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Abstract

Rapid growth in wireless communication technologies and the introduction of smart
phones has resulted in an unprecedented increase in the demand for data. Present
systems operating at sub-6 GHz frequencies are not capable of addressing this in-
creased data demand from future wireless communication systems, owing to the
limited bandwidth available and spectral congestion at these frequencies. The po-
tential for using largely unallocated frequency spectrum available at millimetre wave
frequencies to address this increased data demand has been studied recently. To
overcome the increased propagation and penetration losses at millimetre wave fre-
quencies, integrated circuit technologies and signal processing techniques are being
developed in order to make millimetre wave communication a reality. In wire-
less system deployment, the system planner must deploy base station antennas
at the most appropriate locations to maximize system performance. In this re-
search, the effect of transmitting antenna deployments on system performance in
single room office environments at millimetre wave frequencies is investigated us-
ing a three-dimensional implementation of Geometrical Optics and the Uniform
Theory of Diffraction (GO/UTD). Multiple antenna deployments and artificial en-
vironmental modifications (such as planar and non-planar reflectors, hemispherical
array reflectors and reflectarrays) are also investigated in order to quantify how such
techniques could improve system performance. A quantitative estimate of shadow-
ing inside the office volume indicated that there are significant shadow regions that
cannot be eliminated by simply increasing the transmitted power. It is shown that
such regions can be significantly reduced in size if an appropriate deployment of
multiple antennas or passive reflectors is adopted.
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Abbreviations
AMPS Advanced Mobile Phone System
BER Bit Error Rate
CDMA Code Division Multiple Access
CMOS Complementary Metal Oxide Semiconductor
FAF Floor Attenuation Factor
FDD Frequency Division Duplex
FDMA Frequency Division Multiple Access
FDTD Finite Difference Time Domain
GO Geometrical Optics
GSM Global System for Mobile Communication
GTD Geometrical Theory of Diffraction
HAR Hemispherical Array Reflector
HD High Definition
IoT Internet of Things
LOS Line of Sight
LTE Long-Term Evolution
MIMO Multiple Input Multiple Output
NLOS Non-Line of Sight
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RSS Received Signal Strength
SINR Signal to Interference Noise Ratio
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TDD Time Division Duplex
TDMA Time Division Multiple Access
UHF Ultra High Frequency
UTD Uniform Theory of Diffraction
VNA Vector Network Analyser
WAF Wall Attenuation Factor
WCDMA Wide-band CDMA
WLAN Wireless Local Area Network

Symbols
R̄ reflection coefficient matrix
ηA aperture efficiency of antenna
Γ reflection coefficient
κ principal curvature of a surface
λ wavelength
a unit vector
A, B, C vectors defining a reflecting plane
D, E vectors defining a wedge
E electric field vector
F field point vector
H magnetic field vector
S source point vector
D̄ diffraction coefficient matrix
φ angle of reflection
φ′ angle of incidence
π 3.14159
ρ radius of curvature
A, B, C category weighting A, B and C
a, b, c principal radii of curvature of an ellipsoid
Ac cable attenuation
B bandwidth
C channel capacity
C cost
E electric field amplitude
Gr receiving antenna gain
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Gt transmitting antenna gain
h impulse response of wireless channel
k Boltzmann’s Constant
k wave number
L length
L path loss
n path loss exponent
Pr received power
Pth threshold power
Pt transmitted power
Qd point of diffraction
Qr point of reflection
r distance from the source to the point of reflection
r′ distance from the point of reflection to the field point
S11 return loss
S21 forwad transmission loss
T temparature
t thickness
Voc received open circuit voltage
W category weight
W width
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1 Introduction

The nineteenth and twentieth centuries bore witness to key inventions in long-
distance wired and wireless communication technologies. The underpinning prin-
ciples behind radio communication were postulated by James Clark Maxwell in
1864 [1]. In the1880s, Heinrich Hertz experimentally demonstrated Maxwell’s equa-
tions and proved that electomagnetic waves travel at the velocity of light [1]. The
wireless communication era started with the invention of radio by Marconi in 1896
[2]. The most elementary form of wireless communication system is a simplex sys-
tem, which is capable of transmitting signals in one direction only (i.e., from a
transmitter to a receiver). The twentieth century saw many advancements in wireless
communications. After the Second World War, wireless communication technologies
advanced at a dramatic pace. In early 1960s, a full-duplex mobile telephone service
was introduced [3]. Duplex systems are capable of transmitting and receiving at the
same time using either Frequency Division Duplex (FDD) or Time Division Duplex
(TDD)1. In 1983, the FCC allocated 666 duplex channels in the 800 MHz band,
each channel having 60 kHz bandwidth, and started issuing market licenses. AT&T
started operating in the mobile market, and the first cellular telephone customer in
Chicago made a call from the car phone in 1983 [4, pp. 34-42].

Wireless systems evolved from the first to the fourth generation as communication
technologies advanced, latency decreased and data rates increased. The first gener-
ation (1G) systems supported voice signals and operated using analogue technology
using Frequency Division Multiple Access (FDMA)2. Frequency bands from 800 to
900 MHz were used to provide 811 duplex channels with 30 kHz bandwidth each for
voice communication. The Advanced Mobile Phone System (AMPS) in the United
States and the Nordic Mobile Telephone (NMT) system in Scandinavia are exam-
ples of 1G systems [5, pp. 15-20]. Second generation (2G) systems evolved in 1980s

1The FDD scheme uses different frequencies but the same time slots for both forward and reverse
channels, whereas TDD uses different time slots but the same frequency for both the channels.

2FDMA allows multiplexing by using individual frequency bands for each user.
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Chapter 1 Introduction

with digital technology and used both Time Division Multiple Access (TDMA)3 and
Code Division Multiple Access (CDMA)4. Systems using 2G [6, pp. 10-25] operated
under the Global System for Mobile Communication (GSM) standard in Europe,
the Interim Standard 95 (IS-95) in the US and some parts in Asia, the Japanese
Digital Cellular (JDC) standard in Japan and the iDEN proprietary network used
by Nextel in the US. The maximum speed of 2G systems was 64 kbps. In 2000,
2.5 Generation (2.5G) [7, pp. 29-47] was introduced, which used the spectrum from
850 to 1900 MHz and offered speed up to 115 kbps in the General Packet Radio
Service (GPRS) standard and 384 kbps in the Enhanced Data for Global Evolution
(EDGE) standard. In 2000, International Telecommunication Union (ITU) intro-
duced the International Mobile Telecommunications-2000 (IMT-2000) standard for
third generation (3G) systems [8] to provide high capacity for voice and data. The
3G systems were based on the CDMA 2000 and Wide-band CDMA (W-CDMA)
standards, and offered a speed of 384 kbps to 2 Mbps using frequency spectrum up
to 2.5 GHz. In 2010, the fourth generation (4G) systems [9, pp. 11-38] were intro-
duced, which operate on TDD and FDD, and use Orthogonal Frequency Division
Multiple Access (OFDMA). 4G supports a speed of 100 Mbps for a mobile user and
1 Gbps for a stationary user.

Over the past few years, there has been an unprecedented increase in mobile data
traffic due to the proliferation of multimedia-enabled devices such as smartphones
and tablets. An increase of 63% has been reported in the monthly mobile data traffic
in 2016 [10]. New and emerging applications such as the Internet of Things (IoT)
[11], tactile internet [12], real-time medical imaging applications [13], augmented 3D
and virtual reality applications [14] require increased bandwidth and low latency
for uninterrupted services. Moreover, data offloading is a key feature of the fifth
generation (5G) systems, and the users tend to use indoor access points more than
outdoor cellular networks [15]. Current wireless technologies operating below 6 GHz
are not capable of addressing this increased data demand. Also, the multi-fold
increase in the number of users results in reduced data-transferring efficiency and
spectral congestion [16, 17, 18]. These factors have motivated researchers to explore
the potential of the millimetre wave band, which extends from 30 to 300 GHz.
Future wireless systems are likely to operate at millimetre wave frequencies in order

3TDMA uses different time slots for each user.
4CDMA uses Spread Spectrum technology, which spread the signal over the available frequency
spectrum instead of using a separate frequency band for each user.
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Introduction

to alleviate the spectral congestion [19] and to address the increased demand for
data.

The millimetre wave band offers a wide frequency spectrum that is largely unal-
located and approximately 200 times wider than that used by all cellular systems
today. This larger spectrum can be used to address the increased data requirement
of future wireless systems [20, 9]. Frequency bands at 28, 38, 60, 72 GHz, etc. are
suitable for future wireless systems [17, 21, 22, 23, 15]. In most countries, the band
at 60 GHz is unlicensed and could be used for high data rate Wireless Local Area
Network (WLAN) applications [24]. The WirelessHD standard was developed for
60 GHz band for streaming lossless, uncompressed HD video along with audio and
data. But this standard is not backward compatible with the WiFi standard [25].
The IEEE 802.11 standard for Wireless Local Area Networks (WLANs) was first
introduced in 1997 [26] and has many versions such as 802.11a, b, g, n, ac and ad.
The 802.11b/g/n standards use the 2.4 GHz band, the 802.11a/ac/n standards use
the 5 GHz band and the 802.11ad standard is defined for the 60 GHz band. The
802.11ad standard is also called WiGig [27] and supports beamforming and highly
directional antennas to alleviate interference. Moreover, millimetre wavelengths en-
able all components to be miniaturised and contained on a single Complementary
Metal Oxide Semiconductor (CMOS) chip, thereby making such systems suitable for
low-power applications [18]. Although the millimetre wave frequency band possesses
many advantages that make it suitable for the next generation wireless systems,
some serious challenges need to be addressed to make the systems work. The main
challenge is addressing the increased propagation loss at millimetre wave frequen-
cies. As the frequency increases, propagation losses increase. In addition, diffracted
fields are insignificant at millimetre wave frequencies [28]. Therefore, the received
signal strength mainly relies on the line of sight component from the transmitter
to the receiver and a few lower order reflected components. This makes the mil-
limetre wave systems prone to outages due to shadowing by obstacles. Although
some studies have demonstrated that the penetration loss is high at millimetre wave
frequencies [29], this can be considered an advantage for indoor single-room-per-cell
scenarios [30, 31], as the increased penetration loss reduces interference from nearby
rooms.

