp. 422–425], also variously known as Bragg harmonics and grating lobes [82]),

the path length difference has to be a multiple of the wavelength [83, pp. 125–128],

such that

δ1 + δ2 = d sin θ1 + d sin θ2 = mλ, (3.5)

where λ is the wavelength of the plane wave, m ∈ N0, and N0 are non-negative

integers. It should be noted that −90◦ ≤ θ2 ≤ 90◦ and reflected Floquet harmonics

also follow equation (3.5). When m = 0, transmission and reflection in the specular

direction occurs. For d < λ/2, equation (3.5) has no solution for m ≥ 1, and the

transmission properties of the complex wall structure will be similar to a homoge-

neous or multi-layered wall. If d ≥ λ/2, Floquet harmonics can be excited, and the

number of harmonics increases with frequency [79]. While it is possible to find the

number of Floquet harmonics and their direction using equation (3.5), the actual

energy carried by each harmonic has to be determined numerically [75, 77,80,84].

To illustrate the effects that complex wall structures have on propagating fields,
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Fig. 3.2: Plane wave scattering due to complex wall structures.
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Fig. 3.3: Illustration of (a) homogeneous drywall slab and (b) interior cavity wall

with timber studs, where the unit cells are indicated by the absorbing and periodic

boundary.

numerical models of a plane wave incident on a homogeneous wall and a complex

inhomogeneous wall structure have been investigated using CST Microwave Studio®

(CST). The two walls considered are (i) a homogeneous drywall slab (εr = 2.13−j0),

and (ii) an interior cavity wall consisting of two drywall layers (εr = 2.13− j0) with

internal timber (εr = 3− j0) studs spaced 500 mm apart. A 1.0 GHz plane wave2 is

used to illuminate the walls at normal incidence, and the field distribution in front

and behind the wall is recorded. Fig. 3.3 shows the unit cells of both walls, which

extends to infinity (due to the periodic boundary imposed) in the ±x- and ±y-

directions, while zmin and zmax were terminated with absorbing boundaries. The

resulting electric field |Ey| distributions with normalised magnitude are shown in

Fig. 3.4. In front of the homogeneous wall (z ≥ 0 mm), a standing wave pattern is

observed (in Fig. 3.4(a))resulting from the interference of the incident and reflected

2This frequency permits Floquet harmonics.



34 3.3 Characterisation of complex wall structures

waves. Behind the homogeneous wall (z ≤ −120 mm), only a single travelling wave

is observed, leading to a smooth field distribution. In contrast, the magnitude of

the electric field varies significantly behind the complex wall (z ≤ −120 mm), as

shown in Fig. 3.4(b). The variation is caused by the presence of studs in the complex

inhomogeneous wall structure, leading to constructive and destructive interference.

In addition, the standing wave in front of the complex wall (z ≤ 0 mm) can be seen

to be affected by the presence studs, as compared to the homogeneous wall.

As illustrated in Fig. 3.4, the transmission and reflection properties of complex

inhomogeneous wall structures are different compared to homogeneous wall struc-

tures. The presence of the studs in complex inhomogeneous walls causes constructive

and destructive interference in the electric field distribution, which suggests that ray

models utilising transmission and reflection coefficients of homogeneous walls may

lead to prediction errors. Although hybrid ray models which can accurately predict

the fast fading in an indoor environment have been proposed in [84–86], the imple-

mentation of the hybrid approach is complicated and the method may not justify

its computational costs— only the mean signal strength is required for system per-

formance estimation3. Therefore, if it were possible to characterise the transmission

and reflection coefficients of complex wall structures as nominal values, they could

be straightforwardly incorporated into ray models.

3.3.3 Nominal coefficients

One common method to characterise the transmission and reflection properties of

complex wall structures as nominal values is known as the free-space method [87,88].

The free-space method is an experimental technique conducted in an anechoic cham-

ber with two antennas and a wall sample (located in the far-field of the antennas),

as illustrated in Fig. 3.5. The transmission coefficient of a wall sample can be

measured by performing two sets of measurements [88]. First, the reference case is

established by measuring the received power in free-space, Pref . Next, the wall is

located midpoint between the transmitting and receiving antenna, and the received

power Pwall is measured. The power transmission coefficient can then be found using

T =
Pwall
Pref

. (3.6)

Kim et al. (1994) [89] measured the transmission and reflection coefficients at

2.45 GHz of an interior cavity wall with steel studs, which were compared to the

analytical transmission and reflection coefficients of drywall without the steel studs

present. It was found that the presence of studs does not cause a significant difference

in the transmission coefficients when compared to the transmission coefficients of

3The appropriate fading statistics can be superimposed on the mean signal strength to calculate

the outage probability.
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Fig. 3.4: Normalised electric field |Ey| distribution of a plane wave illuminating a

(a) homogeneous dielectric slab and (b) complex inhomogeneous wall structure.
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Fig. 3.5: Illustration of (a) side view and (b) top view of the free-space method used

to measure transmission coefficients in an anechoic chamber.
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multi-layered drywall with air-gap. In addition, it was also reported in [89], that

transmission properties of complex concrete walls constructed with cinder blocks

cannot be assumed to be similar to a homogeneous wall due to transmission (and

reflection) in non-specular directions.

Leao et al. (2016) [90] investigated the effects steel studs on the reflection prop-

erties of interior cavity walls at 2.45 GHz. The reflected field from an interior cavity

wall with steel studs was compared to the reflected field from an interior cavity wall

with no studs. Although scattering from the steel studs introduced small scale vari-

ations to the received electric field strength, it was observed that the average field

strength (i.e. local mean) can be accurately characterised by the interior cavity wall

with no studs present.

In [88], Ferreira et al. (2018) investigated the transmission properties of com-

plex wall structures made up of hollow clay bricks using the free-space method. A

transmitting and receiving antenna was located in the anechoic chamber with the

hollow clay brick wall placed midpoint between the antennas. The received power

was measured from 600 MHz to 10 GHz, and compared to the received power mea-

sured in free-space (i.e. in the absence of a wall). It was found that hollow clay brick

walls provide an additional attenuation at 2.45 GHz (i.e. frequency used for WLAN

applications) compared to a homogeneous brick wall [88]. This was identified as

a problem in [88], and a modified brick wall design (which allows transmission at

2.45 GHz) was proposed.

Most of the studies available in the literature report results of the electromagnetic

characterisation of complex concrete walls, while results on the characterisation of

complex interior cavity walls are scarce (e.g. [89, 90]). In [89, 90], both studies

focussed on transmission (and/or) reflection properties of complex interior cavity

walls with steel studs at 2.45 GHz. As demonstrated in [88], additional attenuation

may be present at other frequencies, and this requires further investigation. One

major goal of this thesis is to investigate the effects of frequency on the transmission

properties of complex interior cavity walls.

3.4 Antennas mounted on complex structures

As discussed in Section §3.2.2, the antenna radiation pattern is an important factor

in ray models for accurate system performance estimation. However, most studies

on the effects of antenna deployment on indoor wireless systems’ performance make

simplifying assumptions, usually utilising radiation patterns measured in free-space

conditions. In reality, antennas are mounted on complex structures such as ceil-

ings and interior cavity walls. The presence of these structures in the near-field

of the antenna may affect its radiation characteristics. Therefore, it is important

to investigate how the presence of these structures might affect antenna radiation
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performance. However, few research results have been reported in the literature

on the distortion of AP antenna radiation patterns due to mounting structures

(e.g. antenna masts, complex wall structures). In addition, most studies on antenna

radiation pattern due to mounting structures have focussed on outdoor propagation

scenarios. Research on the effects of complex mounting structures on antenna ra-

diation characteristics, for both outdoor and indoor scenarios, are presented in this

section.

3.4.1 Outdoor antennas

One of the earliest study of antenna distortion effects due to mounting structures

(Balanis (1970)) [91] was a theoretical analysis on edge diffraction of an arbitrary

aperture antenna on a finite ground plane. It was reported that variations in the

azimuth plane were insignificant, and up to 4–5 dB of ripples was observed in the

(zenith-plane) back lobe. Molisch et al. (1995) [92] investigated the effects of differ-

ent antenna masts and mounting structures on antenna radiation characteristics. A

1.5–3 dB variation in the antenna boresight gain due to the presence of the masts

were reported [92]. A reduction in the side lobe level, and up to 10 dB variations in

the main lobe radiation pattern of an antenna array due to the presence of a mast

were also reported in a study by Šarolić et al. [93].

In [61], Rodriguez et al. (2014) used CST to investigate the effects of mounting an

antenna on a rooftop and telecommunications tower on its radiation characteristics.

The distorted antenna radiation pattern (and its radiation pattern in free-space)

were then incorporated into a ray model to investigate the influence of distortion

on propagation prediction. Although up to 4 dB of reduction in the antenna main

lobe was observed when mounted on the telecommunications tower, the propaga-

tion paths predicted by the ray model were similar when using either the distorted

radiation pattern or one that was measured in free-space.

A similar study was conducted by Zeng et al. (2014) [94], where the effects of

distorted radiation patterns on ray-based propagation prediction were investigated.

In [94], the antennas were mounted on a bus stop shelter, street lamp post and

exterior building walls, and the radiation patterns were calculated using CST. The

distorted (and free-space) antenna radiation patterns were incorporated into a ray

model, where the free-space radiation pattern was used as a reference. It was found

that a difference of up to 10 dB (relative to the reference) was observed in the

path loss when utilising the distorted antenna radiation pattern for the bus stop

shelter scenario. This observation suggests that utilising antenna radiation patterns

measured in free-space for system planning might lead to erroneous results.

The studies cited have mostly focussed on outdoor scenarios, while APs are

usually ceiling- or wall-mounted (e.g. on interior cavity walls) indoors. Therefore,

the effects of mounting antennas on complex wall structures such as an interior
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×
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Fig. 3.6: Antenna mounted on complex wall structure in [95].

cavity wall should be investigated.

3.4.2 Indoor antennas

Alevy (2001) [95] investigated the effects of mounting both an omnidirectional and a

directional antenna on an interior cavity wall with steel studs, as shown in Fig. 3.6.

The resulting effect on the antenna’s radiation pattern was simulated using the

FDTD method, and verified with experimental measurements at 2.45 GHz and

5.25 GHz. For the omnidirectional antenna, the presence of the complex wall struc-

ture introduced deep nulls (of up to 15 dB) in the forward direction of the radiation

pattern (normal to the wall) at 2.45 GHz. In addition, the radiation pattern at

2.45 GHz also exhibited a large null at 10◦ from the normal. Depending on the

receiver threshold, these nulls could potentially cause degradations in system per-

formance [95]. The radiation pattern of the omnidirectional antenna at 5.25 GHz

was not affected to the same degree as the 2.45 GHz case [95]. While there is signif-

icant ripple in the forward direction, the nulls at 5.25 GHz are not as pronounced

(compared to the 2.45 GHz case). The deepest null observed is approximately 9 dB

within the angles of ±60◦ from the normal. This observation could be due to the

increase in directivity of the antenna at 5.25 GHz (compared to 2.45 GHz), causing

the nulls in the radiation pattern to be less pronounced.

For the directional antenna, the radiation pattern in the forward direction is not

as significantly affected by the presence of the complex wall structure (compared

to the omnidirectional antenna) [95]. While ripples in the main lobe of the radi-

ation pattern were introduced by the presence of the complex wall structure, the

maximum ripple in the main lobe was observed to be less than 6 dB at 75◦ from

the normal. Although the findings in [95] are significant, other factors which may

affect the antenna radiation characteristics were not considered, such as different

stud materials and antenna placement on the complex wall structure. In addition,

an investigation on whether any of these effects can be leveraged to improve indoor

wireless systems’ performance was not conducted in [95].
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3.5 Contributions of this thesis

Complex wall structures have been previously shown to have an effect on indoor

wireless system performance. However, most studies involved in characterising the

effects of complex wall structures have focussed on inhomogeneous concrete walls

with steel reinforcing bars, which are commonly used as structural walls. As fu-

ture wireless systems require the deployment of small cells to accommodate high

user densities, it is becoming increasingly important to investigate the effects that

complex interior cavity walls have on the field prediction of propagation models.

Therefore, the major aims of this thesis are to investigate the effects that interior

cavity walls have on (i) electromagnetic wave propagation, and (ii) antenna radia-

tion characteristics. In addition, an investigation of whether any of the effects could

potentially be leveraged to improve system performance is conducted.

To achieve these goals, a technique to characterise the transmission and reflection

properties of interior cavity walls as nominal values, suitable as input for ray models

is developed in Section §6.3. The nominal coefficients are then incorporated into a

ray model and an investigation on the applicability of modelling interior cavity walls

as homogeneous structures is conducted. The effects of AP location and stud mate-

rials on the antenna radiation characteristics are also investigated. In addition, the

applicability of using antenna radiation patterns measured in free-space conditions

in ray models are also tested. This series of investigations can provide insights on

whether any of the effects are beneficial for system performance enhancement.

3.6 Summary

Engineering high performance indoor wireless systems requires propagation models

that can predict parameters such as the local mean. This chapter has presented

a number of empirical and deterministic models used to predict signal strengths

in buildings. Most of the studies using deterministic models to predict signal

strength make simplified assumptions regarding the environment and antenna radi-

ation characteristics— usually assuming homogeneous walls and radiation patterns

in free-space. A review of the literature regarding the characterisation of complex

wall structures and antennas mounted on complex structures suggests that these

assumptions may not always be applicable. The major aims of this thesis are to

investigate the effects that complex interior cavity walls have on (i) electromagnetic

wave propagation, (ii) antenna radiation characteristics, and (iii) their overall in-

fluence on prediction accuracy of ray models. The ray model and full-wave solvers

adopted for the experiments in this thesis are described in Chapter 4.



Chapter 4

Computational electromagnetics

for indoor wireless engineering

4.1 Introduction

As stated in Chapter 3, the main contribution of this thesis is to investigate the

interaction between electromagnetic waves and complex wall structures. To achieve

the goals outlined in Section §3.5, the two methods available are (i) to perform

experimental measurements using the complex wall structures (or scaled models),

or (ii) to calculate the interaction between electromagnetic waves and complex wall

structures using a computational model. Although experimental measurements can

provide accurate results if performed correctly, they are often labour-intensive, ex-

pensive, and the results are non-transportable. In contrast, numerical computa-

tional tools present several advantages which complements existing measurement

techniques. Specifically, the interaction between electromagnetic waves and com-

plex wall structures can be analysed numerically prior to designing experimental

procedures, allowing any problems or difficulties that may arise to be identified in

advance, thus saving costs. In this regard, a ray model, and a commercially available

software package (containing full-wave solvers), CST Microwave Studio® (CST) is

used for the investigations in this thesis.

In Section §4.2, the fundamentals of the ray model adopted in this thesis are

presented. The applicability of the numerical solvers available within CST (specif-

ically for modelling electrically large structures) for the investigations in thesis is

discussed in Section §4.3, and Section §4.4 provides a summary of this chapter.

41
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4.2 The ray model

The ray model1 used in this thesis is based on Geometrical Optics (GO) [96, pp. 742–

761], and is used to predict the received signal strength in an indoor environment.

These asymptotic techniques approximate the high-frequency electromagnetic fields

as rays and the paths are traced using an image method [97]. The theoretical

foundation of the ray model adopted in this thesis is discussed in Section §4.2.1. The

indoor environment model investigated using the ray-based technique is discussed

in Section §4.2.2.

4.2.1 Theoretical foundation

In principle, GO is an approximate high frequency technique which approximates

electromagnetic wave propagation as rays. Based on ray concepts, electromagnetic

energy flows in the direction normal to a wave front, and the trajectory of the energy

flow is represented by a ray [98, pp. 322–323].

The complex electric field strength En
UD received at the user device (UD) from

the nth reflected/transmitted path2 is given by [99]

En
UD = EAPFAPFUD

[∏
i

AR(r′iri)Ri

][∏
j

AT (r′jrj)Tj

]
e−jkdn (4.1)

where EAP is the magnitude of the electric field radiated from an isotropic reference

antenna (at the access point (AP)), at either (i) the UD antenna (i.e. LOS, where

i = j = 0), or (ii) the first reflecting (or transmitting) obstacle encountered by the

nth path. FAP and FUD are the radiation patterns in the direction of the ray paths

at the AP and UD respectively, while Ri and Tj are the reflection coefficient for

the ith reflection surface and transmission coefficient for the jth transmission surface

respectively. The terms AR(r′iri) and AT (r′iri) are the standard divergence factor

for GO reflection and transmission respectively [96, pp. 751–758] [100, p. 5.36], and

e−jkdn accounts for the phase shift due to propagation along path length dn.

In this thesis, it is assumed that EAP = 1, and therefore, the mean path loss is

given by the power summation of all multipath components [101], namely

PL = 10 log10

[
N∑
n=1

|En
UD|2

]
(dB). (4.2)

All receiving antennas are assumed in this thesis to be omnidirectional. Up to

2nd order reflections are considered, as the contributions of 3rd order (and higher)

1Available within the Department of Electrical, Computer, and Software Engineering at the

University of Auckland.
2Although diffraction is known to occur indoors, it is not considered in this thesis for the reasons

described in Section §3.2.2.
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Fig. 4.1: Illustration of image method.

reflections are insignificant due to high reflection loss (as seen in the results presented

in Section §6.4). For the models in this thesis, the transmission (and reflection)

coefficients, and antenna radiation patterns (computed as a function of frequency,

polarisation, and angle of incidence) are implemented in the ray model as lookup

tables.

Reflected field

In order to calculate the field strength of reflected rays, the reflection point needs

to first be determined. According to Fermat’s principle [100, p. 5.2], the trajectory

followed by a ray is always such that the path length is an extremal value [41], [102,

p. 85]. In the case of reflection from building walls, the shortest reflected path

should be determined. For this purpose, the image method is used to determine

the reflection point, as illustrated in Fig. 4.1. To determine the reflection point

R, the image of the source S (with respect to the reflection surface) is located and

termed S’. By connecting S’ to the field point F, the point of reflection R can

be determined where it intersects the reflection surface [98, p. 321]. For multiple

reflections, multiple images with respect to the relevant surfaces can be determined

in a recursive manner, and the corresponding ray paths obtained.

Once the reflection point is found, the electric field of the reflected rays at point

F can be calculated as [100, p. 5.36][
Er

TE(F)

Er
TM(F)

]
= R

[
Ei

TE(R)

Ei
TM(R)

]
AR(r)e−jkr, (4.3)

where Ei
TE(R) and Ei

TM(R) are the TE and TM components of the incident field at

the reflection point R. The total reflected field at point F, Er(F) is

Er(F) = Er
TE(F)âTE + Er

TM(F)âTM, (4.4)

where âTE and âTM are the polarisation unit vectors defined as

âTE = âr × âTM

âTM =
âr × ân

|âr × ân|
.

(4.5)
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The unit vectors âr and ân point along the reflected path, and the normal of the re-

flection surface respectively. Considering a spherical wave incidence, the divergence

factor AR(r) is given by

AR(r) =

√
%1%2

(%1 + r)(%2 + r)
(4.6)

where %1 and %2 are the principal radii of curvature of the reflected ray at the point

of reflection. For a plane reflector, %1 = %2 = r′i, so the divergence factor becomes

AR(r) =
r′

r′ + r
. (4.7)

Therefore, the radius of curvature of the wavefront does not change when reflected

by a planar surface. The GO reflection matrix R for the ray-fixed coordinate system

is given by [103, p. 77]

R =

[
RTE 0

0 RTM

]
(4.8)

where RTE and RTM are Fresnel’s reflection coefficients for TE and TM polarisation

(as discussed in Section §2.2.1).

Transmitted field

Similar to the reflected field, the transmitted field at point G can be derived from the

incident field by multiplying it with the transmission matrix, given by [104, pp. 588–

590] [
Et

TE(G)

Et
TM(G)

]
= T

[
Ei

TE(R)

Ei
TM(R)

]
AT (r)e−jkd, (4.9)

where Ei
TE(R) and Ei

TM(R) are the TE and TM components of the incident field at

the transmission point R. The total transmitted field at point G, Et(G) is

Et(G) = Et
TE(G)âTE + Et

TM(G)âTM, (4.10)

where âTE and âTM are the polarisation unit vectors defined in (4.5). The divergence

factor AT (r)e−jkd for a spherical wave is given by

AT (r) =
r′

r′ + r
, (4.11)

while the GO transmission matrix T is given by

T =

[
TTE 0

0 TTM

]
(4.12)

where TTE and TTM are Fresnel’s transmission coefficients for TE and TM polarisa-

tion respectively.
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4.2.2 Modelling the indoor environment

The ray model estimates the received signal strength by considering a simplistic

physical environment. In these simplified models, only the walls, floors, and ceilings

are modelled. The physical environment model (in terms of architectural/furniture

layout and the constitutive parameters of the building materials) can affect the ac-

curacy of the ray-model prediction. Each wall, or each section of a wall can be

uniquely specified by the materials’ constitutive parameters representing different

materials, as in the patched-wall model [67] discussed in Section §3.2.2. In contrast,

the walls may also be specified with a uniform material. Since it has been previ-

ously demonstrated that the patched-wall model does not significantly increase the

prediction accuracy of the ray model [67], all walls are modelled vertically uniform

(i.e. without door openings and windows) in this thesis.

4.3 Commercial full-wave solver— CST Microwave

Studio®

CST Microwave Studio® (CST) is a commercially available electromagnetic mod-

elling software suite consisting of multiple solvers based on various numerical tech-

niques such as Finite Integration Technique (FIT) and Method of Moments (MoM).

The availability of the different solvers within a single user interface provides a de-

gree of flexibility to the type of problems that could be solved. The solvers relevant

to this thesis are the Time-Domain (T-), Frequency-Domain (F-), and Integral-

Equation (I-) solvers. Both T- and F-solvers are based on FIT which discretises

Maxwell’s equations in integral form onto a grid [105, 106] as presented in Sec-

tion §4.3.1, while the I-solver is based on MoM. The effects of numerical dispersion

inherent within grid-based methods (discussed in Section §4.3.1) can be detrimental

to the computed results, especially for electrically large problems (i.e. the indoor

environment). To minimise the effects of numerical dispersion and to ensure com-

putational tractability, a hybrid method is adopted in this thesis which utilises the

T- and I-solvers, as described in Section §4.3.2. The original contribution of this

chapter is presented in Section §4.3.3, where the validity of the solvers relevant to

the investigations in this thesis are explored.

4.3.1 Finite Integration Technique

The FIT presents a discretisation of Maxwell’s equations in integral form onto a

dual grid known as the FIT grid. Maxwell’s equations in integral form is given by
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Fig. 4.2: FIT grid (adapted from [105]).

∮
∂A

E · ds = −
∫
A

∂B

∂t
· dA, (4.13)

∮
∂A

H · ds =

∫
A

(
∂D

∂t
+ J ) · dA, (4.14)

∮
∂V

D · dA =

∫
V

ρ dV , (4.15)

and ∮
∂V

B · dA = 0 (4.16)

where E is the electric field, H is the magnetic field, D is the electric displacement

field, B is the magnetic flux density, J is the free current density, and ρ is the free

electric charge density. In this section, the discretisation of Maxwell’s equations on

the FIT grid is presented.

The FIT grid

The discretisation of Maxwell’s equations (i.e. the field computation on finite dis-

crete points) decomposes the computational domain into grid cells. Considering a

Cartesian hexahedral grid, the grid G is composed of elementary volumes Vi (or FIT

cells), each filled with a homogeneous material (as shown in Fig. 4.2). The inter-

section of two elementary volumes is an elementary area Ai, and the intersection of

two elementary areas is an elementary line Li.

To transfer Maxwell’s equations to the FIT grid G, first consider the left hand

side of (4.13) (i.e. the induction law) as a surface integral over an elementary area Ai.

The electric (grid-)field is introduced as a state variable ei along the elementary

line Li on the grid G (cf. Fig. 4.2), such that [107, p. 58]

ei :=

∫
Li

E · ds . (4.17)
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Therefore, the contour integral
∮
∂Ai

E · ds reduces to the difference

ei + ej − ek − el. (4.18)

The total integral can then be written as the sum of integrals over the elementary

areas Ai. Next, the surface integral − ∂
∂t

∫
A
B · dA on the right hand side of (4.13)

has to be transferred appropriately to the grid G. Similar to the electric grid-

field, a state variable on G is assigned to the magnetic (grid-)flux density. The

magnetic flux bi normal to the elementary area Ai is assigned as a state variable,

such that [107, p. 59]

bi :=

∫
Ai

B · dA. (4.19)

Using (4.17) and (4.18), (4.13) can be written as

ei + ej − ek − el = − ∂

∂t
bi. (4.20)

The state variables ei and bi (where i = 1, ..., N) can be stored in vectors e and b

after appropriate numbering of the points of the grid. The topology of the grid is

reflected by a 3N × 3N matrix denoted by C , namely

C :=

(
1..1..− 1..− 1..

)
(4.21)

Therefore, the induction law (4.13) in its discrete form, is given by

Ce = − ∂

∂t
b. (4.22)

Next, (4.16) is transferred to the grid G, similar to the electric grid-flux ei,

yielding the difference equation

bi + bj + bk − bl − bm − bn = 0. (4.23)

A matrix S corresponding to the topology of the grid is introduced [107, p. 60], and

therefore the discrete form of (4.16) equation is given by

Sb = 0. (4.24)

At this stage, (4.14) and (4.15) need to be mapped appropriately to the FIT grid.

For this purpose, the dual grid G̃ is introduced3, as shown in Fig. 4.2. The state

variables h and d are introduced analogously to e and b. The magnetic (grid-)field hi

is assigned as a state variable to each dual elementary line L̃i (cf. Fig. 4.2), given

by

hi =

∫
L̃i

H · ds (4.25)

3For a Cartesian grid, the dual grid G̃ is equal to the grid G shifted by half a cell length in all

spatial directions.
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and the electric (grid-)flux density di normal to the dual grid surface Ãi is assigned

as a state variable to each dual elementary area Ãi, namely

di =

∫
Ãi

D · dA. (4.26)

The total electric current ji normal to Ãi is assigned as a state variable to each dual

elementary area Ãi, given by

ji =

∫
Ãi

J · dA, (4.27)

and the discrete charges qi are assigned as state variables to each dual elementary

volume Ṽi, stated as

qi =

∫
Ṽi

ρ dV. (4.28)

The values of the state variables hi and di are stored in topological matrices C̃ and

S̃ respectively, analagous to C and S . Thus, (4.14) and (4.15) in discrete form is

given by

C̃h =
∂

∂t
d + j (4.29)

and

S̃d = q (4.30)

respectively. For a Cartesian grid, the state variables assigned to the FIT grid is also

referred to as the staggered grid derived from Yee’s algorithm used for the FDTD

methods [108, pp. 69–84].

Numerical dispersion

Due to the fundamental limitations of grid-based algorithms, the phase velocity of

propagating waves can differ from the speed of light (c = 3× 108 m/s in free-space).

This phenomenon is known as numerical dispersion, and its effect on the field calcu-

lation is dependent on the direction of propagation, wavelength and grid (i.e. mesh)

size. The effect of numerical dispersion can usually be reduced by increasing the grid

sampling density. However, as the sampling density increases, more field computa-

tion is required which may lead to excessive computational memory requirements.

As a general rule of thumb, the maximum mesh size (∆) should be a fraction of the

wavelength, indicated by [98, p. 194], [109, pp. 109–119]

∆ <
λmin
10

, (4.31)

where λmin is the shortest wavelength of the propagating wave in the computational

domain. When modelling electrically large structures (such as the typical indoor

environment), the increase in the number of mesh points to satisfy (4.31) could lead

to excessively high computational requirements. In this thesis, a hybrid method

consisting of both T- and I-solvers is adopted to ensure computational tractability

of electrically large models.
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4.3.2 Hybrid method

The hybrid method adopted in this thesis makes use of the T- and I-solver. The

I-solver is based on MoM discretisation [110] using a surface integral formulation

of the electric and magnetic field integral equations. Since the I-solver meshes only

the surface of the model, it is more efficient than the T-solver (which utilises vol-

umetric mesh to discretise the entire computational domain) in solving electrically

large problems. Although the I-solver is suited for electrically large problems (due

to its surface meshing properties), the inclusion of the antenna model (at microwave

frequencies) in the computational domain requires small mesh sizes to ensure ac-

curate representation of the antenna. To improve computational efficiency, the

antenna model can be replaced by a simple equivalent representation (based on

the equivalence principle) which decreases the overall complexity of the numerical

model [111,112]. The equivalence principle implies that any radiating structure can

be represented by electric J and magnetic M surface currents on a fictitious surface

enclosing the radiating structure [113, pp. 344–352]. Therefore, the antenna can be

modelled in isolation, with the fields recorded around an enclosed surface, known

as a near-field source4 [111, 112]. The near-field source can then be exported as an

excitation to a larger computational domain. By dividing the problem into smaller

subdomains, different solvers best suited to the problem can be used for each sub-

domain. The utilisation of the hybrid method increases computational efficiency

compared to using a single solver in CST. In this thesis, the antenna is modelled

with the T-solver with the near-field source recorded. The near-field source is then

exported to the I-solver, which is used to model the electrically large environment

where the antenna is located. The validation of the hybrid method adopted in this

thesis is explored in Section §4.3.3. The validity of the F-solver for the investigations

in this thesis is demonstrated in Section §6.4.

4.3.3 Solver validation

In this section, two simple test cases (with known analytical results) are considered to

validate the T- and I-solvers, which may provide confidence in the results produced

by CST. The first test quantifies the effects of numerical dispersion due to insufficient

mesh density when modelling electrically large problems using the T-solver. A half-

wave dipole antenna is modelled in free-space with either a mesh size of ∆ = λ/10

or ∆ = λ/20.

The second test validates the adopted hybrid approach (T- and I-solvers), demon-

strating the computational efficiency gained (while maintaining accuracy within lim-

its) compared to using the T-solver alone. A half-wave dipole was modelled in

free-space, using the T-solver with the near-field source monitored. The near-field

4The near-field source can be extracted from CST by activating the near-field source monitor.
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Fig. 4.3: CST model of a half-wave dipole in free-space.

source is then exported to the I-solver, modelling (i) free-space and (ii) the presence

of an infinite Perfect Electrical Conductor (PEC) ground plane. The field strength

distance dependency and radiation patterns in free-space computed via the hybrid

method are compared with the analytical solution for Case (i). In Case (ii), the

radiation patterns of the half-wave dipole above an infinite PEC ground computed

via the hybrid method are compared to analytical solutions. All numerical models in

this section are solved with a desktop computer equipped with an i7-4770 processor

and 32 GB RAM.

Mesh setting

A 2.45 GHz z-oriented half-wave dipole (located at the origin and excited with a

discrete port5) is modelled in free-space and simulated using the T-solver, as shown

in Fig. 4.3. The computational domain was defined by open6 boundary conditions

in all directions, located 10λ from the origin. To investigate the effects of the mesh

size on the accuracy of the computed results, the numerical model is configured with

mesh sizes of either ∆ = λ/10 or ∆ = λ/20, the former being the recommended

mesh size. The results calculated by CST were then extracted and compared to

analytical solutions for electric field strength dependency and radiation patterns.

The total computational time for the models configured with either ∆ = λ/10 or

∆ = λ/20 were 7 and 75 minutes, respectively.

Fig. 4.4 shows the plot of the Ez-field magnitude, analysed as a function of

distance from the source. In free-space, the electric fields decrease exponentially

5A discrete port in CST is represented by a lumped voltage or current source.
6The open boundary condition in CST behaves as a Perfectly Matching Layer (PML).
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Fig. 4.5: Comparison between simulated and analytical radiation pattern of a half-

wave dipole in (a) azimuth and (b) elevation plane.
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with distance (in the far-field) according to

|E| ∝ 1

dn
, (4.32)

where d is the separation distance, and n is the distance-dependency exponent. In

free-space, n = 1.0 which generally agrees with the results obtained from CST (for

100 mm ≤ x ≤ 1000 mm)7 for both ∆ = λ/10 and ∆ = λ/20, as shown in Fig. 4.4(a).