A number of studies in both outdoor and indoor environments have been reported,
which involve channel modelling, antennas and integrated circuit technologies in
the millimetre wave band [22, 15, 18, 32, 16, 33, 34]. However, system architecture
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Chapter 1 Introduction

and communication standards need to be well established to make the millimetre
wave wireless systems a reality. It is noted that there is no emphasis in existing
research on the effect of antenna deployments on millimetre wave indoor system
performance and it is important for a system planner to choose an appropriate
location for the access point to maximise system performance. As diffraction can no
longer be relied [28] on to provide coverage into shadow regions, ‘informed’ antenna
deployment in indoor environments is likely to be more necessary at millimetre wave
frequencies compared with that at the lower frequency bands [35]. Therefore, this
research focuses on analysing system performance for single and multiple antenna
deployments and the deployment of passive reflectors (such as planar and non-planar
reflectors, Hemispherical Array Reflectors (HAR) and reflectarrays) in single room
office environments.

To quantify wireless system performance, it is essential to understand how radio
waves propagate. Chapter 2 describes the underlying principles behind radio wave
propagation and discusses the basic propagation mechanisms. Moreover, studies
analysing indoor wireless systems at both sub-6 GHz and millimetre wave frequencies
are reviewed in this chapter. The contributions of this thesis are also discussed.

An accurate propagation modelling technique is necessary to investigate system
performance. Chapter 3 explains the suitability of using high frequency asymp-
totic techniques for propagation prediction at millimetre wave frequencies and de-
scribes propagation modelling using the GO/UTD technique. A comparison of the
GO/UTD model prediction with measurements is also presented. In addition, the
contribution of higher-order reflections to the total received signal strength is anal-
ysed.

Chapter 4 describes factors affecting wireless system performance (such as noise, in-
terference, etc.) and how system performance is quantified from the received power
calculated using the GO/UTD model. A cost function is proposed to quantify sys-
tem performance by taking into account the relative importance of different regions
within the office. Moreover, how the cost function C quantifies system performance
is demonstrated using several examples.

Before describing the cost analysis for single and multiple antenna deployments in
detail, an outline of investigation plans is presented in Chapter 5. The geometry of
the Office Configurations chosen for this study and the details of the experiments
(such as environmental modelling and antenna design) are also described in this

4
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chapter.

In Chapter 6, the cost analysis for single antenna deployments in single room of-
fice environments with varying levels of clutter (clutter is referred to objects within
the indoor environment such as furniture, persons, etc.) is presented and the best
deployment in each scenario is identified. The shadow regions in these Office Con-
figurations are also analysed in this chapter. A comparison of the variations of cost
C at 28 and 60 GHz are also presented.

Performance enhancement using multiple antenna deployments is presented in Chap-
ter 7. The cost for all permutations of two and three antennas are analysed and
compared with that of the most suitable single antenna deployment. The best two
and three antenna deployments are also identified. Impact of the presence of shadow
regions on system performance are also described in this chapter.

Chapter 8 describes the performance enhancement using environmental modifica-
tions such as planar and non-planar reflectors, hemispherical array reflectors and
reflectarrays. Firstly, the ineffectiveness of using wall/ceiling aligned planar reflec-
tors to enhance system performance is described. Following this, cost analysis for
the deployment of spherical reflector and Hemispherical Array Reflector (HAR) are
described. Finally, the possibility of using a reflectarray to enhance system perfor-
mance is studied.

Chapter 9 presents an analysis of the results presented in Chapter 6, 7 and 8 from a
system planner’s perspective and describes the implications for system performance.
Recommendations for future work are also discussed in this chapter.

Chapter 10 concludes this thesis and presents the major findings of this research.

Publications arising from this thesis are

• S. Ramachandran, M. J. Neve, & K. W. Sowerby, “Millimetre wave antenna
deployment in a single room,” paper presented at 15th Australian Symposium
on Antennas, Sydney, Australia, 7 – 8 February 2017

• S. Ramachandran, M. J. Neve, & K. W. Sowerby, “Millimetre wave antenna de-
ployment in a single room environment,” IET Microwaves Antennas Propag.,
vol. 12, no. 15, pp. 2390–2394, 2018.
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2 Indoor Propagation at Millimetre
Wave Frequencies

2.1 Introduction

Chapter 1 provided an overview of the evolution of wireless communication systems
and discussed the increased demand for data by future wireless systems. There
is largely unused spectrum available at millimetre wave frequencies that has the
potential to address this data demand.

The aim of this chapter is to provide a review of previous studies analysing the perfor-
mance of millimetre wave indoor wireless systems and to establish the contributions
of this research. Before discussing millimetre wave indoor system performance, it is
essential to understand how radio waves propagate. Section § 2.2 describes the basic
principles of radio wave propagation. Section § 2.3 discusses the propagation within
an indoor environment and reviews past works at lower and higher frequency bands.
Section § 2.4 outlines the contribution of this thesis and Section § 2.5 summarises
the chapter.

2.2 Radio Wave Propagation

The performance of indoor wireless systems is fundamentally influenced by the chan-
nel behaviour. Both spatial and temporal variations in the propagation environment,
frequency (or wavelength) and bandwidth of the propagating signal affect the signal
propagation. In order to evaluate system performance, first of all, it is necessary to
understand how radio signals propagate.

Free space propagation is the most simple case of propagation, in which signal prop-
agation relies only on the direct transmission from the transmitter to the receiver.

7
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Direct ray

Reflected ray (first-order)

Transmitting antenna

Receiving antenna

Furniture

Door

Window

Reflected ray (second-order)

Diffracted ray

Scattered ray

Figure 2.1: Basic propagation mechanisms.

This is quantified in the free space propagation model [7, pp.107-109], which is at-
tributed to Harold T. Friss and is used to predict the received signal strength when
the transmitter and receiver have a clear line of sight path and no obstacles are
present in the environment. The power received Pr(W) is given by

Pr = PtGtGrλ
2

(4π)2r2 (2.1)

where Pt (W) is the transmitted power, Gt is the transmitter antenna gain, Gr is
the receiver antenna gain, r (m) is the distance between the transmitter and the
receiver and λ (m) is the free space wavelength of the propagating wave. The ratio
of the transmitted power to the received power is called the path loss. If the antenna
gains are assumed to be unity, the path loss L (dB) is be expressed as

LFS = −10 log10

(
λ

4πr

)2

. (2.2)

Objects in the propagation environment give rise to other propagation mechanisms
such as reflection, diffraction and scattering. Objects with dimensions comparable to
the wavelength of the propagating wave contribute to reflections. The reflected wave
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Figure 2.2: Multipath fading envelope of received signal simulated at 10 GHz using
the ray tracing model.

amplitude and phase depend on the material properties of the reflecting surface, and
the angle of incidence and polarization of the incident wave. Objects with a rough
surface contribute to scattering, and sharp edges contribute to diffraction. All these
mechanisms together contribute to the radio wave propagation. Fig. 2.1 depicts
the basic propagation mechanisms within an indoor environment. The direct ray,
reflected rays from walls, diffracted rays from the corner of the table and scattered
rays are shown in this figure.

Owing to these propagation mechanisms, signals arrive at the receiver with different
path-length and arriving angles. These components are called multipath components
and have different phases based on their path-lengths. They are added at the receiver
and create peaks and fades in the received signal envelope due to the difference
in their phases and amplitudes. This phenomenon is known as multipath fading.
Fig. 2.2 shows a multipath fading envelope at 10 GHz. The local average of the
signal envelope calculated using a 10λ sliding window is also shown in the figure. It
can be observed from the figure that the signal undergoes sharp variations in short
distances due to multipath fading and the averaging process removes these rapid
variations (spatial averaging is described in Chapter 3).

Multipath propagation results in time dispersion also. That is, multipath compo-
nents arrive at the receiver at different times because of the difference in propagation
delays due to the difference in path lengths of each multipath component. The power
delay profile is the squared magnitude of the impulse response of the channel in a
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local area and is used to analyse the time dispersion of wireless channels. The max-
imum excess delay of the power delay profile is defined as the excess delay at which
the energy of multipath components falls to a particular level compared with the
first and strongest component [36]. Parameters such as mean excess delay (τ̄) and
rms delay spread (στ ) are used to quantify the multipath richness of wireless chan-
nels [7, pp. 181-204]. The mean excess delay is the first moment of the power delay
profile and is expressed as

τ̄ =

∑
k
a2
kτk∑

k
a2
k

(2.3)

where ak and τk are the real amplitude and excess delay of the kth multipath com-
ponent respectively. The rms delay spread is the square root of the second central
moment of the power delay profile and is expressed as

στ =
√
τ̄ 2 − τ̄ (2.4)

where

τ̄ 2 =

∑
k
a2
kτ

2
k∑

k
a2
k

(2.5)

Obstacles in the radio path cause shadowing. The shadowing is represented by a
log-normal distribution and is usually called log-normal shadowing [37, 38][7, pp.
139-141]. The log-normal probability density function can be expressed as

p(R̄) = 1√
2πσr̄

e−
(R−M)2

2σ2 (2.6)

where M (dB) is the local mean of the received signal and σ (dB) is the standard
deviation of R̄ (dB). By knowing M and σ, the probability of outage for a known
statistical distribution can be predicted. The probability of outage for the threshold
signal level R0 can be obtained for the cumulative probability

P (R ≤ R0) =
∫ R0

−∞
p(R)dR = 1

2erfc
[
M = R0√

2σ

]
(2.7)

where erfc(·) is the complementary error function. Owing to shadowing, the signal
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2.2 Radio Wave Propagation

Propagation
model

Suitable
Scenario

Level of
complexity

Specific site
information

Prediction
Accuracy

Okumura
model [39]

Macrocell Low Not required Good

Hata model
[40]

Macrocell Low Not required Good

COST 231
model [41]

Outdoor
Macrocell

Low Not required Good

SV model [42] Indoor Average Not required Good
Ray Tracing
model

Outdoor/Indoor High Required Very Good

FDTD model
[43]

Indoor High Fine details
required

Excellent

MoM model
[44]

Indoor High Fine details
required

Excellent

Table 2.1: Path loss models and their suitability.

levels (dB) for a given transmitter–receiver separation distance have a normal dis-
tribution. Shadowing results in large variations in the received power in local areas.
Propagation models are used to predict the received signal variation in a cellular
wireless environment. Propagation models predict the average signal strength for a
given transmitter–receiver separation. Path loss (dB) [46][36] can be expressed as

L = L/d=d0 + 10n log10

(
d

d0

)
+Xσ (2.8)

where L/d=d0 (dB) is the path loss at a reference distance d0, n is the path loss
exponent, Xσ (dB) is a zero-mean normally distributed random variable with stan-
dard deviation σ (dB). The standard deviation of Xσ is a measure the precision of
the propagation model. The smaller the standard deviation the more precise is the
model. The path loss exponent n is determined by the propagation environment.
For the Free-Space scenario the value of n is equal to 2. The value of n falls below
2 due to the waveguiding effect in indoor environments. The path loss exponent n
for different environments is given in Table. 2.2. A comparison of different propaga-
tion models is given in Table. 2.1. The Okumura, Hata and COST 231 models are
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Environment n

Free-space 2
Cellular systems
(Urban)

2.7 – 5

Indoor LOS Scenarios 1.6 – 1.8
Indoor NLOS
Scenarios

4 – 6

Corridor 1.5 – 2.2

Table 2.2: Path Loss Exponent (PLE) n for different environments. [7, p.139][45,
pp. 54-56]

suitable for outdoor prediction, whereas Ray-tracing, FDTD and MoM models are
more suitable for indoor scenarios. The SV model is suitable for both outdoor and
indoor scenarios. Generally, the model with very high accuracy of prediction has a
high level of complexity. Computational load also increases with complexity.