However, an enlarged view of Fig. 4.4(a) (as shown in Fig. 4.4(b)) reveals that the

model configured with ∆ = λ/10 suffers from numerical dispersion, causing ripples

in the field strength as shown in Fig. 4.4(b).

The azimuth and elevation radiation patterns of the simulated half-wave dipole

are shown in Figs. 4.5(a) and 4.5(b) respectively. The Ez-field magnitude is recorded

radially at 10λ from the source. In the far-field, the azimuth radiation pattern of a

half-wave dipole is omnidirectional, while the elevation pattern is given by

Eθ ∝
cos(π

2
cos θ)

sin θ
, (4.33)

where θ is the elevation angle [114, p. 176]. As observed in Fig. 4.5, the radiation

pattern obtained from the numerical model configured with ∆ = λ/10 suffers from

numerical dispersion. In contrast, the effects of dispersion are reduced when the

model was configured with ∆ = λ/20, and the radiation patterns obtained agree

well with analytical values. Therefore, the mesh size ∆ = λ/20 is used for the T-

solver simulations in Chapter 6 and Chapter 7. Although it has been shown that

the T-solver (with appropriate mesh sizes) is capable of yielding accurate results for

these test cases, the computational efficiency can be improved if a hybrid method is

used.

Hybrid method

A z-oriented 2.45 GHz half-wave dipole is modelled in free-space using the T-solver,

with open boundary conditions located λ/4 away from the dipole to minimise com-

putational memory requirements. The mesh size is set to ∆ = λ/10, and a near-field

source monitor (defined by the location of the boundary conditions) is activated.

To test the efficacy of the hybrid method, two simple test cases are consid-

ered. The near-field source of the half-wave dipole is located (i) in free-space and

(ii) above an infinite PEC ground plane, analysed using the I-solver as illustrated

in Fig. 4.6. The boundary conditions were set to open in all directions for Case (i),

while the boundary condition at zmin was set to PEC for Case (ii). In both cases,

7In the region near the antenna, near-field components dominate and therefore, the electric field

does not follow the exponential relationship in (4.32). If the usual far-field requirement kr >> 1

(where k is the propagating wave vector and d is the radian distance) is met— 20 cm in this case,

the electric field agrees well with (4.32).
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Open boundary/
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T-solver I-solver

Fig. 4.6: (a) Half-wave dipole in free-space with near-field source monitored using

T-solver, and (b) Near-field source of dipole exported to the I-solver.

the boundaries were located 10λ away from the origin in all directions. Figs. 4.7

and 4.8 show the electric field strength distance dependency and radiation pattern

in free-space respectively, demonstrating results using the hybrid method which are

shown to agree well with analytical values. The model in Case (i) required a total

of 6 minutes to solve, which is computationally more efficient compared to using the

T-solver alone (75 minutes with ∆ = λ/20).

For a vertical dipole located at a height h (measured from the origin) above

an infinite PEC ground plane (located at z = 0), the normalised far-field elevation

radiation pattern above the ground plane is given by [114, pp. 183–191]

Eθ =

sin θ[2 cos(kh cos θ)], z ≥ 0

0, z < 0
(4.34)

where k is the propagating wave vector and θ is the elevation angle. For h > λ/4,

additional side lobes are introduced. In general, the total number of lobes is equal to

the integer closest to 2h
λ

+ 1. Fig. 4.9 shows the normalised radiation pattern of the

dipole located above the PEC ground for h = λ/2 and h = λ, calculated using the

hybrid method which achieved a good agreement with analytical values. It can be

observed in Fig. 4.9 that a high accuracy in the radiation pattern can be achieved

with the hybrid method, and it is therefore adopted for the work in this thesis.

4.4 Summary

This chapter has presented the fundamental concepts and limitations of the ray-

based method adopted in this thesis. In ray models, walls (and other obstacles) are

approximated as homogeneous structures. To incorporate the effects of complex wall

structures into ray models, a commercially available full-wave solver (CST) will be

used. The various solvers based on different numerical techniques available within
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Fig. 4.9: Radiation pattern of a half-wave dipole located at height h above a PEC

ground plane using the hybrid method.

CST have been presented.

One of the major limitations of full-wave solvers to model electrically large prob-

lems (such as indoor wireless propagation) is excessive computational memory re-

quirements. To increase computational efficiency, a hybrid method in CST has been

presented in this chapter. The validity of the solvers and the hybrid method to

model electrically large problems has also been demonstrated in this chapter by

comparing results for simple test cases where analytical results are known. It has

been demonstrated that the results produced using the hybrid method matches well

with analytical solutions for simple test cases. An overview of the investigations in

this thesis is presented in Chapter 5.



Chapter 5

Investigation strategy

5.1 Introduction

In Chapter 4, the fundamentals of a ray model and a commercial electromagnetic

full-wave solver (CST) adopted in this thesis have been described. However, Chap-

ter 4 has not addressed how the ray model and CST will be utilised to achieve the

research goals posed at the end of Chapter 3. Therefore, this chapter outlines the

strategy for the investigations in this thesis. Section §5.2 describes the features of

a typical multi-storey office building and the wall models considered in this thesis.

Section §5.3 discusses the structure of the investigations presented in Chapters 6–8.

Specifically, the effects of complex wall structures on (i) transmission characteristics

(Chapter 6), (ii) AP antenna radiation characteristics (Chapter 7), and (iii) their

overall influence on system performance estimation (Chapter 8) are investigated.

The chapter is summarised in Section §5.4.

5.2 Modelling the indoor wireless environment

A typical multi-storey office building block (intended to represent the floor plan of

the Engineering Tower at the University of Auckland [115, pp. 45–56]) is considered

in this thesis, as illustrated in Fig. 5.1. This building consists of a central services

core (containing stairwells and elevator/lift shaft) constructed from steel-reinforced

concrete, and is surrounded by a corridor with offices located on the periphery of

the building. The offices are separated by interior cavity walls constructed from

two drywall layers attached to a timber/steel frame, while glass windows occupy

the majority of the building exterior. Each level has a height of 3 m with a floor

area of 16 m × 16 m, and floors/ceilings separating each level are constructed with

steel-decked concrete, as shown in Fig. 5.2. These floors and ceilings are made

up of a thin corrugated steel deck covered with poured concrete to form the floor

surface [116, p. 309]. These steel-decked floors and ceilings are very effective electro-

57
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Glass 
exterior

Interior 
cavity walls

Structural concrete
central services core 

Steel-decked
structural concrete
floor/ceiling

Fig. 5.1: Illustration of typical multi-storey office building with offices partitioned

with interior cavity walls on the periphery and a central services core.
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Steel-decked
ceiling

Steel beam

Fig. 5.2: Steel-decked ceiling.

magnetic shields such that signals propagating from adjacent floors can be considered

negligible [116, p. 309] [117]. Therefore, this thesis focusses on propagation within

a single floor environment.

A distinct feature of the building that can be identified is the prevalence of

interior cavity walls used to partition offices (see Fig. 5.1). However, as noted

in Section §3.5, there has been minimal studies available in the literature on the

influence of complex interior cavity walls on (i) electromagnetic wave propagation

[89, 90], (ii) antenna radiation characteristics [95], and (iii) their overall influence

on indoor wireless systems engineering. The wall models considered in this thesis

are denoted (a) Wall 1— Homogeneous drywall slab, (b) Wall 2— Multi-layered

drywall slabs with air-gap, (c) Wall 3— Interior cavity wall with timber studs, and

(iv) Wall 4— Interior cavity wall with steel studs, as illustrated in Fig. 5.3.

5.3 Structure of investigation

As discussed in Section §5.2, this thesis focusses on wireless propagation within a

single floor office environment. Within a single floor, the indoor wireless propagation

problem can be systematically divided into three key aspects (as shown in Fig. 5.4),

which are the (i) indoor wireless channel (shaded in green), (ii) AP antenna (shaded

in blue), and (iii) mobile antenna (shaded in grey). For downlink communication,

electromagnetic waves generated by the AP antenna propagate through the indoor

wireless channel to arrive at the mobile antenna at the user device, as shown in

Fig. 5.4. This thesis focusses on the two key aspects of indoor wireless systems (see

Fig. 5.4), which are accurate characterisation of the (i) indoor wireless channel, and

(ii) AP1 antenna radiation performance.

1As stated in Chapter 2, the performance of indoor wireless systems depends on the deployment

of APs, not the UD mobile antennas.



60 5.3 Structure of investigation

(a) (b)

(c) (d)

Fig. 5.3: Illustration of wall models considered in this thesis (a) Wall 1— Homoge-

neous drywall slab, (b) Wall 2— Multi-layered drywall slab with air-gap, (c) Wall 3—

Interior cavity wall with timber studs, and (d) Wall 4— Interior cavity wall with

steel studs.

Structural concrete wall

Interior cavity wall

Glass windows

AP
antenna

×UD
antenna

Indoor wireless channel
(i) (ii)

AP
antenna

(ii)

Indoor wireless channel
(i)

×UD
antenna

Fig. 5.4: Illustration of typical propagation path between AP antenna (indicated

by �) and mobile antenna (indicated by ×) at the user device on a single floor

environment. This thesis focusses on two key aspects of indoor wireless systems,

which are (i) the indoor wireless channel and (ii) the AP antenna.
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AP antenna mounted on interior
 cavity wall with timber studs

Interior cavity wall with timber
studs

Regions modelled with 
full-wave solver

Fig. 5.5: Illustration of regions of the single floor environment where a full-wave

solver are initially applied in this thesis.

The main objectives of this thesis are to investigate the effects of complex wall

structures on (i) transmission characteristics, (ii) AP antenna radiation character-

istics, and (iii) their overall influence on system performance estimation. Although

full-wave solvers can be used to model complex wall structures, the electrically large

size of the indoor environment dictates that high computational memory is required

for modelling propagation, even within a single floor. Therefore, full-wave solvers

are only initially applied to small regions of the indoor environment in this the-

sis. Specifically, full-wave solvers are initially applied to investigate the influence of

complex wall structures on the accurate characterisation of the (i) indoor wireless

channel and (ii) AP antenna radiation performance (see Fig. 5.5). The (i) trans-

mission characteristics and (ii) AP antenna radiation characteristics can then be

integrated into a ray-based tool which models the rest of the single floor office envi-

ronment to investigate their influence on wireless propagation within a single floor

environment.

The research in this thesis is divided into three phases, denoted Phases I, II, and

III. In Phases I and II, the influence of complex wall structures on (i) transmission

characteristics of electromagnetic waves (Phase I) and (ii) AP antenna radiation

characteristics (Phase II) are investigated in Chapters 6 and 7, respectively. The

overall influence of (i) and (ii) on indoor wireless systems’ performance estimation

are investigated in Phase III (Chapter 8). This section discusses the structure of

the investigations adopted in this thesis, and the contents of subsequent chapters

(Chapters 6–8) are summarised in Fig. 5.6. Sections §5.3.1–§5.3.3 discuss the inves-
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Phase II— Influence of
complex wall structures on

antenna performance
(Chapter 7)
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of 
 
   (a) stud materials
 (b) antenna location
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Phase III— Implications for system performance estimation
(Chapter 8)

1. Implementation of
 (a) transmission coefficients (Phase I)
 (b) antenna radiation patterns (Phase II)
into ray models

2. Investigate influence of (a) and (b) in a single floor office environment

Fig. 5.6: Investigation overview.

tigations in Phases I–III respectively.

5.3.1 Phase I— Propagation characteristics of complex wall

structures

Phase I (Chapter 6) of this research aims to investigate electromagnetic wave prop-

agation characteristics of the wall types identified in Section §5.2. As discussed in

Section §3.3.2, the transmission properties of complex wall structures differ from

homogeneous slabs due to the presence of Floquet harmonics, causing constructive

and destructive interference in the transmitted and reflected electric field distribu-

tion (see Fig. 3.4). The number of Floquet harmonics increases as the frequency in-
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creases. The existence of these Floquet harmonics may carry energy in non-specular

directions, which may cause attenuation in the received signal. In order to com-

pare the differences in the transmission properties between complex wall structures

(Walls 3 and 4) and homogeneous slabs (Walls 1 and 2) with known analytical so-

lutions, the transmission coefficients of complex wall structures are characterised

as nominal values, as described in Section §6.3. Four parameters which affect the

transmission properties are investigated, namely the stud materials, incident field

polarisation, angle of incidence, and operating frequency. The outcome of these

investigations will reveal if the transmission properties of complex wall structures

differ from homogeneous/multi-layered slabs.

5.3.2 Phase II— Influence of complex wall structures on

antenna performance

As discussed in Chapters 2–4, accurate characterisation of the AP antenna radia-

tion performance are required for modelling indoor wireless propagation. However,

most antenna manufacturers provide antenna radiation patterns measured in ideal

free-space conditions (i.e. in an anechoic chamber). In reality, AP antennas are

mounted on complex wall structures (which may contain timber or steel studs),

and the presence of these structures in the near-field of the antenna may affect

its radiation characteristics. Furthermore, information regarding stud material and

location are not readily available to system planners, as floor plans usually only spec-

ify the large scale geometry of the building (e.g. wall locations) and not detailed

construction materials (e.g. stud material and location). Therefore, it is impor-

tant to understand how stud materials and locations may affect antenna radiation

characteristics. Phase II of this research investigates the influence of complex wall

structures on antenna radiation characteristics, as presented in Chapter 7.

To investigate how the stud materials affect the antenna’s radiation characteris-

tics, both Wall 3 and 4 (interior cavity wall with timber and steel studs, respectively)

are considered in this phase. Three different possible mounting locations on the wall

in relation to the stud (see Fig. 5.7 are investigated, which are (a) Case A— Antenna

located on stud, (b) Case B— Antenna located between studs, and (c) Case C—

Antenna located at corner of room. The antenna radiation pattern and reflection

coefficient for Cases A, B, and C (for both Wall 3 and Wall 4) are compared to

its performance in free-space conditions. These series of investigations will allow

conclusions to be drawn regarding the effects of mounting location, and stud mate-

rials on antenna radiation characteristics, which will assist system planners in the

deployment of high performance indoor wireless systems.
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Fig. 5.7: Illustration of antenna location in relation to studs in interior cavity walls

for (a) Case A— on stud, (b) Case B— between studs, and (c) Case C— room corner.

The antenna illustrated is intended to represent a rectangular patch antenna on a

finite ground plane.
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5.3.3 Phase III— Implications for system performance es-

timation

In Phase III (Chapter 8) of this research, the investigations are divided into two

parts (Part A and Part B). The (a) transmission coefficients obtained in Phase I,

and the (b) radiation patterns obtained in Phase II are integrated into a ray model

in Parts A and B of Phase III respectively, to investigate the overall effects of com-

plex wall structures on system performance estimation in a single floor environment

(e.g. estimation of local mean).

In Part A, the transmission coefficients obtained in Phase I are integrated into

a ray model to investigate whether complex interior cavity walls can be represented

by their equivalent effective slab model for estimating system performance. As ray

models are known to be inaccurate in some situations due to actual radio propagation

displaying non-ray-optical behaviour (e.g. dielectric wedge diffraction), the local

mean predicted by the ray models are compared to those predicted by CST. This

comparison serves as a validation of the results produced by the ray models. In

addition, the contribution of diffracted fields to the total signal strength can be

assessed by comparing the predictions of the ray models to the predictions of CST.

As high computational resources are required to model the indoor environment in

CST, only a portion of the floor on the Engineering Tower is considered, as shown

in Fig 5.8(a). A half-wave dipole antenna is located centrally in one of the offices

(see Fig. 5.8(a)), and the average received powers obtained using the ray models

are compared to the average received power2 obtained using CST.

In Part B, the radiation patterns obtained in Phase II are integrated into a ray

model to investigate whether radiation patterns measured in free-space conditions

can be reliably used for estimating system performance. The floor plan considered

in Part B is shown in Fig. 5.8(b), where the patch antenna may be located at

position T1 or T2. At location T1, the ray models are equipped with the antenna

radiation patterns obtained in Phase II for Cases A (antenna located on stud) or

B (antenna located between studs), while the radiation pattern for Case C (antenna

located at room corner) is used when the antenna is located at location T2. The

prediction of the ray models using the radiation patterns obtained from Phase II are

then compared to the prediction of the ray models equipped with radiation patterns

measured in free-space. These series of investigations will reveal the effects that

complex wall structures have on the prediction of system performance using ray

models.