2.3 Indoor Wireless Systems

Indoor propagation occurs over short distances compared to outdoor. However,
there is a large environmental variation over short distances in indoor environments
mainly due to randomly distributed clutter within the environment. When a mobile
user moves within a line of sight (LOS) indoor environment, the fading envelope
follows a Ricean distribution and in a non line of sight (NLOS) environment fading
follows a Rayleigh distribution [7].

Indoor propagation is site-specific and is strongly affected by the building structure
[7, pp. 227-229]. Signal power depends on the structure of the building, properties
of building materials, clutter orientation, etc. According to a study by Molkdar [47],
indoor environments are classified according to their propagation characteristics into
different categories. The main classifications are residential and office environments
in suburban and urban areas, factory buildings, open environments and underground
subways. The building materials and structure widely vary from one to another.
Houses often have wooden partitions and concrete floors, which are generally hard
partitions, whereas office buildings have wide open areas with cubicle walls or soft
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2.3 Indoor Wireless Systems

partitions. Factory buildings usually have large open rooms with machinery inside.
Owing to the variation in the internal structure of these environments, orientation
of clutter and building materials, the channel behaviour in each environment differs
from one another [48].

The multipath delay spread of the received signal is smaller for indoor environments
compared with that of the outdoor environments. For indoor WLAN systems oper-
ating at 2.4 GHz, the delay spread in small rooms is generally less than 60 ns, which
supports data rate of the order of several megabits per second [49]. Large rooms
such as a theatre, church hall, etc. can have delay spreads up to 300 ns, which will
limit a few hundreds of kilobits per second.

Moreover, frequency is an important influence on channel behaviour. Though the
basic propagation mechanisms such as direct, reflected, diffracted and scattered
waves are the same, which propagation mechanism(s) dominates may vary with
frequency. For example, diffraction is not significant at millimetre wave frequencies,
but may be a dominant propagation mechanism in non-line-of-sight locations at sub-
6 GHz frequencies [28]. A channel model that is suitable at sub-6 GHz frequencies
may not be appropriate at millimetre wave frequencies.

Indoor wireless systems at sub-6 GHz frequencies have been analysed by a number
of researchers and numerous studies are available at these frequencies. Owing to the
spectral congestion at sub-6 GHz frequencies and the increased demand of data by
future wireless systems, researchers started exploring the millimetre wave frequen-
cies, where largely unused spectrum available. A description of the major relevant
analyses of system performance at both sub-6GHz and millimetre wave frequencies
is presented.

2.3.1 Indoor Systems at Sub-6 GHz Frequencies

Indoor wireless systems at sub-6 GHz frequencies have been the interest to re-
searchers for more than three decades. Relevant analyses of the performance indoor
wireless systems at sub-6 GHz frequencies are presented here.

The earliest study investigating indoor propagation was performed at AT&T Bell
Laboratories in 1984 [50]. Signal strengths at 800 MHz inside buildings and a
house were measured and it was observed that the small-scale variation is Rayleigh
distributed and large-scale variation is log-normally distributed. In 1987 Saleh and
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Chapter 2 Indoor Propagation at Millimetre Wave Frequencies

Valenzuela [42] performed measurements at 1.5 GHz using discone antennas. They
confirmed that the channel behaviour in indoor environments shows a slow variation
with time, which was caused by the human movement. In 1989, Rappaport [51] used
continuous wave (CW) measurements in the UHF band to analyse channel behaviour
within a factory environment. The indoor channels with varying level of clutter were
analyzed in this study and found that the individual signal components did not show
large variation in local areas in LOS scenarios whereas there was a rapid variation in
NLOS scenarios. These two studies were important analyses of indoor propagation.

In 1991, Rappaport, et al [52] investigated the channel behaviour inside open plan
factory buildings at 1.3 GHz. Measurements have been carried out in both LOS and
NLOS scenarios and showed that multipath components in a 1m area are Gaussian
distributed and the mean amplitude is log-normally distributed. Honcharenko, et al
[53] reported measurements in the UHF band in modern indoor office environments
in 1992. It was demonstrated that the building structure has a considerable impact
on system performance. In the same year, Seidel and Rappaport [54] conducted
measurements in a retail store, a grocery store and multi-storied office buildings at
914 MHz that showed that the floor attenuation factor can be used to account for
additional path loss in different floors. It was also demonstrated that the details of
the environment need to be included in the model to predict the path loss accurately.
Based on this, the path loss equation was revised to include floor attenuation and
wall attenuation factors [42, 55, 48], namely

L = L/d=d0+10n log10

(
d

d0

)
+

N∑
i=1

FAF(i) +
M∑
j=1

WAF(j) (2.9)

where FAF and WAF are the floor and wall attenuation factors and N and M are
the total numbers of floors and walls respectively.

In 1994, Hashemi, et al conducted measurements at 1.1 GHz to analyse the tempo-
ral variation of the radio channel in both small and large office environments [56].
The study concluded that the human movement results in fading and limits the
maximum data rate. In 1997, Li and Wong [57] analysed the optimal placements
of base station antennas in a multistory building environment at 1.8 GHz. In this
study, base station antenna placement at 18 different locations within the build-
ing were investigated and locations near the stairwell were found to give the best
performance. Rappaport and Brickhouse [58] studied frequency reuse of in-building
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2.3 Indoor Wireless Systems

cellular systems in 1997 and demonstrated that the same channels can be used in
indoor systems as in outdoor systems. In 1999, Villianese, et al [59] studied the
effect of temporal variation of the indoor channel at 2.4 GHz using a hybrid im-
age/shooting ray tracing method and confirmed that pedestrian movement causes
severe degradation in wireless system performance. In 2003, Martijn and Herben [60]
found large signal strength fluctuations in various parts of a building at 1.8 GHz
and observed that the variation of the received signal on different floors depended
strongly on the antenna radiation pattern and local clutter.

In 2004, Lee, Sowerby and Neve [61] observed that reflective ceilings considerably
improve the signal strength inside rooms and thus the system performance. Wong,
Neve and Sowerby [62] analysed the performance of directional antennas in indoor
environments and observed that the antenna deployment affects system performance
and careful planning is necessary to alleviate interference. In 2007, Lee, Neve and
Sowerby [63] reported the impact of shielding on system performance. It was shown
that structural shielding can be used effectively to reduce the co-channel interference
in indoor environments and the signal quality and capacity can be improved using
suitable structural shielding and by increasing the number of base stations. A study
published by Wong, Neve and Sowerby in 2007 [35] showed that antenna selection
and deployment have a significant impact on the indoor system performance. In
2011, Austin, Neve and Rowe [64, 65] analysed the interference and propagation
in a multi-storied building at 1 GHz using the FDTD method and observed that
the results show an RMS error of up to 14.4 dB when clutter is not included in
the propagation prediction. This confirmed that fine details of the environment are
important in propagation prediction in indoor scenarios. Also, interference from
the nearby building was found to be significant at this frequency and significantly
reduced system performance. In 2012, a study by Taylor, et al [66] on interference
control in indoor environments walls showed that frequency selective surfaces are a
potential candidate for shielding and controlling interference.

Although researchers are investigating methodologies to improve system perfor-
mance and efficiently use the spectrum at lower frequencies, there is spectral con-
gestion at sub-6 GHz frequency bands [16]. Moreover, there is an increased data
rates requirement by next generation wireless systems which cannot be addressed
by existing technologies operating at frequencies below 6 GHz [17]. As discussed in
Chapter 1, the frequency bands at 28, 38, 60 and 70-80 GHz are suitable for the
next generation wireless systems [17, 21, 22, 23, 15]. The unlicensed frequency band

15



Chapter 2 Indoor Propagation at Millimetre Wave Frequencies

at 60 GHz is wider than that used by existing systems such as WiFi, AM and FM
radio, TV, satellite and cellular communication together [33, p. 5]. Future wireless
systems are likely to operate at millimetre wave frequencies in order to alleviate
spectral congestion and to address the increased data demands.

2.3.2 Millimetre Wave Indoor Systems

Millimetre wave indoor systems are different from the systems at lower frequency
bands owing to considerable changes in the signal propagation characteristics. As
the frequency increases, electromagnetic fields behaves more like rays and the propa-
gation channel at millimetre wave frequencies is quasi-optical in nature [67]. Propa-
gation and penetration losses are higher [31] and diffraction becomes less significant
[28] at millimetre wave frequencies than at lower frequencies. Prediction models
for sub-6 GHz frequencies may not be suitable at millimetre wave frequencies as the
dominant propagation mechanisms are different at these two frequencies. Therefore,
it is important to choose an appropriate model to predict the channel behaviour in
order to accurately quantify system performance. The main modelling techniques
used to predict the large scale and small scale behavior of a channel [33, pp.170-175]
are the (i) Rayleigh fading model, (ii) Ricean fading model, (iii) IEEE 802.15.3c and
IEEE 802.11ad channel models and (iv) Ray Tracing model.

(i) Rayleigh Fading Model [33, pp.169-170] The Rayleigh fading model is
suitable for a rich scattering environment where the multipath components cannot
be resolved into separate components. For a Rayleigh fading channel, the large scale
the Probability Density Function (PDF) can be represented as

pR(r) =
(2r
Pr

)
exp

(
− r

2

Pr

)
; 0 ≤ r ≤ ∞ (2.10)

where r is a random variable that represents the small-scale variation of the received
voltage and Pr denotes the large-scale received power.