2To compare the predictions of the ray models (via power summation) with those produced by

CST, the steady state electric field (produced by CST) needs to be converted to power (or path

loss) and averaged, as described in Section §8.2.2.
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Fig. 5.8: Floor plan considered in (a) Part A and (b) Part B of Phase III.

5.4 Summary

This chapter has described the features of a typical office building (as considered

in this thesis) to investigate indoor wireless propagation. The building features a

central services core constructed from reinforced concrete, and is surrounded by

a corridor and offices on the periphery of the building. The floors and ceilings

are constructed with steel-decked concrete, which highly attenuates propagation to

adjacent floors. Therefore, this thesis is focussed on investigating the effects of

complex wall structures on indoor wireless propagation within a single floor office

environment.

Due to the electrically large size of the indoor environment, full-wave solvers are

only initially applied to limited regions of the entire floor area to investigate the

effects of complex wall structures on the (i) transmission properties of complex wall

structures and (ii) AP antenna radiation characteristics. The wall types considered

in this thesis include (i) a homogeneous drywall slab, (ii) a multi-layered drywall

slab with air-gap, (iii) an interior cavity wall with timber studs, and (iv) an interior

cavity wall with steel studs. The results obtained via the full-wave solver can then

be integrated into a ray model to investigate propagation within a single floor envi-

ronment, and the effects that complex wall structures have on system performance

estimation. The chapter is concluded with an outline of the investigations in Chap-

ters 6–8 to characterise the influences of complex wall structures on indoor wireless

systems engineering.



Chapter 6

Phase I— Propagation

characteristics of complex wall

structures

6.1 Introduction

In this chapter, Phase I of this research is presented. To investigate the effects of

electromagnetic wave propagation through complex wall structures, the transmission

coefficients are quantified as nominal values. The nominal transmission coefficients

of complex wall structures are then compared to the (analytically) known transmis-

sion coefficients of simple laterally-uniform homogeneous slabs. The wall models

considered in this thesis are described in Section §6.2. The calculation of the wall

models’ transmission coefficients is described in Section §6.3. The parameters which

affect the transmission coefficients, specifically angle of incidence and frequency are

investigated in Section §6.4, and the chapter is summarised in Section §6.5.

6.2 Wall models

The four types of walls investigated are (i) Wall 1— Homogeneous drywall slab,

(ii) Wall 2— Multi-layered drywall slab with air-gap, (iii) Wall 3— Interior cavity

wall with timber studs, and (iv) Wall 4— Interior cavity wall with steel studs, as

shown in cross section in Fig. 6.1.

The walls have an overall thickness of d = 120 mm, air-gap of t = 100 mm

(except for Wall 1). Wall 3 and Wall 4 have a stud periodicity of u = 500 mm,

and stud widths of w = 100 mm and w = 35 mm respectively. The thickness of

each drywall layer (for Wall 2, Wall 3, and Wall 4) is v = d−t
2

= 10 mm, while the

thickness of the steel is s = t−r
2

= 1 mm. The walls were modelled in CST (with the

F-solver) extending to infinity (due to the unit cell boundary conditions imposed)
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Fig. 6.1: Cross section of (a) Wall 1— Homogeneous drywall slab, (b) Wall 2—

Multi-layered drywall slab with air-gap, (c) Wall 3— Interior cavity wall with timber

studs, and (c) Wall 4— Interior cavity wall with steel studs, where the unit cells are

indicated by the periodic and absorbing boundaries.
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Table 6.1: Electrical properties of wall materials.

Material Complex relative permittivity, εr

Drywall 2.13− j0 [118,119]

Timber 3− j0 [120,121]

Steel 0 + j∞ (PEC)

in the ±x- and ±y- directions, while zmin and zmax were terminated with absorbing

boundaries (realised by Floquet ports in CST).

Experimental measurements of relative permittivities for typical building materi-

als have been published by a number of authors, and there is often a large variation1

in the values reported, even at similar frequencies [122]. Due to the inherent variabil-

ity in material properties, the dielectrics were modelled with nominal representative

values2 from the literature, as shown in Table 6.1. Over the frequency range of

interest (0.7–5 GHz), the relative permittivity of typical building materials can be

modelled as frequency independent [123].

6.3 Calculation of transmission coefficients

A linearly-polarized unity amplitude plane wave is used to illuminate the walls from

Region 1 (see Fig. 6.1). The plane wave propagates in the direction of wave vector

k at an arbitrary angle of incidence θ relative to the z-axis, and at an azimuthal

angle φ formed by the plane of incidence and the x-axis, as shown in Fig. 6.2. The

wave is TE-polarised when the E -field is in direction φ̂, and TM-polarised when the

E -field is in direction θ̂.

The power transmission coefficient |T |2 is given by

|T |2 =
Pt
Pi

(6.1)

where Pt is the power of the transmitted wave (W) and Pi is the power of the

incident wave (W). In this study, Pt refers to the transmitted wave in Region 3—

the transmitted (and reflected) waves that exist in Region 2 are of no interest. Pt

can be found by calculating the z-directed net power flow of the transmitted wave

near the absorbing boundary in Region 3 from [124, p. 577] as

Pt =

∮
S · da (6.2)

1The exact composition, moisture content and manufacturing process of complex wall structures

varies, making exact classification challenging [122].
2The determination of the exact relative permittivities of dielectric materials is beyond the

scope of this thesis.
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Fig. 6.2: Direction of plane wave propagation and polarisation.

where S is the time-averaged Poynting vector, defined by

S =
1

2
<[E×H∗] (6.3)

and a is the surface area of the unit cell. In this thesis, the surface area of the unit

cell is a = 500 mm × 50 mm.

6.4 Transmission coefficients of interior cavity walls

As discussed in Section §2.2.1, the transmission coefficients can be influenced by the

incident angle, polarisation, operating frequency and material properties. In this

section, two parameters which can influence the transmission coefficients of complex

wall structures are investigated. Sections §6.4.1 and §6.4.2 discuss the effects of

incident angle and operating frequency on the transmission coefficients of complex

wall structures, respectively.

6.4.1 Effects of incident angle

The transmission coefficients of walls are known to be dependent on the incident

angle of the plane wave illumination, amongst other factors (such as operating fre-

quency and material properties). However, in the literature, most studies present
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the transmission coefficients of complex wall structures as a function of incident

angle for only the principal plane of incidence (φ = 0◦). The presence of studs in

interior cavity walls suggests that transmission at other planes of incidence (e.g. at

φ = 90◦) needs to be investigated.

In this section, φ is set to 0◦ for Wall 1 and Wall 2 due to the symmetry (lateral

homogeneity) of the geometries. For Wall 3 and Wall 4, φ is varied from 0◦–90◦,

and 0◦–180◦ (with a step size of 5◦) respectively, to investigate the angle dependent

transmission coefficients of interior cavity walls. Since Wall 3 is symmetrical about

the x- and y-axes, the values of transmission coefficients obtained are mirrored along

the x- and y-axes to yield results in the remaining quadrants (i.e. 90◦≤ φ ≤ 360◦).

For Wall 4 (which is asymmetrical about the x-axis due to the steel stud), the

obtained values of transmission coefficients are mirrored along the x-axis to yield

results in the remaining quadrants (i.e. 180◦≤ φ ≤ 360◦). The value of θ is varied

from 0◦–90◦ for all wall models. A 1 GHz unity amplitude plane wave is used to

illuminate the walls in this section.

The power transmission coefficients of Wall 1 and Wall 2 calculated using CST (as

described in Section §6.3) are shown in Fig. 6.3. The good agreement between the

values of |T |2 found using Fresnel theory3 (in Fig. 6.3) and the method described

in this section validates the approach adopted. The transmission coefficients of

Wall 3 and Wall 4 are plotted on polar axes, where the radial ticks on the polar axes

represent the values of θ, while the polar ticks represent the values of φ. The polar

axes is overlaid above a wall (as shown in Fig 6.4 to assist in the visualisation of the

angle dependent transmission coefficients.

The transmission coefficients4 for Wall 3 and Wall 4 are shown in Figs. 6.5

and 6.6 respectively. It can be seen that the TE and TM transmission coefficients

for Wall 3 are relatively constant as φ is varied, apart from some fluctuations near

φ = 90◦ and φ = 270◦. Although Fresnel theory does not apply to complex wall

structures, it can be seen that near the grazing angle θ = 90◦ most of the energy is

reflected (irrespective of φ), as expected5. Similarly, the TE and TM transmission

coefficients of Wall 4 can be seen to be relatively constant as φ is varied apart from

fluctuations in the regions φ ≤ 45◦, φ ≥ 315◦, and 135◦ ≤ φ ≤ 225◦. It should be

noted that the symmetry about the vertical axis observed in Fig. 6.5 is expected

for Wall 3, but not for Wall 4 (see Fig. 6.6) due to stud asymmetry.

3The power transmission coefficients (|T |2) of Wall 1 were calculated as the squared magnitude

of (2.6), and through an iterative procedure, the power transmission coefficients of Wall 2 are

found.
4The results obtained from CST were bilinearly interpolated (with an interpolation factor of 5)

to achieve a smooth distribution.
5This observation is similar to that made by Paknys in [78], where it was observed that rein-

forcing bars in structural concrete walls do not have much of an effect on reflected fields at grazing

angles.
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Fig. 6.3: Transmission coefficients of (a) Wall 1 and (b) Wall 2 at 1 GHz.
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Fig. 6.4: Visualisation of angle dependent transmission coefficients on polar axes

overlaid on a wall, where the radial and polar ticks represent values of θ and φ

respectively.

Practical implications

The transmission properties of interior cavity walls can be influenced by the presence

of studs. In general, the studs can cause fluctuations in the transmission coefficients

of interior cavity walls. However, for the wall geometries considered in this section,

the fluctuations are minimal as φ is varied. This observation suggests that the

transmission coefficients of interior cavity walls (considered in this section) can be

modelled independent of φ.

6.4.2 Effects of operating frequency

As the frequency increases, the number of Floquet harmonics increases which may

affect the transmission properties of interior cavity walls. In the literature, studies

concerned with the transmission properties of complex interior cavity walls have

only focussed on a single frequency at 2.45 GHz [89]. In this section, the effects

of frequency on the transmission properties of complex interior cavity walls are

investigated. Four different frequencies6 of plane waves including 0.7 GHz, 2.45 GHz,

and 5 GHz are used to investigate the changes in transmission properties of complex

interior cavity walls. In this section, the value of φ is set to 0◦, while θ is varied from

0◦–90◦ with a step size of 0.1◦ for Wall 1 and Wall 2 to obtain smooth curves. For

Wall 3 and Wall 4, a step size of 5◦ for θ was chosen as the open boundaries (Floquet

ports) need to be configured appropriately to ensure all existing Floquet harmonics

are absorbed, which increases the computational requirements significantly.

The TE and TM transmission coefficients are presented in Figs. 6.7 and 6.8

6The chosen frequencies are investigated because 0.7 GHz is used for 4G mobile services in New

Zealand [125,126] while 2.45 GHz and 5 GHz are used by IEEE 802.11n/ac standards [33].
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Fig. 6.5: (a) TE and (b) TM transmission coefficients of Wall 3 at 1 GHz, where

the radial ticks represent θ and the polar ticks represent φ.
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Fig. 6.6: (a) TE and (b) TM transmission coefficients of Wall 4 at 1 GHz, where

the radial ticks represent θ and the polar ticks represent φ.
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Fig. 6.7: TE transmission coefficients of Wall 1, Wall 2, Wall 3, and Wall 4 at

(a) 0.7 GHz, (b) 2.45 GHz, and (c) 5 GHz for φ=0◦.
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Fig. 6.8: TM transmission coefficients of Wall 1, Wall 2, Wall 3, and Wall 4 at

(a) 0.7 GHz, (b) 2.45 GHz, and (c) 5 GHz for φ=0◦.
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respectively. At 0.7 GHz, Fig. 6.7(a) shows that the TE transmission coefficients of

Wall 3 and Wall 4 at normal incidence (θ = 0◦) are seen to be slightly attenuated

compared to Wall 2. However, the percentage of attenuation at normal incidence is

almost insignificant (when compared to Wall 2), with a 5% and 18% decrease for

Wall 3 and Wall 4 respectively. This observation suggests that the spatial fluctu-

ations which may exist in the electric field (in Region 3) do not have a significant

effect on transmitted fields. The maximum attenuation for Wall 3 at 0.7 GHz occurs

at θ = 40◦ with a decrease of 40% in the TE transmission coefficient. However, using

(3.5), it appears that Floquet harmonics may exist at approximately θ = 25◦ and

θ = 59◦, for m = 1 and m = 2 respectively. This observation suggests that effects

other than Floquet harmonics may occur for plane waves propagating through inte-

rior cavity walls. The TM transmission coefficients of Wall 3 and Wall 4 at 0.7 GHz

can be seen (in Fig. 6.8(a)) to be similar to the transmission coefficient of Wall 2 at

normal incidence, which suggests that the spatial fluctuations in the electric field (in

Region 3) do not have a significant effect on the transmission coefficients. Similar

to the TE transmission coefficient of Wall 3, at 40◦ the TM transmission coefficient

of Wall 4 suffers an attenuation of approximately 50% when compared to Wall 2.

Although the 0.7 GHz TE and TM transmission coefficients of Wall 3 and Wall 4

are attenuated at θ = 40◦, the transmission properties of the interior cavity walls

appear to be similar to the transmission properties of a homogeneous drywall slab

(Wall 1) and a multi-layered drywall slab (Wall 2).

At 2.45 GHz, the TE transmission properties at normal incidence of Wall 3 and

Wall 4 are increased by 5% and decreased by 8% respectively when compared to the

TE transmission properties of Wall 2. Similarly, the TM transmission coefficients of

Wall 3 and Wall 4 at normal incidence experience an increase of 5% and a decrease

of 10% respectively, when compared to the TM transmission coefficient of Wall 2.

In Fig. 6.7(b), it can be seen that the TE transmission coefficient of Wall 3 devi-

ates from the transmission coefficients of Wall 2 for θ ≥ 60◦, while the transmission

coefficients of Wall 4 appear to be well approximated by Wall 2. This observation

suggests that the stud materials can have an influence on the transmission proper-

ties of interior cavity walls. It is worth noting that although the TE transmission

coefficient of Wall 3 is different from the TE transmission properties of Wall 2 for

θ ≥ 60◦, the transmission coefficient of Wall 3 can still be approximated with the

transmission coefficient of Wall 1 for these incident angles.

In Figs. 6.7(c) and 6.8(c), the TE and TM transmission coefficients of Wall 3

and Wall 4 are shown to resemble the transmission coefficients of Wall 2 instead of

the transmission properties of Wall 1. This observation suggests that although the

number of Floquet harmonics increases with frequency, the transmission properties

of interior cavity walls can still be approximated with the transmission properties

of multi-layered structures at 5 GHz.
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In Figs 6.7(b), 6.7(c), 6.8(b), and 6.8(c), it is apparent that total transmission

occurs (|T |2=1, sometimes referred to as the radome effect [18, pp. 357–359]) for

Wall 1 and Wall 2 at certain angles of incidence. For reflections to diminish to zero

(R=0), the condition

kl = mπ (6.4)

or

2nl cos θ = mλ (6.5)

has to be met, where k is the propagating wave number in the slab for Wall 1

(and air-gap for Wall 2), l is the thickness of the slab for Wall 1 (and air-gap for

Wall 2), n is the refractive index of the slab for Wall 1 (and air-gap for Wall 2),

θ is the transmitted angle through the slab for Wall 1 (and air-gap for Wall 2), λ

is the wavelength in free-space, m ∈ Z, and Z are integers. In addition, the TM

transmission coefficients achieve unity at the Brewster angle, θB, defined by [18,

pp. 375–376]

θB = tan−1

√
n2

n1

(6.6)

where n1 and n2 are the refractive indices of medium 1 (air) and medium 2 (drywall)

respectively, for both Wall 1 and Wall 2. In this study, θB is approximately 55.6◦,

where it is observed that |T |2 = 1 in Fig. 6.8.