(ii) Ricean Fading Model [33, pp.169-170] The Ricean fading model incorpo-
rates a strong line-of-sight component with the Rayleigh fading model. The PDF of
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the Ricean fading channel can be represented as

pR(r) =
(

2r
Pr(NLOS)

)
exp

(
−
r2 + Pr(LOS)

Pr(NLOS)

)
I0

r2 +
√
Pr(NLOS)

Pr(NLOS)

 ; 0 ≤ r ≤ ∞ (2.11)

where Pr(NLOS)(W) and Pr(LOS)(W) are the large-scale received power in NLOS and
LOS scenarios respectively and I0 is the Bessel function of zeroth order.

(iii) IEEE 802.15.3c and IEEE 802.11ad Channel Models [33, pp.171-185]
These two standards are based on the modification of Saleh-Valenzuela [42] (S-
V) propagation model and consider clustering1 in both temporal and spatial do-
mains [69].

The generic channel impulse response, which includes the dominant line-of-sight
component, is given by

h(τ, φ) = βδ(t, φLOS) +
L∑
l=0

K∑
k=0

ak,lδ(t− Tl − τk,l)δ(φ− Φl − ψl,k) (2.12)

where β is the gain of the line-of-sight component and is assumed to arrive from
azimuth angle φLOS and has zero excess delay, δ(.) is the Dirac delta function, L is
the total number of clusters and Kl is the total number of rays in the lth cluster,
ak,l is the complex amplitude, τk,l is the delay and ψk,l is the azimuth of kth ray of
lth cluster and Tl is the delay and Φl is the mean angle of arrival of the lth cluster.

Equation (2.12) assumes that the spatial and temporal characteristics are indepen-
dent of each other. However, measurements proved that they are not fully uncorre-
lated as there is a dominant LOS component, which has the highest contribution to
the total received power in LOS scenarios [70, 71].

(iv) Ray Tracing Model Ray Tracing is a high-frequency asymptotic technique
suitable for modelling the propagation at millimetre wave frequencies. Ray Tracing
uses the basic theory of light propagation including transmission, reflection, diffrac-
tion and scattering, to calculate the field intensity at a particular field point. The
flexibility and suitability of using Ray Tracing at millimetre wave band made it
a popular channel analysis tool at high frequencies and it has been used in IEEE

1Clusters are multipath components of similar properties [68].
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802.11ad/ay and MiWEBA models [72]. Though it is an accurate method to predict
propagation, this model cannot be extended to different environments (due to its
site-specific nature). A detailed knowledge of propagation environment is essential
to predict signal behavior accurately.

Ray tracing technique based on the Geometrical Optics and associated uniform
theory of diffraction GO/UTD method is commonly used for the prediction of indoor
channel behaviour at millimetre wave frequencies. In this research, the GO/UTD
technique is used to analyse the propagation in indoor environments. Propagation
modelling using the GO/UTD technique will be discussed in detail in Chapter 3.

The potential for using millimetre wave frequencies for indoor environments have
been analysed since the early 1990s. In 1994, Ihara [73] successfully achieved a data
rate of 156 Mbps for point to point connections at 60 GHz, which was a stepping
stone in wireless system realisation at millimetre wave frequencies. In 1995, Man-
abe, et al [74] studied the polarisation dependence at millimetre wave frequencies in
indoor environments. By analysing the angle of arrival, it was demonstrated that
circular polarisation suppresses the wall reflections and thereby decreases the mul-
tipath delay. A study based on measurements of human interaction in an indoor
environment at 37.2 GHz was presented by Talby, in 2001 [75]. Temporal variation
of the channel was recorded in this study and it was observed that the effect of
human interaction on system performance is significant and needs to be included in
the channel characterisation. Xu, et al [76] analysed 60 GHz indoor channel and
the angle of arrivals of ray components were measured in hallways and rooms using
a sliding correlator with a 10 ns resolution. It was observed that the received power
after 20 m in hallways shows no considerable decrease due to any waveguiding effect.

In 2004, Anderson and Rappaport [31] conducted wideband partition loss measure-
ments at 2.4 GHz and at 60 GHz, which confirmed that building materials and
partitions impact significantly on the delay spread at millimetre wave frequencies
compared with the lower frequency bands. A minimum RMS delay spread of 3 ns
was observed at some locations within the indoor environment at 60 GHz, which un-
derlined that very high data rates can be achieved using millimetre wave frequencies.
The effect of the antenna pattern in a reflective indoor environment at millimetre
wave frequencies was analysed by Yang, Herben and Smulders in 2005 [77]. The
total power received was observed to be more in scattered paths compared with the
direct link which suggests the possibility of environmental modification to improve
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system performance. Extensive measurements in indoor office rooms at 60 GHz were
conducted by Moraitis and Philip [78] in 2006, who reported that there is no large
variation in signal power in local areas at 60 GHz.

In 2009, Maltsev, et al [79] conducted measurements at 60 GHz for WLAN systems
in office environments. It was suggested that high gain directional steerable anten-
nas are necessary at millimetre wave frequencies to overcome the increased path loss
at these frequencies. A channel model suitable for 60 GHz WLAN systems [80] was
proposed in 2010 following these measurements. In 2009, Smulders [81] analysed
existing data for indoor environments at 60 GHz and proposed a statistical chan-
nel model for indoor environments that accounted for both large and small scale
variations in the model. In 2011, Kyrö, et al [13] analysed the performance of 60
GHz systems in hospital environments and observed that the path loss and RMS
delay spread are less than other indoor environments. This underlined the inappro-
priateness in the transportability of a channel model developed for one scenario to
another. In 2013, Sawada and Kato demonstrated that artificial reflectors can be
effectively used to enhance system performance. The probability of disconnection
was observed to be reduced from 80% to 5% which underlined that environmental
modifications can be used to enhance system performance at millimetre wave fre-
quencies. The environmental effect on system performance was analysed in the same
year by Ghaddar, et al [82], which demonstrated the impact of reflective pillars in
enhancing signal power in NLOS regions. An extensive measurement campaign in
indoor office environments was conducted at 28 and 73 GHz by MacCartney, et al
[83] in 2015. An indoor office environment of 65.5 m× 35 m area was chosen for the
study and 6 transmitters and 33 receiver locations were fixed for the investigation.
Larger fluctuations in signal levels were observed at 73 GHz compared to 28 GHz.
It was also observed that the path loss increased more rapidly in indoor compared
with outdoor environments.

Telecommunication companies have started testing the communication at millime-
tre wave band. Huawei and Vodafone collaboratively performed 5G millimetre wave
outdoor tests and achieved a 20 Gbps peak rate for Single User Multiple Input
Multiple Output (SU-MIMO) and 10 Gbps for Multi User Multiple Input Multiple
output (MU-MIMO) in Newbury, UK [84]. Ericsson and Telstra conducted another
outdoor 5G field test at millimetre wave band in Australia and achieved a data
rate of 20 Mbps using 800 MHz bandwidth with a latency of half of the current
4G LTE system of Telstra [85]. In March 2018, New Zealand’s first live 5G mo-
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bile test site was announced by SparkNZ partnering with Huawei in Wellington, and
achieved a data rate of over 9 Gbps [86]. Vodafone also trialed a 5G connection at
its InnoV8 Auckland headquarters partnering with Nokia [87]. These advancements
indicate that 5G systems and 5G enabled devices will be commercialised in the near
future. The latency of 5G systems is expected to be 1 ms compared with 20 to
60 ms of the 4G LTE systems [15, 88, 22]. Emerging applications such as Internet
of Things (IoT) [11], tactile internet [12], augmented 3D and virtual reality applica-
tions, human-machine real-time interactions, peer-to-peer and machine-to-machine
communication, etc. [89] will significantly increase the data traffic. Moreover, data
offloading is a key feature of 5G to enhance capacity and energy efficiency [90], which
will increase the indoor data traffic considerably. Although a number of studies have
been conducted at millimetre wave frequencies, they focused mainly on millimetre
wave communication in outdoor environments. Detailed studies in indoor environ-
ments at millimetre wave frequencies are essential to successfully deploy millimetre
wave indoor systems. Given that diffraction is insignificant at millimetre wave fre-
quencies, indoor geometry, location of clutter, and antenna deployment can have
significant impacts on system performance.

2.3.3 Indoor System Deployment - Degrees of Freedom

There are many factors that may influence system performance such as coverage,
interference, temporal and spatial variations of the channel, signal processing tech-
niques used at the transmitter and receiver, etc. However, this thesis focuses on
the influence of system planning and deployment on performance. In this section,
degrees of freedom in antenna deployment and environmental modification (such as
planar/non-planar reflectors and reflectarrays) to improve system performance at
millimetre wave band are discussed.

Antenna Deployment

The effect of antenna deployments was analysed at sub-6 GHz frequency bands [35]
and it was shown that the antenna deployment is significant in achieving adequate
system performance. As diffraction is insignificant at millimetre wave band [28] and
signal strength depends mainly on direct wave and reflections up to few order [80].
This suggests that the antenna deployment may be more significant at millimetre
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wave band compared with lower frequency bands. In the literature, an analysis of
the effect of antenna deployments at millimetre wave band has not been reported.

The degrees of freedom in antenna deployment are:

1. Type – The type of the antenna is associated with antenna parameters such
as gain, directivity, beamwidth, etc.

2. Location – The location of the antenna refers to the placement of antenna
with respect to the indoor geometry and orientation of clutter.

3. Orientation – The orientation of the antenna refers to the direction in which
the boresight vector of the antenna is pointing. Especially for narrow beam
antennas, the orientation is critical.

4. Polarisation – The polarisation of the antenna is the direction of the po-
larisation vector. It can be vertical, horizontal or circular. The polarisation
of the signal at the receiver depends on the environment. If a LOS link is
maintained, the polarisation of the signal at the receiver remains the same as
the antenna polarisation whereas, in rich scattering environments, the polar-
isation of the propagating signal changes. Therefore, the polarisations of the
transmitting and receiving antennas must be carefully chosen to maximize the
received signal strength.

5. Number of antennas – It is always recommended that the required system
performance be obtained using the minimum number of transmitting antennas.
But if adequate system performance cannot be achieved using a single antenna,
a combination if multiple antennas may be used.

Artificial reflectors

Passive reflectors are potential candidates to improve signal strength and/or to
introduce additional ray paths to shadow regions [91, 92]. If an artificial reflector is
introduced into the propagation environment, it establishes an additional ray path to
the receiver. Such methods can be adopted to increase the signal strength in various
regions within the indoor environment. A simple diagram of coverage enhancement
using a planar reflector is given in Fig. 2.3

Non-planer reflectors such as a spherical reflector or an ellipsoidal reflector diverges
rays to wider angles than a planar reflector and can be used to direct signals to
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Figure 2.3: Artificial reflector to improve coverage in NLOS regions by introducing
additional ray path.

otherwise shadow regions. They can be potentially used to provide signals to the
shadow regions within the indoor environment.

It is also possible to use an array of small hemispherical reflectors on a planar
geometry to improve coverage. This approach has the advantage of maintaining a
low profile planar geometry over a single spherical reflector.

Reflectarray

As an alternative to the spherical reflector, a reflectarray may be used as it is planar
and has the potential to emulate a shaped reflector. Conventionally a reflectarray
is used to emulate the parabolic reflector that transforms a spherical wave to a
plane wave. However, reflectarray realisations to emulate hyperboloidal or ellipsoidal
sub-reflectors are reported in the literature [93, 94]. Such a technique needs to be
adopted to enhance system performance as it can be used to diverges rays and direct
signals to otherwise non-illuminated regions. Therefore, it is worth investigating if
a reflectarray is capable of enhancing the overall system performance and to what
extent the performance can be improved.

2.4 Contribution of the Thesis

The main objective of this thesis is to analyse the effect of single and multiple an-
tenna(s) deployments and environmental modification on performance of millimetre
wave indoor wireless systems.
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The main contributions of this thesis include:

• Developing a three dimensional GO/UTD model to analyse millimetre wave
indoor systems and comparing the predictions of the model with experimental
measurements

• Verifying dominant propagation mechanisms inside an indoor office environ-
ment and analysing the contribution of higher-order reflections to the total
received power

• Developing a cost function to quantify system performance

• Analysing the performance of single antenna deployments at 28 and 60 GHz in
a single room office environment with varying levels of clutter and identifying
the most suitable deployment for each scenario

• Analysing the performance enhancement using multiple antenna deployments
and identify the most suitable multiple antenna deployments

• Analysing the most suitable location for reflectors and the performance en-
hancement using planar, non-planar and hemispherical array reflectors

• Studying the performance enhancement using a reflectarray.

The investigation is divided into three major phases. Fig. 2.4 shows an overview of
the research.

Phase I – Mechanistic Modelling and Analysis

The very first objective is to develop a three-dimensional GO/UTD model. Before
using the model to analyse system performance, it is essential to confirm that the
model accurately predicts the received power. A set of initial measurements at X-
band (8.2–12.4 GHz) is conducted to see if they agree with the predictions from the
GO/UTD model. An initial investigation within simple indoor environments is also
conducted using the model to analyse the dominant propagation mechanisms and
the received power variation at different locations. As the last stage of this phase,
a cost function is developed to quantify system performance.

Phase II – Performance Study using Single Antenna Deployment

In this phase, system performance is investigated for single antenna deployments.
To analyse the effect of the antenna radiation pattern on system performance, the
analysis is conducted using both patch and horn antennas. The analysis is also
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Phase I : Propagation Modelling and Analysis

Phase II : System Performance Analysis

Phase III : System Performance Enhancement

Developing a three-dimensional GO/UTD model and 
implementing in MATLAB®

Performing an initial set of measurements and comparing with 
the prediction of the GO/UTD model   
Analysing average received power in a simple office room  
Analysing the contribution of higher order reflections
Developing a cost function C to quantify system performance

Single Antenna Deployment

Analysing shadow regions within the indoor environment
Comparing the cost C of  various deployments (Horn and Patch 
antennas) at 28 GHz and 60 GHz
Identifying the most suitable deployment(s) 
Analysing the cost C and shadow regions in environments with 
varying clutter levels  

Multiple Antenna Deployment

Analysing the performance 
enhancement using two and three 
antennas
Analysing the cost C in 
moderately and heavily cluttered 
environment
Identifying the most suitable 
deployments 
Analysing the irreducible cost 
floor and shadow regions in 
environments 

Environmental Modifications

Analysing the cost improvement using 
a planar reflector 
Identifying suitable location of the 
reflector
Analysing the cost improvement using 
a spherical/ellipsoidal reflector 
Analysing the cost improvement using 
a Hemispherical Array Reflector 
Analysing the potential of a  
Reflectarray to enhance system 
performance 

Figure 2.4: Research overview.
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2.5 Summary

conducted at 28 and 60 GHz to compare the performance variation at these two fre-
quencies. It is also a goal in this Phase to identify the presence of shadow regions for
single antenna deployments. This is carried out by gradually increasing the clutter
levels within a single room office. The most suitable single antenna deployment for
single room environments are identified.

Phase III – System Performance Enhancement

Human interactions may block the direct LOS link from the transmitter to receiver
which may have a significant impact at millimetre wave frequencies as diffraction
is insignificant. In such scenarios, it is likely that user devices may not receive
adequate signal strength if strong reflected paths are unavailable. Multiple antenna
deployments might be a suitable solution to this scenario. The performance of
multiple antenna deployments and the level of performance enhancement compared
to single antenna deployments are investigated in this phase. The most suitable
multiple antenna deployments are also identified.

Since a multiple antenna deployment is always more expensive than a single antenna
deployment, the performance enhancement using environmental modifications are
investigated as they are likely to be a less expensive solution. Environmental mod-
ifications involve:

• Planar reflectors

• Non-planar reflectors (Spherical/Ellipsoidal and Hemispherical Array Reflec-
tors)

• Reflectarrays

The level of performance enhancement for environmental modifications is compared
with the multiple antenna deployments.

2.5 Summary

This chapter describes the principles of radio communication in brief and discussed
basic propagation mechanisms. System performance and factors affecting system
performance at lower frequencies and millimetre wave frequencies have been pre-
sented. Existing studies on indoor wireless system performance have been reviewed.
Finally, methods to enhance system performance have been discussed and the main
contribution of the thesis has been presented.
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3 Propagation Modelling using Ray
Methods

3.1 Introduction

Chapter 2 provided an overview of wireless systems and reviewed previous studies
on system performance analysis in indoor environments. Although experimental
measurement is the most accurate way to quantify wireless system performance, it
is very expensive and time consuming. So mathematical modelling techniques are
widely used instead. As the frequency of the electromagnetic wave increases, elec-
tromagnetic fields behave more like rays, and therefore high-frequency asymptotic
techniques are suitable at millimetre wave frequencies [31, 81].

In this chapter, various aspects of propagation modelling using Geometrical Optics
(GO) and associated Uniform Theory of Diffraction (UTD) are described. Section
§ 3.2 gives an overview of the GO/UTD method and describes modelling of vari-
ous propagation mechanisms using the GO/UTD. In Section § 3.3, an analysis of
received signal strength variation within a simple office room is presented and the
contribution of higher order reflections to the total received power is analysed. Also,
a comparison of the prediction using the GO/UTD method, which is implemented
in MATLABr with an initial set of measurements, is presented in this section. The
chapter is summarised in Section § 3.4.

3.2 Ray-Optic Fields

Maxwell in 1864 postulated light as an electromagnetic wave with extremely high
frequency, which superseded the classical theory of optics [95, 96]. The technique
of modern geometrical optics and geometrical theory of diffraction (GO/GTD) are
based on this principle.
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Chapter 3 Propagation Modelling using Ray Methods

3.2.1 Fundamental Principles of Geometrical Optics

Based on a Luneberg-Kline asymptotic expansion [97, 95, 96], the electric and mag-
netic fields can be written as

Ê(r, ω) ∼ e−jkψ(r)
∞∑
n=0

Ên(r)
(jω)n (3.1)

Ĥ(r, ω) ∼ e−jkψ(r)
∞∑
n=0

Ĥn(r)
(jω)n (3.2)

where k2 = ω2µ0ε and ψ(r) is a phase function.

Electromagnetic fields that can be written as a Luneberg -Kline expansion are called
ray optics fields. In the high-frequency asymptotic approximation, as ω tends to
infinity, the first terms in (3.1) and (3.2) will dominate. Therefore,

Ê(r) ∼
ω →∞

e−jkψ(r)E0(r) (3.3)

Ĥ(r) ∼
ω →∞

e−jkψ(r)H0(r) (3.4)

where E0(r) and H0(r) are the zeroth order electric and magnetic fields respectively.
The symbol ∼

ω →∞
in this context means equal to in an asymptotic sense which means

as ω tends to infinity.

By substituting (3.3) and (3.4) in Maxwell’s and vector Helmholtz equations, a set
of equations can be derived.

Y(Oψ × E0) = H0 (3.5)

Oψ · E0) = 0 (3.6)

Y(Oψ ×H0) = −E0 (3.7)
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-ρ1
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0
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dφ1

dφ2

Figure 3.1: Astigmatic ray tube [96, p. 24].

Oψ ·H0 = 0 (3.8)

|Oψ|2 = 1 (3.9)

2(Oψ · O)E0 + (O2ψ)E0 = 0 (3.10)

Equation (3.9) and equation (3.10) are known as the eikonial equation and transport
equation describing the phase variation and the amplitude variation of the high
frequency fields along the propagation path respectively.

A generalised diverging astigmatic ray tube with positive principal radii of curvature
ρ1 and ρ2 is shown in Fig. 3.1 [98, 99, 96]. The energy transportation is in the
direction of the ray travel. If rays adjacent to an axial ray are considered, which
is known as a ray tube as shown in Fig. 3.1, there is no power flow across the sides
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Chapter 3 Propagation Modelling using Ray Methods

of the ray tube and the power flow through any cross section of the ray tube is the
same.

By combining the information on ray trajectory, polarisation and amplitude and
phase variation of the field along the ray trajectory, the general expression for GO
field at any point can be written in final form as [38].

E(s) = E(0)
√

ρ1ρ2

(ρ1 + r)(ρ2 + r) e
−jkr (3.11)

where E(0) is the GO field vector at reference point r0.

To calculate the field amplitude, the optical path length needs to be calculated first.
By Fermat’s principle, the path length is always an extremum, but not necessarily
the minimum [95], which implies that the ray trajectories in a homogeneous media
are straight lines.

3.2.2 Reflected Fields

If a smooth conducting surface is placed in the ray path, the rays re-radiate from
the surface [95, 96]. Ray travels from the source through a point on the surface to
the field point that satisfies Fermat’s principle.