Practical implications

The operating frequency can have an influence on the transmission properties of

complex wall structures. In general, the results obtained suggest that the transmis-

sion properties of interior cavity walls can be approximated with the transmission

properties of simpler homogeneous structures. When operating at a lower frequency,

the transmission properties of interior cavity walls can be approximated with the

transmission properties of either a homogeneous slab with an effective relative per-

mittivity, or a laterally uniform multi-layered slab. As the frequency increases, the

transmission properties of interior cavity walls are seen to be more appropriately

approximated using the transmission properties of multi-layered slabs.

Although the number of Floquet harmonics increases with frequency, it is ob-

served that the transmission properties of interior cavity walls are dominated by

the specular component at the frequencies investigated. However, at certain angles

of incidence, the energy is seen to be attenuated which results in fluctuations in

the transmission coefficients. These observations are consistent with the results re-

ported in [89] for measurements conducted at 2.45 GHz. Practically, the question

arises as to whether these perturbations may have any effects on indoor wireless

system performance estimation (e.g. estimation of local mean) and whether inte-

rior cavity walls can be approximated with simpler homogeneous structures in ray

models. This is investigated further in Chapter 8.
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6.5 Summary

This chapter has presented the transmission coefficients of interior cavity walls. Two

main parameters affecting the transmission properties, which are incident angle and

operating frequency, have been investigated. Although the presence of (timber or

steel) studs in interior cavity walls may cause fluctuations in the transmission co-

efficients at various incident angles, this research shows that these fluctuations are

likely to have a minimal effect. In general, the research shows that transmission

coefficients of interior cavity walls at 0.7 GHz, 2.45 GHz and 5 GHz can be approxi-

mated by the transmission coefficients of simpler homogeneous structures. The next

chapter presents a series of investigations on the effects of mounting AP antennas

on interior cavity walls.



Chapter 7

Phase II— Influence of complex

wall structures on antenna

performance

7.1 Introduction

In this chapter, Phase II of this research is presented, which investigates the per-

formance of an antenna in close physical proximity to complex wall structures. The

investigations reported herein aim to contribute to the knowledge of how antennas

perform at various mounting locations on interior cavity walls. This knowledge is

important, as it will assist system planners in the deployment of high performance

indoor wireless systems.

Sections §7.2 and §7.3 describe the antenna design and the wall models consid-

ered in this chapter, respectively. In Section §7.4, the implementation of the antenna

and wall models in CST are described. An investigation of various mounting loca-

tions and stud materials on the antenna radiation characteristics are presented in

Section §7.5. The chapter is summarised in Section §7.6.

7.2 Antenna model

As discussed in Section §2.3, directional antennas can be used to manage co-channel

interference by confining the radiating waves in a certain direction. Therefore, a

directional rectangular patch antenna (shown in Fig. 7.1), which is typical of what

might be used in an actual wireless deployment is considered for the work in this

chapter. The dimensions of the rectangular patch antenna were calculated to operate

at 2.45 GHz with approximate equations found in [113, pp. 468–475], as presented

81
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Fig. 7.1: (a) Front view and (b) side view of rectangular patch antenna.

in Table 7.1. The dielectric substrate used was FR-41, with a relative permittivity

of εr = 4.43 − j0. The rectangular patch antenna is excited with a coaxial probe

centred in the x-direction.

7.3 Wall models and antenna locations

The 2.45 GHz rectangular patch antenna described in Section §7.2 is initially mod-

elled in free-space, and then in the presence of complex interior cavity walls. To

investigate the effects that internal stud materials have on the antenna radiation

characteristic, both interior cavity walls with timber (Wall 3) and steel (Wall 4) are

considered. In addition, the effect of antenna placement on the radiation character-

istic is also investigated by considering three locations, namely (i) Case A— antenna

located on stud, (ii) Case B— antenna located between studs, and (iii) Case C—

antenna located at the corner of a room. The wall models and cases considered are

illustrated in Table. 7.2. The walls have an overall height of h = 1100 mm and

(centre-to-centre) stud spacing u = 500 mm. For Cases A and B, the width of the

wall w = 2100 mm, while for Case C, w = 1220 mm. The thickness of the drywall

layers, stud dimensions and material properties of the walls are identical to those

1Although FR-4 substrates are known to be lossy, a lossless substrate is considered in this

section to ignore antenna losses.
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Table 7.1: Dimensions of rectangular patch antenna.

Parameter Value (mm)

Ws 150

Ls 150

Ts 1.44

Wp 37.93

Lp 28.06

fp 8.78

Table 7.2: Illustration of antenna locations for Cases A–C on Wall 3— Timber studs

and Wall 4— Steel studs.

Wall 3— Timber studs Wall 4— Steel studs

Case A

(on stud)
z x

y

w

u

h

z x

y

w

u

h

Case B

(between

studs)

z x

y

w

u

h

z x

y

w

u

h

Case C

(room

corner)

z x

y

w

u

h

w

z x

y

w

u

h

w
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described in Section §6.2.

7.4 CST configuration

The antenna and wall models described in Sections §7.2 and §7.3 are modelled in

CST using T-solver and the hybrid approach (T-solver + I-solver) described in

Section §4.3.2. The configurations of the CST models for the T-solver and hybrid

method are described in Sections §7.4.1 and §7.4.2 respectively.

7.4.1 T-solver

The CST calculation domains for Cases A and B are 1000 mm× 2100 mm× 1100 mm

in size (Fig. 7.2) and surrounded by open boundaries. The size of the calculation

domain for Case C is 1591.56 mm × 1525 mm × 1100 mm (Fig. 7.3), also sur-

rounded by open boundaries. The maximum mesh size of ∆ = λmin/20 is used to

minimise the effects of mesh dispersion. The entire calculation domain containing

the antenna and wall model described in Sections §7.2 and §7.3 are analysed using

the T-solver.

7.4.2 Hybrid method

To utilise the hybrid method (T-solver + I-solver), the calculation domain is divided

into subdomains D0 (indicated by the red boundary) and D1 (indicated by the

blue dashed boundary), as shown in Figs. 7.2 and 7.3. The antenna is located in

subdomain D1, and is first modelled (with a maximum mesh size of ∆ = λmin/10)

using the T-solver with the near-field source monitor activated. The bounding box

of the near-field source monitor (represented by the green boundary) is located λ/4

away from the patch antenna in all directions, except in the −x-direction for Cases A

and B (see Fig. 7.2), and the −x- and −z-direction for Case C (see Fig. 7.3), where

the bounding box is flush with the drywall layer. The near-field source is then

exported into subdomain D0 as an excitation (where the walls are modelled), and

analysed using the I-solver.

7.5 Antenna performance

7.5.1 Reflection coefficient

Free-space

The magnitude of the reflection coefficient (|s11|) of the patch antenna modelled in

free-space is presented in Fig. 7.4. As seen in Fig. 7.4, the value of |s11| is below
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Fig. 7.2: (a) CST model for Cases A and B using the hybrid method and (b) Enlarged

view of domain D1 modelled using the T-solver, where the green boundary represents

the near-field source monitor.
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Fig. 7.3: (a) CST model for Case C using the hybrid method and (b) Enlarged view

of domain D1 modelled using the T-solver, where the green boundary represents the

near-field source monitor.
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Fig. 7.4: Reflection coefficient of rectangular patch antenna in free-space.

−10 dB from approximately 2.45–2.47 GHz, which indicates that minimal energy is

reflected and the antenna is resonant (and radiates) between this frequency range.

At other frequencies, the value of |s11| approaches 0 dB, which indicates that most

of the energy is reflected and the antenna does not radiate efficiently.

Wall 3

The reflection coefficient magnitude of the patch antenna mounted on Wall 3 for

Case A, Case B, and Case C are shown in Fig. 7.5. It can be seen that the an-

tenna’s resonance is slightly detuned (compared to its free-space resonance) when

mounted on complex wall structures. The frequency range where |s11| ≤ −10 dB is

approximately 2.44–2.46 GHz for Case A, Case B, and Case C. While a slight detun-

ing of resonance is observed, the magnitude of the reflection coefficients for Case A,

Case B, and Case C almost resembles the reflection coefficient of the antenna in

free-space. This observation suggests that the antenna’s resonance is not signifi-

cantly affected (as compared to its free-space reflection coefficient) when mounted

on complex wall structures.

Wall 4

The |s11| of the patch antenna mounted on Wall 4 for Case A, Case B, and Case C are

presented in Fig. 7.6. Similar to the cases of Wall 3, the resonant frequency of the

antenna is not significantly affected by the various mounting locations on Wall 4.

The frequency range where the |s11| ≤ −10 dB is approximately 2.44–2.46 GHz,

similar to the corresponding cases of Wall 3. Similarly, only a slight detuning of
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Fig. 7.5: Reflection coefficient of rectangular patch antenna on Wall 3.
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Fig. 7.6: Reflection coefficient of rectangular patch antenna on Wall 4.
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Fig. 7.7: Ey-field magnitude (at y = 0) of antenna in free-space calculated using

(a) T-solver and (b) hybrid method (T- + I-solver), where the white rectangle

represents the near-field source.

resonant frequency (compared to free-space) is observed as a result of mounting the

antenna on complex wall structures.

7.5.2 Radiation characteristics

Free-space

The Ey-field magnitude (in the x-z plane, at y = 0) for the antenna modelled in

free-space using the T-solver and the hybrid method2 are shown in Fig. 7.7. From

Fig. 7.7(a), it can be seen that the results are affected by mesh dispersion when

using the T-solver, causing minor ripples in the field magnitude. In contrast, the

2A near-field source is recorded λ/4 away from the antenna in free-space in all directions using

the T-solver, which is exported as a source to the I-solver.
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Fig. 7.8: Normalised Eφ far-field radiation pattern (in the x-z plane) of antenna in

free-space calculated with the (a) T-solver, and (b) hybrid method.

smooth contour lines observed in Fig. 7.7(b) suggests that effects of mesh dispersion

can be alleviated via the hybrid method.

It can be seen in Fig. 7.7(b) that the fields in the near-field source region

(indicated by the white rectangle) are inconsistent when compared to Fig. 7.7(a).

However, this inconsistency is of no concern3, as the fields outside of the source

region appear to be well approximated using the hybrid method.

The normalised4 Eφ far-field radiation pattern in the x-z plane of the antenna in

free-space calculated using the T-solver and the hybrid method is shown in Fig. 7.8.

The similarity between the radiation pattern calculated with the T-solver and the

hybrid method suggests that the effects of mesh dispersion are insignificant, and

validates the hybrid approach adopted for the research in this thesis.

Wall 3

The Ey-field magnitude calculated using the hybrid method for Cases A, B, and C

for Wall 3 are shown in Fig. 7.9. In Fig. 7.9(a), it can be observed that the main

lobe of the antenna is distorted for Case A. The antenna’s back lobe is also distorted,

with an increase in magnitude when mounted on a timber stud. In the vicinity of

the antenna, surface waves are observed to exist on the drywall layer adjacent to

3When using the near-field source as an excitation with the hybrid method, there is no guarantee

that the fields and derived quantities inside the source region resemble the results of a full simulation

model (i.e. using T-solver) [111].
4The Eφ-field magnitude is normalised to the maximum field strength.
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the antenna. This observation suggests that the wall provides some sort of wave

guiding mechanism.

For Case B, the main lobe is also observed to be distorted due to the presence of

the wall. The magnitude of the antenna’s back lobe does not increase as in Case A

when the antenna is mounted between the studs. It is also observed in Fig. 7.9(b)

that surface waves on the drywall layer adjacent to the antenna extend out as far as

the first pair of studs, and are then impeded for Case B, where the waves are guided

between the cavity of the wall.

The main lobe of the antenna in Case C appears to be severely distorted (com-

pared to Cases A and B) due to the presence of the wall perpendicular to the antenna

(and close to the main lobe of the isolated antenna), causing a directional shift in

the main lobe away from the perpendicular wall. It can be observed in Fig. 7.9(c)

that surface waves exist on the drywall adjacent to the antenna. On the wall per-

pendicular to the antenna, surface waves are observed to exist on both layers of

drywall. This is expected as the perpendicular wall is close to the antenna boresight

in free-space, where most of the energy is radiated.

The normalised Eφ far-field radiation patterns for Cases A, B, and C for Wall 3

are shown in Fig. 7.10. The good agreement between the radiation pattern for

Case A calculated using the T-solver and the hybrid approach observed in Fig. 7.10(a)

provides further validation of the adopted hybrid approach. Therefore, the results

presented in the rest of this section are obtained via the hybrid method, unless

stated otherwise.

It can be seen from Figs. 7.10(a) and 7.10(b) that the main lobe of the antenna

radiation pattern is distorted and additional side lobes are introduced for Case A

and Case B when compared to its radiation pattern in free-space. Although ripples

of up to 2 dB are observed in the main lobe for Cases A and B, the directionality

of the main lobe is preserved.

From Fig. 7.10(c) it is observed that the main lobe of the antenna experiences a

directional shift of approximately 30◦, and a null in the antenna boresight direction

(in free-space) in Case C. The observed directional shift in the main lobe can be

attributed to the presence of the perpendicular wall. Assuming that the perpendic-

ular drywall (in the x-y plane) directly next to the antenna is made up of PEC and

using image theory [114, pp. 179–203], the pair of patch antennas have an array-

factor maximum at approximately 24◦— which is close to 30◦. In addition to the

shift in main lobe directionality, the beamwidth of the antenna in Case C is reduced

significantly compared to the antenna in free-space. The 3 dB beamwidth of the

antenna in Case C is observed to be 15◦, while the 3 dB beamwidth of the antenna

in free-space is 88◦. It is also observed that additional side lobes are introduced,

especially at 0◦ where a null was observed for Cases A and B.
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Fig. 7.9: Ey-field magnitude (at y = 0) for (a) Case A, (b) Case B, and (c) Case C

for Wall 3.
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Fig. 7.10: Normalised Eφ-field magnitude (in the x-z plane) of (a) Case A,

(b) Case B, and (c) Case C for Wall 3.
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Wall 4

The Ey-field magnitudes for Cases A, B, and C for Wall 4 are shown in Fig. 7.11.

In Fig. 7.11(a), it can be observed that the main lobe of the antenna is distorted for

Case A. Near the antenna, surface waves are observed on the drywall layer adjacent

to the antenna.

For Case B, the main lobe also appears to be distorted due to the presence of

the wall. As seen in Fig. 7.11(b), surface waves also exist on the drywall adjacent

to the antenna, but the field magnitude is less than those observed in Case A for

−500 mm ≤ z ≤ 0 mm (Fig. 7.11(a)), and their extent is limited by the presence

of the studs. This is expected, as the steel studs impede the wave guiding effects to

a certain extent.

Similar to Case C of Wall 3 (Fig. 7.11(c)), the main lobe of the antenna in Case C

appear to be severely distorted due to the presence of the wall perpendicular to the

antenna, which causes a directional shift in the main lobe. It is also observed that

surface waves exist on the walls adjacent, and perpendicular to the antenna.

The normalised Eφ far-field radiation patterns in the x-z plane for Cases A, B,

and C for Wall 4 are shown in Fig. 7.12. It can be seen from Figs. 7.12(a) and 7.12(b)

that the main lobe of the antenna radiation pattern is distorted and additional side

lobes are introduced for Cases A and B when compared to its radiation pattern

in free-space. Although up to 3 dB of ripples are observed in the main lobe of

the antenna for Cases A and B, the directionality of the main lobe is preserved

(Figs. 7.12(a) and 7.12(b)). These observations are consistent with the experimental

results reported in [95]. It should be noted that the left-right asymmetry observed in

Figs. 7.12(a) and 7.12(b) is expected due to the geometry of the steel stud. It is also

observed in Fig. 7.12(a) that the magnitude of the antenna’s back lobe in Case A

is reduced compared to free-space. This is expected, as the antenna is mounted

directly where the steel stud is located in Case A.

For Case C, it is observed in Fig. 7.12(c) that the main lobe of the antenna expe-

riences a directional shift of approximately 30◦, and a null in the antenna boresight

direction (in free-space)— similar to the effects of Wall 3. The focusing of the main

lobe causes a reduction in the beamwidth of the antenna (compared to free-space),

where the 3 dB beamwidth of the antenna for Case C is 20◦.