In order to calculate the reflected field at some point F, assume an astigmatic ray
tube of the reflected rays from the point of reflection Qr as shown in Fig. 3.2. The
field incident at Qr can be expressed as

Ei(Qr) = Ei(Qs)
√

ρi1ρi2
(ρi1 + r′)(ρi2 + r′) e

−jkr′ (3.12)

where r′ is the optical path length measured along the central ray, ρi1 and ρi2 are the
principal radii of curvature of the incident wavefront with respect to the reference
point Qs and Ei(Qs) is the field at the reference point Qs.

The reflected field at F can be written as

Er(F) = R̄ Ei(Qr)
√

ρr1ρr2
(ρr1 + r)(ρr2 + r) e

−jkr (3.13)

where ρr1 and ρr2 are the principal radii of curvature of the reflected ray tube at Qr

and r is the distance from Qr to the observation point F. Ei(Qr) is the incident
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Figure 3.2: Reflected ray tube [96, p. 64].

field at Qr. The optical path length and the point of reflection Qr can be calculated
using on source image method [38]. R̄ is the reflection coefficient matrix for a ray
fixed coordinate system as shown in Fig. 3.3.

Considering reflection from a planar surface as shown in Fig. 3.3, B and C uniquely
define the reflecting plane and an is the unit vector normal to plane. The plane of
incidence (or plane of reflection) is the plane containing the incident ray vector r,
reflected ray vector r′ and an. The angle of incidence is measured in the plane of
incidence and can be expressed as

φ = π

2 − cos−1(ar · an)

If a ray travels in a homogeneous medium, the electric field vector Er(Qr) can be
resolved into parallel and perpendicular components with respect to the plane of in-
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Figure 3.3: Geometry of reflection by a planar surface [38].

cidence. The unit vectors associated with the parallel and perpendicular components
of the reflected field can be obtained from the relationships

a⊥′ × ar′ = a‖′ (3.14)

a⊥ × ar = a‖ (3.15)

a‖′ = r′ × (an × r′)
|r′ × (an × r′)| (3.16)

a‖ = r× (an × r)
|r× (an × r)| (3.17)

The reflected field must satisfy boundary conditions, that the tangential electric
field is zero on a perfectly conducting surface. Therefore,

an × (Ei(Q) + Er(Q)) = 0 (3.18)

where Q is any point on the surface and Ei(Q) and Er(Q) are the incident and
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3.2 Ray-Optic Fields

reflected fields at Q respectively.

By applying these relationships to (3.13), the total reflected field at F can be written
as

Er(F) = Er
‖(F)a‖ + Er

⊥(F)a⊥ (3.19)

where Er
‖(F)

Er
⊥(F)

 = R̄
 Er

‖(Qr)
Er
⊥(Qr)

 √ ρr1ρr2
(ρr1 + r)(ρr2 + r) e

−jkr

The reflection coefficient matrix R̄ can be written as

R̄ =
 R‖ 0

0 R⊥

 =
 1 0

0 −1


where R‖ and R⊥ denote hard and soft polarised1 coefficients respectively. For a
planar reflector, the radii of curvature ρr1 and ρr2 of the reflected ray at the point
of reflection are equal to r′.

3.2.3 Diffracted Fields

Diffraction is the mechanism by which electromagnetic waves curve around an object
or sharp edge [95]. Diffraction enables electromagnetic waves to propagate into
shadow regions behind obstructions [100, p. 91]. Diffraction phenomena have been
of interest to researchers for over a century and many techniques have been developed
to model diffraction. However, the diffraction modelling technique most relevant to
this research is only descried here.

A geometrical construction of the diffraction process from a straight wedge is given
in Fig. 3.4. Vectors D, E, an and the interior angle ν uniquely define the wedge.
A ray travels from S to F through a point on the wedge that satisfies the Fermat’s
principle. The point on the wedge that corresponds to the minimum path length is
called the point of diffraction Qd. Qd and the angles φ′, φ, β′ and β associated with
the incident and diffracted rays can be obtained from Fig. 3.4 using trigonometric
identities and vector manipulations [38].

1Hard is associated with the field component that is parallel to the plane of reflection and soft is
associated with the perpendicular component.
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Figure 3.4: Geometry of diffraction from a straight wedge [38].

Similar to reflection, the diffracted field can also be resolved into parallel and per-
pendicular components and associated unit vectors can be related as

aφ′ = aE × ar′
|aE × ar′|

(3.20)

aβ′ = ar′ × aφ′ (3.21)

aφ = aE × ar
|aE × ar|

(3.22)

aβ = ar × aφ (3.23)

The total diffracted field can be expressed as

Ed(F) = Ed
β(F)aβ + Ed

φ(F)aφ (3.24)
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3.2 Ray-Optic Fields

where[
Ed
β(F)

Ed
φ(F)

]
= D̄

[
Ed
β(Qd)

Ed
φ(Qd)

]
AD(r′, r) e−jkr (3.25)

Ed
β(Qd) and Ed

φ(Qd) are the soft and hard polarised components of the incident field
at the point of diffraction Qd, D̄ is the diffraction coefficient matrix, AD(r′, r) is the
divergence (or spreading) factor and r is the distance from Qd to the observation
point F.

The diffraction coefficient matrix can be written as

D̄ =
 Ds 0

0 Dh

 (3.26)

Diffraction coefficients for a perfectly conducting wedge have been derived by many
researchers. Two main contributions in this area are the Geometrical Theory of
Diffraction (GTD) and the Uniform Theory of Diffraction (UTD) techniques. GTD
was proposed by Keller in 1950 [101, 95] as an extension of GO. Although GTD
could overcome the limitations of GO, the field at the shadow boundaries could
not be predicted using this technique. To overcome the divergent behaviour of
GTD, Kouyoumjian and Pathak developed a transition function incorporated into
the diffraction coefficient that bounded the diffracted field across the shadow bound-
aries [102]. The diffraction coefficients developed in the UTD model can even be
used to calculate the diffracted field from wedges with curved surfaces [96].

The diffraction coefficients are given by

Ds,h(L, φ, φ′, β′) = 1
sin β′ (d

+(β−)F (κa+(β−)) + d−(β−)F (κa−(β−))

∓ (d+(β+)F (κa+(β+)) + d−(β+)F (κa−(β+))))
(3.27)

where

d±(β) = −−e
−jπ/4

2n
√

2πk
cot

[
π ± β

2n

]

a±(β) = 1 + cos(β − 2nN±π); 2nπN± = β ± π

and

F (ξ) == 2j
√

2πξejξ
[(1

2 − C(ξ)
)
− j

(1
2 − S(ξ)

)]
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Figure 3.5: Local antenna coordinate system.

C(ξ) and S(ξ) are Fresnel cosine and sine integrals [103].

The total field at a given point in space is the sum of all field components present
at that point. It is important to add various field components in the correct sense
to obtain the total field. The open circuit voltage received by a given antenna is
proportional to the total field impinging on the antenna. Total received power can
be obtained from the received open circuit voltages of the individual components.

3.3 Received Signal Strength

The Received Signal Strength (RSS) in this context is a measure of the received
power expressed in dBm (or dBW) at a certain receiver location. The RSS is ob-
tained from the total field incident on the receiving antenna, which depends on
antenna type, orientation, polarisation, etc.

3.3.1 Transmitting and Receiving Antenna System

To obtain the far-zone field of a given antenna, a local antenna coordinate system is
defined as shown in Fig. 3.5. ap and ab are unit vectors along the polarisation and
boresight respectively. The angles of the spherical coordinate system φ and θ are
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3.3 Received Signal Strength

defined with respect to these two unit vectors, and ar is the unit vector along the
ray direction. Based on the local antenna coordinate system shown in Fig. 3.5, the
far-zone field of an antenna at a distance r can be expressed as [38]

E = j
ejkr

s
ψ(D0, Pt)F (φ, θ)aθ (3.28)

where D0 is the directivity of the antenna, Pt is the transmitted power in Watts,
ψ(D0, Pt) is a scalar excitation factor associated to D0 and Pt, F (φ, θ) is an angular
dependent antenna pattern function (0 ≤ F (φ, θ) ≤ 1).

Similar to the transmitting antenna, the receiving antenna determines the received
signal strength. In order to take polarisation into account, the dot product of the
complex effective length of the receiving antenna and the electric field at the receiver
antenna needs to be considered.

The received open circuit voltage [104, pp. 301-306] can be written as

Voc = ĥ·E (3.29)

where

ĥ = 2
k

√
πD0Rr

η
F (φ, θ)aθ

where k is the wave number in rad/m and Rr is the radiation resistance in Ω.

Assuming the load is matched to the receiving antenna, the RMS received power
can be expressed as [38]

Pr = 1
8R

∣∣∣∣∣
n∑
i=1

Vi

∣∣∣∣∣
2

(3.30)

where Vi is the voltage received from the ith ray component.

In situations where average power is being analysed, the received open circuit voltage
can be obtained simply by the product of the complex amplitudes of ĥ and E, and
the total average received power can be calculated by adding powers of the individual
field components.

The field components arriving at differnt locations locations vary depending on the
environment and clutter locations. In a propagation environment, there are line-of-
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sight (LOS) and non-line-of-sight (NLOS) locations. Direct field component from the
transmitting antenna is present only in the LOS locations. Reflected and diffracted
field components may be present both in the LOS and NLOS locations according to
the orientation of objects within the propagation environment. So it is important to
understand the contribution of the individual field components to the total received
power in various locations.

3.3.2 Field around a Metal Strip

To analyse indoor scenarios, a three-dimensional GO/UTD model was implemented
in MATLABr. An example of the powers of individual field components around an
infinite strip [105, pp. 790-796] is described here to understand the contributions of
various field components to the total received power in shadow regions.

An electric line source of infinite length and constant current is placed symmetrically
at a distance h above an electric conducting strip of width W and infinite length
as shown in Fig. 3.6. Here the source is at h = 0.5λ and the width of the finite
strip is W = 2λ. Fig. 3.7 shows the plot of normalised received power around the
rectangular strip at a distance of 100λ. The total power Ptot is the sum of the powers
of direct, reflected and diffracted components and can be expressed as

Ptot =


Pdir + Pref + Pdif; for α < θ < π − α
Pdir + Pdif; for − α < θ < α and π − α < θ < π + α

Pdif ; for π + α < θ < −α
(3.31)

38



3.3 Received Signal Strength

-10 dB

-20 dB

-30 dB

0 dB

30

210

60

240

90

270

120

300

150

330

180 0

Pdir

P
ref

P
dif1

P
dif2

P
tot

o

o

o

o

o

o

o

o

o

o

o

o

θ =
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where Pdir is the direct power, Pref is the reflected power and Pdif is the total
diffracted power. The total diffracted field is the sum of the diffracted fields from
the two edges of the metal strip.

It can be observed from Fig. 3.7 that the direct fields exist for −α ≤ θ ≤ π + α and
the reflected fields exist only for α ≤ θ ≤ π−α. The incident shadow boundary (ISB)
is the boundary of shadow region to the direct rays from the source and reflected
shadow boundary (RSB) is the boundary of the shadow region to the reflected rays
from the metal strip. The amplitude of the total field is maximum in the vicinity
of 30◦ and 150◦ because the direct and reflected rays have the same phase at these
angles and they add constructively. It should also be noted that the diffracted fields
are everywhere around the metal strip (0 < θ < 2π), which make the total field
continuous.
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Figure 3.8: Free-space and two-ray models.

3.3.3 Prediction Accuracy of the GO/UTD Model

In order to analyse the prediction accuracy of the GO/UTD model, an initial set
of experimental measurements were conducted at X-band (8.2–12.4 GHz). Compar-
isons of the free-space and two-ray model measurements with the GO/UTD model
are presented. Simple diagrams to illustrate the models are given in Fig. 3.8. Free-
space model assumes that only one ray path exists between the transmitting and
receiving antennas. The two-ray model represents the propagation of electromag-
netic wave from the transmitting antenna to the receiving antenna over two paths,
viz. the line of sight path and a reflected path. It is expected that the reflected
component has less power compared with the direct ray as the former needs to travel
further. Here, the reflecting surface is assumed a perfectly electric conductor (PEC)
and thus no signal power is absorbed by it. When reflection occurs, the phase of the
wave changes by 180◦ if the electric field vector is parallel to the plane of incidence.

For the two-ray model [7, pp. 120-123], the total power received by the receiving
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Figure 3.9: Photograph of the measurement setup with the transmitting and re-
ceiving antennas are placed close.

antenna can be expressed as

Pr = Pt

(
λ

4π

)2
∣∣∣∣∣∣∣∣
√
Gt1Gr1

d1
+
√
Gt2Gr2e

(
−j2π(d2−d1)

λ

)
d2

∣∣∣∣∣∣∣∣ (3.32)

where Pt (W) is the transmitted power, Gt1 and Gt2 are the transmitter antenna
gains and Gr1 and Gr2 are the receiver antenna gains along the direct and reflected
ray departure and arrival paths respectively, d1 (m) and d2 (m) are the path lengths
of the direct and reflected ray paths and λ (m) is the wavelength of the transmit-
ted signal. Measurements were conducted in an anechoic chamber using a Vector
Network analyser (VNA) (Agilent Technologies E8364A). A photograph of the mea-
surement setup with both transmitting and receiving antennas placed close is given
in Fig. 3.9. For the measurements, Open-ended X-band waveguides were used as an-
tennas and were fixed vertically polarised, 3.2 m apart, and at a height of 1 m. For
free-space measurements, all areas except the antennas were covered with pyramidal
absorbers in order to suppress unwanted multipath components. For two-ray model
measurements, the metal floor area between the antennas were also left uncovered.
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Figure 3.10: Forward transmission gain S21 in time domain for the two-ray model.

Fig. 3.10 shows the measured forward transmission gain (S21) in the time domain.
The direct ray arrives at 7.2 nS and the reflected ray at 9.8 nS. Reflected ray has
an amplitude of approximately three quarters of that of the direct ray. This is due
to the difference in both the path lengths and the antenna gains along the two-ray
paths.

Fig. 3.11 shows the plots of the forward transmission gain obtained from the mea-
surements and the GO/UTD model. Variation in antenna radiation pattern from 8.2
to 12.4 GHz has also been taken into account for the prediction using the GO/UTD
model. It is evident from the figure that the free-space model shows good agreement
at all frequencies. The amplitude and phase variation of direct and reflected signals
are accurately predicted by the model. However, the measured fades are deeper
than predicted by the the GO/UTD model. This may be because the calculation of
the gain of the open-ended waveguide is not accurate for short distances [106].

3.3.4 Average Received Power

The total received power at a given location is calculated from the contribution of
all multipath components arriving at that location. In actual practice, the average
power of individual multipath components does not fluctuate widely over local ar-
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Figure 3.11: Forward transmission gain S21 (dB) for the free-space and two-ray
models.

eas [78, 51][7, pp. 180-190]. The average small-scale received power is the sum of
the average powers of the individual components if the transmitted signal can be
resolved into multipath components. Spatial averaging can be used to obtain the
average received power in situations where multipath components cannot be sepa-
rated. Spatial averaging can be performed using various sizes of windows along a
line, a two-dimensional space or a three-dimensional space. In general, the rapid
variation in the received signal in the local area can be averaged using a spatial
filter of a window size of 10λ [107, pp. 114-119]. Window functions are also used
to perform spatial averaging as it minimises the side lobes levels in the frequency
domain. Hamming and Hanning windows are examples of this. Fig. 3.12 shows a
typical office room with a cubicle wall partition inside. This scenario was considered
to explore the average signal power variation in the LOS and NLOS regions.

To demonstrate the contribution of higher order reflections, a case study is presented
here in which all walls, ceiling, floor and the cubicle wall are assumed to have a
reflection coefficient2 of 0.7 [29], the source antenna is assumed to be a point source
and placed at S (1.75 m, 0 m, 1.75 m) with vertical polarisation. The investigation

2The choice of a constant reflection coefficient of 0.7 is only limited to this investigation to
demonstrate the contribution of higher order reflections. Angle and polarisation dependent
reflection coefficients from drywall are considered in Chapters 6, 7 and 8.
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Figure 3.12: Simple office geometry with a cubicle wall.

was conducted at 28 GHz and the average received power on the observation plane
at z = 90 cm was calculated to analyse the variation of received power in the LOS
and NLOS regions.

Fig. 3.13(a) shows the path loss on the measuring plane due to direct rays only and
Fig. 3.13(b), (c) and (d) show the total average received power when first-, second-
and third-order reflections are also considered in the total power calculation. It
can be noted from Fig. 3.13(b) that the NLOS region is illuminated when first order
reflection is taken into account and the received power is improved when higher order
reflections are also considered. However, the inclusion of higher order reflections in
the prediction increases the computational load. So it is important to limit higher
order reflections in the model to just the significant ones..

3.3.5 Contribution of Multiple Reflections

As described in Section § 2.3, diffraction at millimetre and sub-millimetre wave fre-
quencies make no significant contribution to the total received power [28] and can
be neglected. Therefore diffraction has not been considered in this analysis. An
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Figure 3.13: Total average received power (a) direct rays only; (b) direct and firs-
order reflected rays; (c) direct, first- and second-order reflections; (d) direct, first-,
second- and third-order reflections.

analysis of the individual contributions of second- and third-order reflections to the
total received power are presented. Fig. 3.14 shows the contribution of higher order
reflections. In this context, the contribution of second-order reflections means the
increase (dB) in the total received power when they are considered along with the
direct and first-order reflections. Similarly, the contribution of third-order reflec-
tions means the increase in the total received power when they are also included in
the model.

It should be noted that the higher order reflections make significant contributions
in the NLOS regions close to the cubicle wall. It can be observed from Fig. 3.14 that
the second-order reflections increase the average power by up to 5 dB. The increase
in average power is around 2.5 dB when third-order reflections are considered. These
results suggest that the third- and higher order reflections can be neglected in the
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Figure 3.14: Increase in the total received powers (dB) when (a) second-order re-
flections are considered along with direct and first-order reflected rays (b) thir-
dorder reflections are considered along with direct, first- and second-order reflec-
tions in the total received power calculation.

total average received power prediction. However, for an accurate prediction of the
received power in NLOS regions, third order reflections may be considered.

3.4 Summary

In this chapter, propagation modelling using the GO/UTD technique is presented.
Antenna system modelling and calculation of the average received signal power are
also discussed in this chapter. The GO/UTD model is compared with measurements
and the accuracy of the model has also been discussed. The average received power
in a simple office environment with a cubicle wall partition has been analysed. This
investigation provides an insight into the received power variation and dominant
propagation mechanisms in the LOS and NLOS regions. Individual contributions
of the higher order reflections to the total received power have been analysed and it
is confirmed that the third- and greater order reflections need not be considered for
average power prediction.
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4.1 Introduction

In Chapter 3, techniques for propagation modelling were discussed. A three-dimensional
GO/UTD model implemented in MATLABr was compared with experimental mea-
surements. The contribution of higher order reflections was analysed by comparing
the total received power in various LOS and NLOS locations within a simple indoor
environment.

This chapter describes how received signal strength (RSS) is associated with wire-
less system performance. The RSS depends on a number of parameters such as
transmitted power, antenna gains, noise, interference, channel behaviour, etc. The
effect of noise and interference on the overall system performance is described in
Section § 4.2. Section § 4.3 illustrates the concept of link budget to account for
the parameters affecting the received signal strength and Section § 4.4 discusses
the trade-off between coverage and capacity of wireless system deployment. Sec-
tion § 4.5 describes describes the necessary requirements to ensure adequate system
performance in indoor environments and Section § 4.6 describes the cost function
developed to quantify coverage via several illustrative examples. Section § 4.7 sum-
marises this chapter.

4.2 Characterisation of Noise and Interference

Generally, wireless system performance can be quantified by bit error rate (BER),
which is defined as the ratio of the number of received data packets with an error
to the total number of data packets sent. BER is a measure of end-to-end system
performance and is affected by interference, transmitter power, the order of modu-
lation and bandwidth. Noise and interference are two important factors causing loss
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of information bits at the receiver and need to be carefully accounted for in system
planning.

4.2.1 Noise

Thermal noise is generated by all operating electronic components and is caused by
current variation. Thermal noise power (dBW) can be expresses as

PN = 10 log(kTB) (4.1)

where k is Boltzmann’s constant (1.380× 1023J/K), T (◦K) is the temperature and
B is the bandwidth (Hz).

Based on (4.1) the thermal noise power for 1 Hz bandwidth at room temperature is
−204 dBW (or −174 dBm).