7.5.3 Practical implications

It is observed that the presence of complex wall structures in the near-field of an

antenna does not significantly affect its resonant frequency. However, the antenna’s

radiation characteristics can be significantly affected when it is in close physical

proximity to a wall. In general, the radiation pattern was found to be distorted when

mounted on complex wall structures. However, the level of distortion is dependent
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Fig. 7.11: Ey-field magnitude (at y = 0) of (a) Case A, (b) Case B, and (c) Case C

for Wall 4.
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on the location of the antenna on the wall.

Significantly, the directionality of the main lobe is preserved (compared to its

radiation characteristic in free-space) when the antenna is located on, or between

the studs of interior cavity walls. This observation suggests that using the antenna

radiation pattern measured in free-space during system planning could be sufficient

when the antenna is mounted on a flat wall, regardless of whether the antenna is

located on, or between, studs.

In contrast, the directionality of the antenna is shifted when it is located at the

corner of a room, which implies that using the free-space radiation pattern in this

instance could lead to erroneous results during system planning. Previous studies

[57, 127] have shown that an increase in system performance could be achieved by

using directional antennas (with suitable orientation) as opposed to omnidirectional

antennas. This observation suggests that the directional shift of the antenna's main

lobe when mounted on corners of rooms could potentially be exploited to mitigate

co-channel interference, thus improving system performance.

Although a slight decrease in gain can be observed when the antenna is mounted

directly on a wall with steel stud instead of a timber stud, the main lobe direction-

ality of the antenna were found to be similar (for each corresponding case). This

observation suggests that the material used for internal studs has minimal impact

on radiating fields.

7.6 Summary

This chapter has quantified the effects that interior cavity walls have on the reflection

coefficient and radiation characteristics of a directional patch antenna. The inves-

tigations were focussed on the effects of stud material and geometry, and antenna

mounting locations. The results obtained from these investigations have demon-

strated that the reflection coefficient of the antenna was not significantly altered

when mounted on complex wall structures. However, the presence of walls in the

antenna’s near-field can significantly alter its radiation characteristics. It was found

that the level of distortion is dependent on the location of the antenna on the wall.

The directionality of the antenna was preserved when it is located on, or in between,

the studs of a flat wall. This observation suggests that utilising antenna radiation

patterns in free-space conditions could be sufficient for the purpose of system plan-

ning. However, the directionality of the main lobe was shifted when mounted on the

corner of a room, suggesting that utilising antenna radiation patterns measured in

free-space could lead to erroneous results during system planning. This is further

investigated in Chapter 8.



Chapter 8

Phase III— Implications for

system performance estimation

8.1 Introduction

Chapters 6 and 7 have presented a series of investigations quantifying the trans-

mission coefficients of complex wall structures, and the effects that the presence of

these complex structures in the near-field of the antenna may have on its radiation

characteristics, respectively. In this chapter, Phase III of this research is presented,

which considers the effects that knowledge of transmission properties and antenna

radiation characteristics have on indoor wireless systems’ performance estimation.

In Section §8.2, the transmission coefficients of complex interior cavity walls (and

their equivalent single-/multi-layered slabs) quantified in Chapter 6 are incorporated

into a ray model. The predicted average received powers obtained via the ray mod-

els are then compared to the predicted values produced by CST. In Section §8.3,

the radiation patterns calculated (in free-space, and in the presence of an interior

cavity wall) in Chapter 7 are incorporated into a ray model. The predicted average

received powers when utilising antenna radiation patterns measured in free-space

are compared to the predicted values obtained when the distorted antenna radia-

tion pattern is used in ray models. These series of investigations provide insights

on the effects of complex wall structures on the performance prediction of indoor

wireless systems. A summary of this chapter is provided in Section §8.4.

97
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8.2 Part A— Indoor wireless channel characteri-

sation

As discussed in Section §5.3.3, part of the Engineering Tower is considered for

the studies in this section. The floor plan consists of two 0.3 m thick concrete

(εr = 6 − j0.18) slabs1 [128] forming an L-shape, with offices similarly arranged in

an L-fashion, as shown in Fig. 8.1. The offices were simplistically modelled with-

out openings for windows and doors. The exact dimensions of the floor plan was

described in Fig. 5.8(a).

A 1 GHz half-wave dipole2 oriented in the y-direction was used as a transmitting

antenna placed at the centre of one office, as shown in Fig. 8.1. The calculated values

of transmission coefficients |T |2 at 1 GHz of Wall 1— Homogeneous drywall slab,

Wall 2— Multi-layered drywall slab, Wall 3— Interior cavity wall with timber studs,

and Wall 4— Interior cavity wall with steel studs (as described in Fig. 6.1) were

extracted from CST and incorporated into the ray model described in Section §4.2.

As discussed in Section §5.3.3, the average powers predicted by the ray models are

compared to the average power predicted by CST, serving as a validation for the

ray model predictions. The average powers predicted by the ray model and CST

are also sampled and compared along two trajectories (L1 and L2), as shown in

Fig. 8.1. The power levels sampled along trajectory L1 will reveal whether the

transmission coefficients of interior walls implemented in the ray models can be

used to accurately predict the average power. On the other hand, the power levels

sampled along trajectory L2 will reveal to what extent diffracted fields contribute

to the total received power in shadowed regions of an office environment.

Sections §8.2.1 and §8.2.2 describe the ray models and CST configuration re-

spectively. The comparison of results produced by the ray models and CST are

presented in Section §8.2.3.

8.2.1 Ray model

The floor plan depicted in Fig. 8.1 was implemented in a 2D ray model. To in-

vestigate the effects of incident field polarisation, the TE and TM transmission

coefficients of Walls 1–4 (depicted in Fig. 6.1) were separately integrated into the

ray model. The offices were modelled with eight different configurations, namely

1Although concrete walls are usually reinforced with steel bars (Fig. 2.2(b)), the concrete walls

in this study were modelled as homogeneous slabs since the focus of this thesis is on interior cavity

walls.
2The frequency of 1 GHz was chosen to ensure computational tractability of the CST model.
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office concrete dipole

L2

L1

trajectory
slab

x

z

Fig. 8.1: L-shaped office floor plan.

1. Case E1— TE coefficients of Wall 1;

2. Case E2— TE coefficients of Wall 2;

3. Case E3— TE coefficients of Wall 3;

4. Case E4— TE coefficients of Wall 4;

5. Case M1— TM coefficients of Wall 1;

6. Case M2— TM coefficients of Wall 2;

7. Case M3— TM coefficients of Wall 3; and

8. Case M4— TM coefficients of Wall 4.

The reflection coefficient is assumed to be |R|2 = 1 − |T |2 since the wall materials

were modelled as lossless, as described in Section §6.2. In this study, up to second

order reflected rays are considered in the ray model— the power contribution beyond

the 2nd order reflection was found to be insignificant due to high reflection loss from

the walls. As discussed in Section §4.2, diffracted fields are not considered in the

ray model.

8.2.2 CST model

The ray models from Section §8.2.1 were validated against results obtained from

the full-wave solver CST. The floor plan in Fig. 8.1 was implemented in CST with

Wall 33 (interior cavity wall with timber studs) for office walls, and the L-shaped

3The relative permittivity of the materials are described in Table 6.1.
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Fig. 8.2: CST model of L-shaped office floor plan, where the half-wave dipole is

indicated by ◦.
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concrete wall was modelled with homogeneous slabs. The computational domain

of the CST model was 28.12 m × 28.12 m × 2.8 m in size4, and was surrounded

by open boundaries (Fig. 8.2). The y-oriented dipole is centred at y = 0, and the

model shown in Fig. 8.2 was solved in CST using the hybrid method discussed in

Section §4.3.2.

To compare the results produced by CST and the ray model (via power sum-

mation), the steady state electric field magnitude produced by CST needs to be

converted to power (or path loss). The free-space path loss (otherwise known as the

Friis equation) is given by

Pr
Pt

= GtGr

(
λ

4πd

)2

, (8.1)

where Pt (W) and Pr (W) are the transmitted and received power, d is the separation

distance between the transmitting and receiving antennas, and Gt and Gr are the

transmitting and receiving antenna gains. To convert the CST results to power or

path loss (and to make valid comparisons against the results produced by the ray

models), a calibration was run in free-space (for both CST and the ray model) to

determine the effective values of Gt and Gr. A half-wave dipole antenna (oriented in

the y-direction) is simulated in free-space using the ray model and CST. The steady-

state |Ey| field magnitude predicted by CST and the received power predicted by the

ray model were plotted as a function of distance from the transmitter on a log-log

scale, as shown in Fig. 8.3. It can be seen that the field magnitude predicted by

4The size of the computational domain was chosen to ensure that data points in the L-shaped

floor plan are not excluded due to the averaging process.
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Fig. 8.4: Power distribution predicted by ray models using TE coefficients at 1 GHz

for (a) Case E1, (b) Case E2, (c) Case E3, and (d) Case E4.

CST is 50 dB above the average power predicted by the ray model5. Therefore, to

make valid comparisons between the results predicted by CST and the ray models,

the resulting field magnitude predicted by CST is converted to power (20 log10 |Ey|)
and reduced by 50 dB. It should also be noted that the resulting path loss predicted

by CST in Section §8.2.3 is filtered with a 10λ × 10λ moving average Hamming

window to remove small-scale fading due to multipath propagation [129], unless

stated otherwise.

8.2.3 Comparison of CST and ray-model predictions

Figs. 8.4 and 8.5 show the average received power predicted by the ray models using

TE and TM coefficients to model the office walls. It is apparent from Figs. 8.4 and

5For 20 log10 d < 15, the fields do not decrease according to the inverse square law due to

dominant near-field effects, and are therefore not considered in the calibration process.
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Fig. 8.5: Power distribution predicted by ray models using TM coefficients at 1 GHz

for (a) Case M1, (b) Case M2, (c) Case M3, and (d) Case M4.

8.5 that the presence of the concrete structure attenuates the transmitted waves. In

addition, it can be observed that the fields are dominated by a direct component in

Cases E1, E2, M1, and M2, resulting in smooth contour lines of the power distribu-

tion, as observed in Figs. 8.4(a), 8.4(b), 8.5(a), and 8.5(b). In contrast, the power

distribution predicted by the ray models in Cases E3, E4, M3, and M4 appears to

be affected by the additional scattering introduced by the presence of studs in the

complex wall structures. This is as expected, as the angle-dependent transmission

coefficients of complex wall structures were observed to fluctuate (compared to the

transmission coefficients of homogeneous/multi-layered slabs) in Section §6.4. In

general, it can be observed that the power distribution predicted by the ray models

using TE or TM coefficients are similar, which is expected due to the similarity

between the TE and TM coefficient’s values (observed in Figs. 6.3, 6.5, and 6.6).

The resulting instantaneous and averaged power distribution (at y = 0) from

CST (filtered with a 10 × 10λ window) are presented in Figs. 8.6 and 8.7 respec-
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Fig. 8.6: Instantaneous predicted power from CST at 1 GHz.

tively. It can be observed in Fig. 8.7 that the small-scale fading present in the

instantaneous received power (Fig. 8.6) has been removed. It is initially observed

that the average received power predicted by CST produces relatively smooth con-

tour lines as in Cases E1, E2, M1, and M2. However, this observation is due to the

large size of the window chosen for the spatial averaging process thus removing the

minor fluctuations in the received power. To demonstrate this, the instantaneous

received power predicted by CST is filtered with a smaller window size of 5λ× 5λ,

as presented in Fig. 8.8. As can be observed in Fig. 8.8, the contour lines in the

power distribution is irregular, similar to those observed in Cases E3, E4, M3, and

M4.

Figs. 8.9(a) and 8.9(b) compare the average power from CST and the power

levels predicted by the ray models in Cases E1–E4 along trajectories L1 and L2,

respectively. It can be seen that the power levels predicted by the ray models in all

cases agree well with the average power level predicted by CST, with a maximum

deviation of approximately 6 dB along trajectory L1. This observation suggests that

interior cavity walls can be heuristically represented by their equivalent dielectric

slab with high accuracy when the prediction of average power levels are of interest.

The average power levels predicted by the ray models along trajectory L2 undergoes

an attenuation of approximately 15 dB at distances of 4 m and 14 m away from

the transmitter. This is likely due to the lack of diffracted fields in the ray mod-

els. However, the received power levels predicted by the ray models are reasonably
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Fig. 8.7: Averaged predicted power filtered with a 10λ× 10λ window from CST at

1 GHz.

Fig. 8.8: Averaged predicted power filtered with a 5λ × 5λ window from CST at

1 GHz.
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Fig. 8.9: Averaged power levels at 1 GHz along trajectory (a) L1 and (b) L2 pre-

dicted by ray models (TE coefficients), (c) L1 and (d) L2 predicted by ray models

(TM coefficients) and CST.

accurate up to 14m along trajectory L2, which indicates that diffraction is not the

dominant mechanism at regions <14 m. Above 14 m, the ray models underpredict

the average received power by approximately 20 dB, suggesting that diffraction is

the dominant mechanism for waves arriving in this region.

The power levels predicted by the ray models in Cases M1, M2 and M3 are also

compared to the average power predicted by CST, as shown in Figs. 8.9(c) and

8.9(d). It was found that the power levels predicted by the ray models in Cases M1,

M2, M3, and M4 agree well with the average power level predicted by CST, similar

to the results observed in Figs. 8.9(a) and 8.9(b). This observation is as expected

due to the similarity between the TE and TM coefficients, which suggests that

polarisation-independent transmission and reflection coefficients can be used in ray

models to accurately predict average power levels.

Practical implications

From the results presented in this section, it is evident that the average received

power can be predicted with reasonable accuracy (within a range of ±6 dB) when
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interior cavity walls were modelled with their equivalent effective (homogeneous or

multi-layered) slabs. However, it is observed in Figs. 8.4 and 8.5 that effective slab

walls are unable to capture the additional scattering produced by the presence of

studs, which is manifested as minor fluctuations in the received power (observed

in Figs. 8.4(c), 8.4(d), 8.5(c), and 8.5(d))— this observation is consistent with the

results reported in [73].

It was also found that the transmission and reflection coefficients of complex wall

structures can be modelled as independent of polarisation, as observed in Figs. 8.4,

8.5, and 8.9. In addition, the results obtained in Figs. 8.9(b) and 8.9(d) have shown

that diffraction is the main mechanism for waves arriving at shadowed regions far

from the transmitting antenna, and for regions where no direct or reflected path

with appreciable power exists. This observation suggests that diffraction must be

incorporated into ray models for investigating similar floor plans (with multiple

geometrical shadowed regions) where long range propagation is involved. This is

likely to be relevant when attempting to quantify levels of co-channel interference

from distant APs. Although these results are frequency- (and environment-) specific,

the results provide an insight into the influence of complex interior cavity walls on

propagating fields in an indoor environment. As it has been observed in Section §6.4,

the transmission coefficients of complex wall structures can be approximated by their

equivalent dielectric slabs. Therefore, it is reasonable to inductively infer that the

observed effects (of transmission and reflection coefficients of complex wall structures

have) on ray models apply to those at other frequencies (e.g. 0.7 GHz, 2.45 GHz,

and 5 GHz).

8.3 Part B— AP antenna radiation characterisa-

tion

As discussed in Section §2.3 antenna manufacturers usually provide radiation pat-

terns measured in free-space conditions. However, the findings in Chapter 7 have

shown that antenna radiation pattern can be significantly distorted when mounted

on complex wall structures. In this section, the average received power predicted by

ray models using a free-space radiation pattern is compared to the predicted average

received power when using the distorted radiation pattern due to the presence of

complex wall structures, as investigated in Chapter 7.

Section §8.3.1 describes the ray models considered for the studies in Part B.

The comparison between the predicted average received power is presented in Sec-

tion §8.3.2.



108 8.3 Part B— AP antenna radiation characterisation

office concrete patch
slab

T1 T2

Fig. 8.10: Engineering Tower floor plan, where the arrow on the patch antenna

indicates the main lobe direction assuming a free-space radiation pattern.

8.3.1 Implementation in ray model

In this section, the floor plan of the Engineering Tower described in Section §5.3.3

was implemented in the ray model, as shown in Fig. 8.10. The office walls were

configured with the TE6 transmission and reflection coefficients of Wall 2 (multi-

layered drywall slab) at 2.45 GHz (to coincide with operating frequency of the patch

antenna investigated in Chapter 7), while the concrete walls were modelled as 0.3 m

thick lossy homogeneous slabs (εr = 6 − j0.18). The patch antenna is located

(a) centrally in the corridor (location T1) and (b) at the corner of the corridor

(location T2), as shown in Fig. 8.10. At location T1, the patch antenna is configured

with either

1. Case FS— Radiation pattern measured in free-space;

2. Case A3— Radiation pattern of antenna mounted on timber stud (Wall 3);

3. Case B3— Radiation pattern of antenna mounted between timber studs (Wall 3);

4. Case A4— Radiation pattern of antenna mounted on steel stud (Wall 4); and

5. Case B4— Radiation pattern of antenna mounted between steel studs (Wall 4),

as described in Table 7.2. At location T2, the antenna is configured with either

1. Case FS— Radiation pattern measured in free-space;

2. Case C3— Radiation pattern of antenna mounted on corner (Wall 3); and

3. Case C4— Radiation pattern of antenna mounted on corner (Wall 4).

6As discussed in Section §8.2.3, the transmission coefficients may be reliably used independent

of polarisation (i.e. either TE or TM coefficients can be used).
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Fig. 8.11: Average received power predicted by ray model at 2.45 GHz for Case FS

at location T1.

Up to 2nd order reflections were considered in the ray model for the investigations

in this section.

8.3.2 System performance evaluation

When the antenna is centrally located at the corridor (T1), the average received

power predicted by the ray model for Case FS is shown in Fig. 8.11. As expected,

the transmitted wave through the central services core is highly attenuated due to

the thick lossy concrete walls. The average received power predicted by the ray

models for Cases A3 and B3 (antenna mounted on interior cavity wall with timber

studs) are shown in Figs. 8.12(a) and 8.12(b) respectively. It can be seen that the

majority of the average received power predicted by the ray models for Cases FS,

A3, and B3 are similar, except for the side lobe regions of the antenna, and the

main lobe regions (apparent in the central services core, indicated by black lines)

where the contour lines appear distorted. This is as expected due to the distortion

in the radiation patterns observed when the antenna is mounted on complex wall

structures, as discussed in Section §7.5.

The relative error7 produced when using the free-space radiation pattern for

Case A3, calculated as the received power for Case A3 subtracted from the received

power for Case FS (PFS−PA3, in dBW), is shown in Fig. 8.12(c). Similarly, the free-

7Referred to as free-space prediction error in the rest of this thesis.
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Fig. 8.12: Average received power predicted by the ray models at 2.45 GHz for

(a) Case A3, (b) Case B3, (c) prediction error for Case A3 (PFS−PA3), and (d) pre-

diction error for Case B3 (PFS − PB3) when the antenna is located at T1.
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Fig. 8.13: Binary plot of free-space prediction error at 2.45 GHz for (a) Case A3 and

(b) Case B3, where the regions in green and red represent prediction error below

and above 6 dB respectively.
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space prediction error for Case B3 is shown in Fig. 8.12(d). Regions with positive

(and negative) error values indicate over- (and under-)predicted power when utilising

radiation patterns measured in free-space. It is evident that while there can be a

large prediction error (up to 15 dB), the regions where these errors are present are

minimal, and the free-space prediction error is small in a majority of the floor area.

In practice, system planners in charge of deployment would generally over-design

indoor wireless systems with a 4–6 dB error margin to counter the practical effects

of signal variation [130, pp. 283–293]. Therefore, binary plots indicating regions

with free-space prediction errors above (low accuracy— indicated by red) and below

(acceptable accuracy— indicated by green) 6 dB for Cases A3 and B3 are shown

in Fig. 8.13. The majority of the floor region is observed in Figs. 8.13(a) and

8.13(b) to have low prediction error below 6 dB (indicated by green) when using

free-space radiation patterns in ray models. Specifically, only 5.1% and 4.5% of the

floor plan is observed to have high prediction error above 6 dB for Cases A3 and B3.

This observation suggests that the radiation pattern measured in free-space can be

used to adequately estimate path loss when the antenna is located on a flat wall,

regardless of the location of internal timber studs.

The average received power predicted by the ray models for Cases A4 and B4

(antenna mounted on interior cavity wall with steel studs) are shown in Figs. 8.14(a)

and 8.14(b) respectively. Similar to Cases A3 and B3, it can be seen that the

majority of the average received power predicted by the ray models for Cases FS,

A4, and B4 are similar, except for the side lobe regions of the antenna, and the main

lobe regions where the contour lines appear distorted. It should be noted that the

(left-right) asymmetry about the z-axis in Figs. 8.14(a) and 8.14(b) is expected,

due to the geometry of the internal steel studs.

The free-space prediction error for Cases A4 and B4 are shown in Figs. 8.14(c)

and 8.14(d). While large prediction errors (up to 15 dB) can be observed, the

majority of the floor plan is observed to have low prediction errors. Binary plots

indicating regions with free-space prediction error above 6 dB (coloured red) for

Cases A4 and B4 are shown in Figs. 8.15(a) and 8.15(b), and it is observed that

only small regions have high prediction errors above 6 dB. Specifically, only 1%

and 1.9% of the floor plan is observed to have high prediction error above 6 dB

for Cases A4 and B4. Similar to Cases A3 and B3, these results indicate that the

radiation pattern measured in free-space can be used to accurately estimate path

loss when the antenna is located on a flat wall, regardless of the location of internal

steel studs.

When the antenna is located at the corner of the corridor (T2), the average

received power for Cases FS, C3, and C4 are shown in Figs. 8.16(a), 8.16(b), and

8.16(c) respectively. It can be seen that there is a large discrepancy between the

average received power predicted between Case FS, and Cases C3 and C4 when the
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Fig. 8.14: Average received power predicted by the ray models at 2.45 GHz for

(a) Case A4, (b) Case B4, (c) prediction error for Case A4 (PFS−PA4), and (d) pre-

diction error for Case B4 (PFS − PB4) when the antenna is located at T1.
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Fig. 8.15: Binary plot of free-space prediction error at 2.45 GHz for (a) Case A4 and

(b) Case B4, where the regions in green and red represent prediction error below

and above 6 dB respectively.
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Fig. 8.16: Average received power predicted by the ray models at 2.45 GHz for

(a) Case FS, (b) Case C3, (c) Case C4, (d) prediction error for Case C3 (PFS−PC3),

and (e) prediction error for Case C4 (PFS−PC4) when the antenna is located at T2.
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Fig. 8.17: Binary plot of free-space prediction error at 2.45 GHz for (a) Case C3 and

(b) Case C4, where the regions in green and red represent prediction error below

and above 6 dB respectively.

antenna is located at the corner of the corridor. The prediction error for Cases C3

and C4 are shown in Figs. 8.16(d) and 8.16(e). As can be seen in Figs. 8.16(d)

and 8.16(e), prediction errors of up to 20 dB can be found in a majority of the floor

area when using the antenna radiation pattern measured in free-space for system

planning. Binary plots indicating regions with prediction error above 6 dB (coloured

red) for Cases C3 and C4 are shown in Fig. 8.17. From Figs. 8.17(a) and 8.17(b), it

can be observed that large regions of the floor area experience high prediction error

(indicated in red) when using free-space radiation patterns for antennas mounted on

corners. Specifically, it is observed that 34.9% and 29.6% of the floor area experience

high prediction error when the antenna is mounted on the corner of Wall 3 and

Wall 4, respectively. This observation suggests that utilising antenna radiation

patterns measured in free-space conditions (when the antenna is located at a corner)

can cause large errors in predicting system performance.

Practical implications

It is observed that the utilisation of antenna radiation patterns measured in free-

space conditions can sometimes lead to errors in predicted path losses. However,

the level of errors are dependent on the location of the antenna. When the antenna

is located on a flat wall, up to 15 dB of error in the predicted path loss is found.

However, the regions with errors up to 15 dB are localised in a very small region of

the floor. The path loss in the majority of the floor plan was found to be accurate (up

to 6 dB error) when free-space antenna radiation patterns are used. This observation

is similar, regardless of whether the antenna might be located on, or between studs.

This finding is important, as it suggests that the location of studs is not an important

consideration for system deployment engineers when the antenna is located on a flat
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wall. Therefore, antenna radiation patterns measured in free-space conditions can

be reliably used in ray models for system planning purposes.

In contrast, when the antenna is located at a corner, it was found that the

utilisation of antenna radiation patterns measured in free-space conditions lead to

large errors in the predicted path loss. Large regions of the floor plan was found to

have errors above 6 dB in the predicted path loss when free-space antenna radiation

patterns are used. This finding is significant, as it suggests that a more representa-

tive characterisation of the actual antenna radiation pattern is important when the

antenna is located at corners.

8.4 Summary

This chapter has quantified the effects that complex wall structures have on indoor

wireless systems’ performance estimation. The investigations in this chapter were

divided into two sections, separately treating issues related to the characterisation

of indoor wireless channel and antenna radiation in ray models.

In Section §8.2, the effects of utilising transmission and reflection coefficients of

complex wall structures in ray models were investigated. The research presented in

this chapter has shown that interior cavity walls can be characterised by the trans-

mission and reflection properties of simple equivalent (homogeneous/multi-layered)

slabs for accurate prediction of average received power in ray models. However, the

characterisation of walls as simple homogeneous slabs in ray models are unable to

capture the scattering effects due to the presence of internal studs, manifested as

minor fluctuations in the received power as observed in Figs. 8.4(c), 8.4(d), 8.5(c),

and 8.5(d).

In Section §8.3, the prediction of ray models utilising antenna radiation patterns

in free-space, and in the presence of complex wall structures were compared. The

results revealed that utilising antenna radiation patterns measured in free-space

conditions in ray models introduced minimal errors in the predicted average received

power (where the majority of the floor area experienced errors of less than 6 dB)

when the antenna is located on a flat wall. However, the utilisation of free-space

antenna radiation patterns leads to large areas of the floor experiencing high errors

(above 6 dB) in the predicted average received power when the antenna is located

at corners.

In Chapter 9, the results from Chapters 6–8 are discussed from the perspective

of system planning, and recommendations for future investigations are proposed.



Chapter 9

Guidelines and recommendations

for future investigations

9.1 Introduction

In Chapters 6 and 7, the effects of complex wall structures on electromagnetic wave

propagation and antenna radiation characteristics were investigated. These results

were then implemented in a ray model in Chapter 8 to investigate the overall effects

that complex wall structures have on the prediction of indoor wireless systems’

performance.

In this chapter, key findings from Chapters 6, 7, and 8 are discussed from a

system planning perspective, and recommendations for future investigations are

proposed. Sections §9.2 and §9.3 provide guidelines for system planners and the

limitations of the investigations in this thesis, respectively. Recommendations for

future investigations are presented in Section §9.4, and the chapter is summarised

in Section §9.5.

9.2 Guidelines for system planners

9.2.1 Modelling of complex interior cavity walls

Chapter 6 has presented the effects of complex interior cavity walls on electromag-

netic wave propagation. These investigations were motivated by the assumptions

commonly made by system planners— that complex wall structures can be mod-

elled as homogeneous slabs for system performance estimation using ray models.

Although modelling walls as homogeneous slabs is a common practice, the results

available in the literature suggest that complex concrete wall structures should not

be assumed a priori to behave similar to homogeneous slabs [73,75,88]. In addition,

the majority of the research on electromagnetic wave propagation through complex

wall structures have focussed on walls consisting of concrete and cinder blocks, while

116
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studies of complex interior cavity walls are limited. In [89,90], the transmission and

reflection properties of complex interior cavity walls were investigated, but these

studies only focussed on a single frequency (2.45 GHz). The investigations pre-

sented in Chapter 6 provided analysis of transmission properties through interior

cavity walls at multiple discrete frequencies in the microwave band (i.e. 0.7 GHz,

1 GHz, 2.45 GHz and 5 GHz). It has been shown that the transmission coefficients

of complex interior cavity walls can be approximated by the transmission coefficients

of simple homogeneous/multi-layered slabs. At lower frequencies(e.g. 0.7 GHz and

1 GHz), it was observed that the transmission properties of interior cavity walls are

better approximated with an effective homogeneous slab. In contrast, the transmis-

sion properties of interior cavity walls are better approximated with a multi-layered

wall model at higher frequencies (e.g. 2.45 GHz and 5 GHz).

In Chapter 8, it was shown that the average received power levels predicted

by ray models implemented with either the transmission coefficients of an effective

slab wall or complex walls are similar. An accuracy of ±6 dB (when compared

to results produced by a full-wave solver) can be achieved, which indicates that

modelling interior cavity walls as an effective homogeneous slab can produce accurate

average power levels. However, the results in Chapter 8 also revealed that the power

coverage map produced by ray models utilising homogeneous/multi-layered walls are

unable to capture the additional scattering due to the presence of studs in interior

cavity walls. This should be an important factor to consider when planning indoor

wireless systems, especially for interference management in scenarios where dense

deployment of APs are required.

9.2.2 Antenna radiation patterns

In Chapter 7, the effects of mounting a patch antenna on complex interior cavity

walls were investigated. These investigations were motivated by the use of radiation

patterns measured in free-space conditions for system planning purposes. The results

presented in Section §7.5 demonstrate that the radiation pattern of a patch antenna

can be distorted when mounted on interior cavity walls. However, the level of

distortion is dependent on the location of the antenna. When the antenna is located

on a flat wall, it was observed that additional side lobes and an increase in back

lobe could be introduced. However, the directionality of the antenna’s main lobe

was preserved (as compared to its radiation pattern in free-space) when located on a

flat wall, regardless of the location of studs with respect to the antenna. In contrast,

the main lobe of the antenna experiences a directionality shift when it is mounted

on corners. In Chapter 8, it was shown that using the free-space radiation pattern

in ray models can lead to errors in the predicted average path loss. However, these

errors were localised in the antenna side lobe regions when the antenna is located on

a flat wall. In contrast, the error in the predicted average path loss (above 6 dB) is
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observed in large regions of the floor area considered in Chapter 8 when using a free-

space antenna radiation pattern for corner-mounted antennas. These observations

suggest that the antenna radiation pattern measured in free-space conditions can

be used for system planning, when the antenna is mounted on a flat wall. When a

patch antenna is mounted at corners, the shift in directionality needs to be taken

into account for accurate system planning.

9.2.3 System deployment case studies

Before a system can be deployed, it is important to understand what the network

requirements are. For example, questions such as ‘Which areas of the floor require

radio coverage?’, and ‘How many users will be served by an AP?’ (i.e. system

capacity) need to be answered prior to deployment. Depending on the system re-

quirements and the operating environment, the deployment strategies adopted to

achieve these requirements can vary considerably. In this section, two key aspects

to consider during deployment are discussed, namely coverage and capacity.

Coverage

In a scenario where only one AP is deployed to serve a single floor office environment,

the goal of the system planner is to maximise the coverage area to accommodate

all users on the floor. As demonstrated in Chapters 6 and 8, interior cavity walls

provide minimal attenuation to transmitted waves. However, other structures such

as thick concrete walls severely attenuate electromagnetic wave transmission and can

cast significant radio shadows. Subsequently, the received signal strength in some

regions would not be sufficient (referred to as coverage holes) for a wireless system

to operate. In practice an AP is deployed at a location such that coverage holes

appear in regions where successful system operation is not a concern (i.e. toilets

and lift/elevator shafts). However, if coverage holes in important areas (e.g. office

and meeting rooms) are unavoidable, methods such as (i) increasing transmission

power and (ii) deploying additional APs may be necessary for successful system

deployment.

Capacity

For cases where more than one AP operating on the same frequency are deployed in

close proximity to accommodate high user density, the increased level of co-channel

interference can degrade system performance1. To reduce the level of co-channel

interference, the power of the dominant desired signal paths (i.e. from desired AP)

should be sufficiently greater than the power of the dominant interfering signal paths

1Although channel selection can mitigate co-channel interference to some extent, there are only

3 non-overlapping channels in IEEE 802.11b and 802.11g standard, as discussed in Section §2.3.
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(i.e. from undesired interfering APs) at any given receiving location. This can be

achieved by locating APs sufficiently far apart, or by utilising the natural shielding

provided by the environment (such as thick concrete walls). For example, the central

concrete services core in the floor plan investigated in Chapter 8 has been shown to

cast a significant shadow across the floor. By deploying two APs at the opposing

corner of the concrete services core, it was shown that the level of co-channel in-

terference can be minimised2, thus improving system performance [131]. Adopting

a similar strategy, two additional APs may be deployed (total of four APs/floor)

to increase system capacity. The four APs may be deployed at opposing corners

with appropriate channel selection, such that the APs adjacent to each other are

non-interfering [34]. In cases where more than four APs are required, architectural

electromagnetic shielding (e.g. FSSs) may be installed (or retro-fitted) to interior

cavity walls (separating offices), thereby artificially increasing the attenuation at a

particular frequency (e.g. 2.45 GHz). Additional APs may then be deployed in each

room without the risk of increased co-channel interference, thus ensuring a very high

capacity system may be achieved [34]. This configuration is commonly referred to

as one AP per room in the industry, and is usually not considered during deploy-

ment due to high levels of co-channel interference arising from a dense deployment

of APs [132–136]. However, if FSSs are deployed in conjunction with the APs to

‘contain’ co-channel interference, the so-called one AP per room scenario may be

realised to accommodate high user densities.

9.3 Practical limitations

Fundamentally, the ray model used in this thesis is based on GO which is a high

frequency asymptotic technique. As long as the dimensions of the objects which the

wave propagates through or around are large compared to the wavelength, the ap-

proximation is generally accurate [14,41]. A limitation to the ray models is that they

are likely to be inaccurate for estimating non-ray-optical propagation phenomenon

(e.g. dielectric wedge diffraction). Although several studies (e.g. [46,70]) have tried

to address this issue by heuristically modifying the standard UTD coefficients (which

are accurate for perfectly conducting wedges [68]), these formulations are inherently

site-specific in nature and therefore have a restricted range of applications. For this

reason, diffraction was not considered in the ray model used in this thesis. As a

consequence, ray model predictions in areas where diffracted fields are significant

(e.g. where propagation paths are long) are likely to be less accurate. For example,

a maximum of 20 dB error is observed near the shadowed regions in the presence of

the L-shaped concrete wall shown in Figs. 8.9(b) and 8.9(d).

2Although diffraction is observed in Section §8.2.3 to be the dominant mechanism for waves

propagating around the central core, the LOS component from the desired AP will always dominate.
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Throughout the investigations in this thesis, a commercially available full-wave

solver (CST) has been used to quantify the effects of complex wall structures on the

transmission coefficients and antenna radiation patterns. One of the main advan-

tages of using a full-wave solver is the ability to control the materials’ constitutive

parameters. In these studies, the materials of interior cavity walls (drywall and

timber) were modelled with a fixed relative permittivity, and as lossless. By setting

the material properties to a constant, the investigations conducted allow meaningful

comparisons to be drawn. For example, the main contributor to the differences in

the transmission coefficients of effective homogeneous/multi-layered slabs and com-

plex interior cavity walls are the presence of (timber and steel) studs. However,

as noted in Section §6.2, the material properties of timber and drywall can differ

considerably from sample to sample, which can alter the transmission properties of

complex wall structures. Experimental measurements to validate these results for

realistic walls are therefore desirable.

Although experimental measurements could have been conducted, they were not

required for the studies presented in this thesis for the following reasons. The main

purpose of the studies conducted in Chapter 6 was to compare the transmission coef-

ficients of complex wall structures with their equivalent homogeneous counterparts,

which have been achieved via the numerical technique described in Section §6.3.

Furthermore, the numerical results presented in Section §6.3 agree well with pub-

lished experimental data [89], thus validating the conclusions made in Chapter 6. In

Section §7.5.2, it has been noted that the observations made regarding the predicted

radiation characteristics (for Case A and Case B) agree well with the experimen-

tal data reported in [95]3. For cases where published experimental data were not

available (Case C— antenna on corner), a possible theoretical explanation has been

provided, which serves as a validation of the results in this thesis.

9.4 Recommendations for future investigations

9.4.1 Theoretical and experimental models for transmission

through complex interior cavity walls

In Section §6.4.2, it has been observed that the transmission coefficients of complex

interior cavity walls can be approximated reasonably well, albeit with minor fluctu-

ations, using Fresnel theory. In this thesis, it was initially propounded that Floquet

theory may be used to explain these fluctuations. Through the numerical analyses

presented in Section §6.4.2, it was found that the fluctuations may not be caused by

the presence of Floquet harmonics, but an explanation for the phenomenon has not

3While only the results for Case A (antenna on stud) were published in [95], the general obser-

vation made regarding the preservation of main lobe directionality also applies for Case B.
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been provided. The cause of these fluctuations are of interest, and the development

of a theoretical model describing the transmission coefficients of complex interior

cavity walls could be a topic for future research in this domain.

To validate the transmission coefficients of interior cavity walls presented in

Section §6.4.2, experimental models such as the free-space technique described in

Section §3.3.3 might be used. However, as observed in Fig. 3.4(b), the presence

of studs in complex interior cavity walls can give rise to spatial fluctuations in the

transmitted field. Using the conventional free-space technique may lead to errors,

since a local maximum or minimum may be captured, which does not realistically

represent the total transmitted fields. Therefore, it is recommended that the con-

ventional free-space technique be amended to enable averaging4 of the transmitted

fields, which may provide a more reliable method of measuring the transmission

coefficients of complex wall structures.

9.4.2 Antenna performance on complex wall structures

The studies presented in Chapter 7 have mainly focussed on the effects that antenna

mounting locations have on its performance. Specifically, the effects of mounting lo-

cations (and stud materials) on the antenna’s resonance and radiation characteristics

have been investigated. The numerical results presented suggest that the antenna’s

radiation can be significantly altered when it is located at a corner. In spite of that,

it was observed that the antenna’s resonating frequency is only detuned slightly

(compared to free-space), regardless of its location on the wall. Experimental mea-

surements (which may be achieved via scaled models) to validate this observation

is desirable. In addition, investigations of the effects that complex wall structures

may have on various antenna polarisations have not been conducted, and should be

probed further.

While it has been demonstrated that the antenna’s directionality can be signif-

icantly affected when mounted on corners, an investigation of whether the corner

effect is dominant for antennas located further away (from the wall perpendicular to

the antenna) has not been conducted. In other words, ‘How far away from the cor-

ner will the antenna have to be located should directionality shifts not be desired?’

The answer to this question is of interest, and can provide further guidelines for

deploying high performance indoor wireless systems.

9.4.3 Deployment strategies

This thesis has focussed on the effects that complex wall structures have on elec-

tromagnetic wave propagation, antenna radiation characteristics, and their overall

4It should be noted that the numerical technique used in this thesis (described in Section §6.3)

involves an averaging process described by (6.2) and (6.3).
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implication on indoor wireless systems engineering. The results presented in Chap-

ters 6–8 are pre-requisite knowledge for successful deployment of indoor wireless sys-

tems. While simple guidelines for deployment have been discussed in Section §9.2.3,

effective deployment strategies for optimal system performance (whilst balancing fi-

nancial cost) have not been investigated in this thesis. For example, while it has been

shown in [34] that application of shielding to all interior cavity walls can provide

isolation to interfering co-channel signals (thus providing very high capacity), this

can be a very expensive solution. Instead, if it is possible to identify the minimal

amount of shielding required, whilst providing adequate electromagnetic isolation

from interfering co-channel signals, installation costs can be minimised.

In addition, another aspect that can be investigated is the optimal AP locations

to enhance system performance. In [57], it was shown that a 66% increase in system

performance can be achieved by using directional antennas instead of omnidirec-

tional antennas at the APs. As observed in Figs. 7.10(c) and 7.12(c) the shift in

antenna directionality when mounted on corners could potentially be exploited to

improve system performance.

9.4.4 Extension to millimetre wave systems

Future communication systems (e.g. 5G cellular communication systems) have been

proposed to operate at millimetre wave (mmwave) frequencies (30–300 GHz) due to

the wide availability of spectrum. At these frequencies, it is expected that electro-

magnetic waves will experience high path losses and consequently, that transmission

through drywall is generally assumed to be insignificant. However, results from re-

cent studies indicate that drywall only exhibits a modest increase in transmission

loss (1–4 dB) at mmwave frequencies (30–40 GHz) compared to lower frequencies

(4–30 GHz) [137, 138]. In contrast, it was demonstrated in [138] that timber (pine)

exhibited a very high transmission loss (25 dB) at 30–50 GHz. In [139,140], Güven

conducted experimental measurements to investigate mmwave propagation charac-

teristics in an office environment. It was reported in [139, pp. 67–71] that the timber

studs within interior cavity walls obstruct the direct path giving rise to scattered

components, which have been shown to significantly affect the received power levels.

These results suggest that the transmission properties of complex interior cavity

walls should not be assumed a priori to behave similarly to homogeneous/multi-

layered drywall slabs at mmwave frequencies.

In 5G communication systems, massive MIMO antenna systems with beamform-

ing capabilities will likely be used for indoor wireless systems [141]. Due to limited

space and aesthetic reasons, MIMO AP antennas are required to be compact. As

the antenna elements are close to each other, electromagnetic mutual coupling (also

known as cross talk) between antenna elements become inevitable, which can de-

grade antenna performance. Antenna parameters such as reflection coefficient and
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radiation pattern can be affected by mutual coupling [142–144]. As demonstrated in

the results in Section §7.5, surface waves can exist on the surface of the wall in the

vicinity of the antenna, which may affect coupling between the antenna elements.

However, MIMO antenna performance is usually specified in free-space conditions.

The results from this thesis suggest that investigations on the effects of complex wall

structures on antenna performance should be extended to MIMO antenna systems.

9.4.5 Wireless-friendly buildings

The design and construction of buildings has historically been driven by structural,

functional, and aesthetic considerations. Recently, the design of indoor environ-

ments have been increasingly driven by energy efficiency [145]. However, an im-

portant factor which the construction industries have not (to date) stressed is the

performance of wireless systems. For example, the deployment of metallic layers

for insulation have been widely used and integrated into construction standards and

specifications for energy conservation, and this can be detrimental for wireless signal

propagation [146]. The study in [88] has shown that the brick walls commonly used

for interior walls in Spain have a very high attenuation at 2.45 GHz, which can be

problematic for communication systems operating within the indoor environment.

With the advent of the Internet of Things (IoT) where wireless communication is a

key factor in its successful implementation, it is becoming increasingly important to

classify and consider wireless system performance of the building, similar to energy

efficiency [147]. The integration of wireless system considerations into the building

design and implementation under some sort of Wireless code of practice for building

construction could be a key factor in successful implementation of future indoor

wireless systems.

9.5 Summary

In this chapter, the results from Chapters 6–8 have been discussed from the per-

spective of system planners. Guidelines for the planning and deployment of indoor

wireless systems have been presented. The practical limitations in this thesis were

identified and recommendations for future investigations have been proposed.
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Conclusions

The proliferation of indoor wireless communication services has led to increased lev-

els of co-channel interference which can degrade system performance. While emerg-

ing wireless technologies aim to improve quality of service and establish seamless

connectivity, a good system deployment strategy is a critical aspect in controlling

co-channel interference and thus achieving optimal system performance. To develop

suitable deployment strategies, propagation models which can efficiently yet reliably

predict signal strengths from both desired and interfering signals are required. One

such model is the ray model, which is commonly used by system planners to predict

system performance due to its computational efficiency. However, in most stud-

ies utilising ray models to investigate the effects of antenna deployment on indoor

wireless systems’ performance, simplified assumptions are made. Specifically, it is

usually assumed a priori that (i) the walls can be modelled as homogeneous, and

(ii) the radiation characteristics of AP antennas measured in free-space conditions

can be reliably used for system performance estimation. In reality, walls are complex

inhomogeneous structures due to the presence of internal studs, which may affect

electromagnetic wave propagation. In addition, AP antennas are usually mounted

on these complex wall structures, and the presence of these structures in the near-

field may affect their radiation characteristics. In this thesis, the effects of complex

wall structures on indoor wireless systems engineering have been investigated. In

particular, the contributions of this thesis have been to investigate the effects of

complex wall structures on (i) electromagnetic wave propagation, (ii) antenna radi-

ation characteristics, and then (iii) to investigate their overall influence on indoor

wireless systems engineering.

To investigate the effects of electromagnetic wave propagation through complex

interior cavity walls, the transmission coefficients were quantified as nominal values

by calculating the net power flow through these walls. The nominal transmission

coefficients of complex walls were then compared to the transmission coefficients of

the effective homogeneous/multi-layered slab with known analytical solutions. The

main parameters which affect the transmission coefficients were investigated, namely

124
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the incident angle, operating frequency, and stud material(s). While fluctuations in

the transmission coefficients at oblique incident angles exist (as presented in Chap-

ter 6), the transmission coefficients of complex interior cavity walls (for both timber

and steel studs) were found in general to be well approximated by the transmission

properties of their equivalent effective homogeneous/multi-layered slab. In addition,

it was observed that the transmission coefficients of interior cavity walls are better

approximated by a simple homogeneous slab and a multi-layered slab at low and

high frequencies respectively, implying that the presence of studs in interior cavity

walls do not significantly affect the electromagnetic wave propagation processes.

The effects on the performance of a patch antenna when mounted on complex

interior cavity walls were investigated in Chapter 7. Specifically, the radiation char-

acteristics of a patch antenna mounted on interior cavity walls was simulated (using

CST), which was then compared to its radiation characteristics in free-space con-

ditions. Two main parameters which may affect the radiation pattern were investi-

gated, namely the antenna location (with respect to the wall) and stud materials.

Three cases were considered, namely Case A— antenna mounted directly on stud,

Case B— antenna mounted between studs, and Case C— antenna mounted on cor-

ner. While ripples were observed in the radiation pattern when the antenna was

mounted on interior cavity walls, the directionality of the antenna radiation pattern

was found to be preserved (as compared to free-space) when mounted on (Case A),

or between studs (Case B). In contrast, the antenna main lobe was observed to

experience a directional shift when mounted on corners. This indicates that the

utilisation of antenna radiation patterns measured in free-space conditions could

potentially lead to prediction errors during system planning.

The transmission coefficients quantified in Chapter 6, and the radiation patterns

quantified in Chapter 7 were separately integrated into a ray model to evaluate

their overall influence on system performance estimation, as presented in Chapter 8.

Firstly, the transmission coefficients of complex interior cavity walls were integrated

into a ray model, and the resulting averaged received powers were then compared

to the results predicted by the ray model using homogeneous and multi-layered slab

walls. While average received power can be accurately predicted (within 6 dB) using

ray models with homogeneous/multi-layered walls, it was found that these models

do not capture the additional scattering (manifested as minor fluctuations in the

power distribution) due to the presence of studs in interior cavity walls.

To investigate the effects that antenna radiation patterns have on ray-model

predictions, the average received powers of ray models utilising distorted radiation

patterns (due to the presence of walls) and radiation patterns in free-space were

compared. It was found that the radiation pattern in free-space can be used reli-

ably in ray models when the patch antenna is located on a flat wall, regardless of

whether the antenna is located on, or between studs. However, when the antenna
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is located on corners, up to 15 dB of prediction error was observed in large regions

when using the antenna’s free-space radiation pattern. These results suggest that

accurate characterisation of antenna radiation is an important factor for successful

deployment of indoor wireless systems.

While the research in this thesis has focussed on indoor wireless systems oper-

ating in the microwave frequency band, wireless systems are moving towards the

higher frequency spectrum (i.e. mmwave frequencies) to meet the high demand for

data. Recent research [138–140] on indoor wireless propagation at mmwave frequen-

cies suggests that complex interior cavity walls should not be a priori assumed to

behave similar to homogeneous walls. Future research on indoor wireless propa-

gation in the mmwave frequency bands should be devoted to the development of

characterising the transmission and reflection properties of complex wall structures.

As the demand for wireless connectivity increases, it is important that indoor

wireless systems are designed and deployed efficiently. In all wireless systems, the

propagation of electromagnetic waves remain an integral part of the system. This

thesis has focused on investigating the implications that complex interior cavity walls

may have on indoor wireless systems engineering. The results presented in this thesis

have application in the deployment of existing and future wireless technologies.
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