Noise Figure is a useful parameter to quantify the noise levels at the input and
output and is expressed in terms of Signal-to-Noise-Ratio (SNR) at the input to
that at the output. The SNR is the ratio of signal power to the noise power. The
Noise Figure NF is expressed in dB as

NF = 10 log
(

SNRinput

SNRoutput

)
. (4.2)

The lower the noise figure (NF), the better is system performance. The Noise Floor
is the noise power at a given bandwidth and given noise figure.

Noise Floor = kTB + NF +G (4.3)

where G is the gain of the device.

The minimum detectable signal level can be obtained from the total noise floor
calculation of the transmitter and the receiver sections in a wireless system. [7, pp.
611-615].

The thermal noise power is directly proportional to the temperature and bandwidth
of the signal. In order to reconstruct the baseband signal from a modulated carrier, a
minimum signal power is required at the receiver, which must be above the minimum
detectable signal power Pmin(dBW). Signals below or equal to the noise floor cannot
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be measured. The minimum detectable signal power (dBW) is expressed as

Pmin = NFRx + PN (4.4)

where NFRx is the noise figure of the receiver.

4.2.2 Interference

Cellular wireless systems use the cellular concept, which divides a large area into
small cells. The cellular concept reduces spectral congestion and increases user
capacity. It also eliminates the need for a single high power transmitter by having
base-station antennas in each cell. The number of base stations can be increased
to meet demand. The entire frequency spectrum available is divided into channels,
some of which are allocated to each base station. The neighbouring base stations are
assigned different channels. The same channels can be used in different cells if they
are sufficiently far apart to maintain the interference levels within an acceptable
limit. This is called frequency reuse [7, pp. 57-59]. Fig. 4.1 shows a cell concept
and frequency reuse. A group of cells is called a cluster within which no frequency
is reused. Same numbered cells use the same group of channels. The transmitting
antenna can be placed either at the centre of the cell or at the intersection of three
cells.

The total available channels are divided among the cells. If there are na number of
duplex channels available in a cellular system consisting of N cells and each cell is
allocated nc number of channels (nc<na) then the total number of channels and the
channels per cell are related as

na = Nnc (4.5)

Here, N is the cluster size of the cellular system. For a cellular system consisting of
M clusters, the total channels nt in the system is given by

nt = MNnc = Mna (4.6)

The value of N is decided by the minimum acceptable level of interference in the
system. In order to maximise the capacity in a given area, N needs to be as small
as possible. The reciprocal of N is called the frequency reuse factor of a cellular
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system.

Increased frequency reuse causes interference. Interference affects system perfor-
mance and limits throughput. Cells operating at the same frequency are designated
with same number in Fig. 4.1. They are termed co-channel cells and the interference
caused by these cells is known as co-channel interference. Though the SNR can
be improved by increasing the transmitted power, co-channel interference cannot
be combated by this approach. It is a function of the cell radius and the distance
between the centres of the nearest co-channel cells. Co-channel interference can be
reduced by increasing the frequency reuse distance. The co-channel reuse ratio Q
can be expressed as

Q = dc
rc

=
√

3N (4.7)

where rc is the radius (m) of the cells and dc is the distance (m) between the centers
of the nearest co-channel cells. To increase the capacity, the value of Q needs to be
as small as possible. But as Q decreases the co-channel interference levels increase.

4.2.3 Signal to Interference plus Noise Ratio (SINR)

In actual practice, instead of representing the noise and interference separately, the
Signal-to-Interference-plus-Noise Ratio (SINR) is often considered to represent the
signal quality of wireless systems [108, pp. 225-283]. It is the ratio of signal power
PS (W) to the sum of noise power PN (W) and interference signal power PI (W)
and is expressed as

SINR = PS
PN + PI

(4.8)

The overall system performance is affected by the SINR. Although noise and in-
terference are two major factors affecting the overall system performance, there are
many other parameters such as propagation loss, cable losses, antenna gains, etc.
that need to be carefully considered in wireless system planning. A proper link bud-
get need to be prepared to account for the parameters affecting the total received
signal strength (RSS).
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Figure 4.1: Cell concept and frequency reuse.

4.3 Link Budget

The link budget is used to calculate the maximum allowable pathloss from the bases-
tation to the user device in a cellular system. To understand the overall system per-
formance, both downlink (basestation to user device) and uplink (user device to the
basestation) must be budgeted in order to obtain the maximum allowable pathlosses
in both cases. The RSS depends on a number of factors such as transmitted power,
antenna gains, pathloss, feeder loss, etc. [109, pp. 329-344][110, pp.76-82]. The
received power is directly related to the gains and losses of various components such
as amplifiers, connecting cables, feeders, antennas, etc. in the system and the prop-
agation loss in the channel. Therefore, all parameters that affect the signal levels
and determine the required minimum signal level at the receiving antenna need to
be clearly specified and accounted for in link budget. The main parameters are
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Figure 4.2: Parameters associated to link budgeting.

• Transmitter power or power from the basestation Pt (dBm)

• Cable loss or feeder loss Ac (dB) is the attenuation of the feeding mechanism
such as coaxial cable used to feed the antenna

• Transmitting and receiving antenna gains Gt and Gr respectively (dBi)

• Path loss PL (dB)

• Noise Figure of the transmitter and receiver NF (dB)

• Thermal Noise Floor (dB), which is a constant at a particular temperature for
a specified bandwidth

• Interference from the other basestations operating at the same frequency.

The received power (dBm) can be related to the gains and losses in the system as

Pr = Pt − Ac − PL+Gt +Gr (4.9)

Parameters associated with noise and interference determine the required min-
imum signal level to be maintained at the receiver, whereas gains and losses of
various components in the system determine the signal strength at the receiving
antenna. By increasing the transmitter power, signal levels at the receiving antenna
can be increased. However, this increases the interference and thus degrades system
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performance. A proper link budget is essential to system performance.

4.4 Coverage and Capacity

Conventionally, in cellular systems, coverage is the geographic area where the trans-
mitted signal power is above a particular threshold power level Pth. There is always
a trade-off between coverage and capacity. Coverage can be increased by simply
increasing the transmitted power, but at the same time capacity is reduced owing to
increased co-channel interference. The maximum possible data rate through a wire-
less channel is referred to as Shannon’s channel capacity and is given by [111][112,
pp. 128-134]

C < B log2

(
1 + PS

PN

)
(4.10)

where B (Hz) is the bandwidth, PS (W) is the signal power and PN (W) is the noise
power. In order to increase the user capacity while maintaining the available signal
quality or to provide improved signal quality [7, pp. 86-96], approaches such as cell
splitting, sectoring, range extension using repeaters and the use of microcell zones
are developed.

Cell Splitting is the process of sub-dividing cells into smaller ones in order to increase
the capacity and to avoid congestion. Introducing new cells with smaller radii, called
microcells, inside the existing cell increases the number of channels per unit area,
which increases the capacity. The signal to interference ratio remains the same if
the cluster size is maintained. As shown in Fig. 4.3, basestations are at the corners
of each cell and additional base-stations are introduced to split cells. Channels 2
to 6 are reused around the base station 1. The radii of new microcells are half of
the original cells in this example. To avoid co-channel interference, the transmitting
power should be reduced.

Sectoring is adopted to increase the capacity as well as the signal to interference
ratio. Several directional antennas are utilised at the basestation instead of a single
omni-directional antenna at the cell centre. For example, three antennas of 120◦

beam width or six antennas of 60◦ beam width can be introduced to sweep 360◦. As
sectoring uses multiple antennas at each base station, the available channels need
to be further divided among these antennas. Fig. 4.4 illustrates the subdividing of
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cells into six sectors using antennas of 60◦ beamwidth. Sectoring approach does
not increase cluster size. The main disadvantage of this approach is the increased
number of handovers1.

Repeaters are used to improve coverage in weak signal regions or in targeted loca-
tions. Repeaters do not increase the capacity of the system. They receive a signal
from the basestation and re-radiate the amplified signal. As the interference and
noise also are amplified with the signal, careful planning of the location of repeaters
is very important.

The use of Microcell zones is introduced to avoid the increased handover problem
in the sectoring approach [113]. In this approach, a cell is further divided into
microcells having separate transmitting/receiving antennas located at the vertices
of the microcells, which are connected to the same basestation having the same
hardware resources shared through zone selector equipment as shown in Fig. 4.5.
All microcells operate at the same frequency and thereby avoid handover. This
concept is commonly adopted for indoor environments [100].

Though the capacity can be increased by the above techniques, the number of com-
ponents in the system also increases and thus the expense. It is desirable to achieve
the maximum performance at the minimum expense.

4.5 Performance of Indoor Systems

As discussed in Chapter 2, basestation planning needs more care in indoor environ-
ments than outdoor environments owing to the site-specific nature of the propaga-
tion [100]. Moreover, the service requirements need to be considered. For example,
wireless systems in hospital environments used for real-time medical imaging ap-
plications need to have high data rate and low latency [13], whereas the latency
required for multimedia video streaming applications is not necessarily as low as for
medical applications [114].

The system performance for a given scenario depends on the network and service
requirements. Generally, the performance of an indoor wireless system can be quan-
tified in terms of coverage, throughput, capacity, power consumption, etc. Industries

1The handover is the process of transferring a call or a data session of a user from one cell to
another when the user moves from the first to the second cell.
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Figure 4.3: Cell splitting technique (adopted from [7, pp. 86-96]).

use Key Performance Indicators (KPI) to quantify system performance [115] based
on the network and service requirements.

Providing adequate coverage is an elementary requirement of an indoor wireless
system. At the least, it is essential to provide adequate coverage in all significant
volumes within the indoor environment. The term ‘significant volume’ refers to the
volume in which the probability of finding a user device is greater than zero. For
example, it would be unlikely to find an operating user device locked inside a filing
cabinet, so good coverage in this volume is not expected, and there is no impact on
the overall system performance if such a volume is not covered.

Factors affecting the wireless system performance vary with respect to frequencies
also. Interference from outdoor and indoor basestations is significant in the sub-
6 GHz bands owing to the penetration of signals through walls and building struc-
tures, whereas due to higher propagation and penetration losses at millimetre wave
frequencies, interference is likely to be less compared to sub-6 GHz frequencies [31].
This makes millimetre wave frequencies suitable for single room per cell scenarios
[30]. In addition to the increased losses, diffraction is less dominant [28], which may
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Figure 4.4: Sectoring technique (adopted from [7, pp. 86-96]).

results in no signal regions in NLOS regions inside the indoor environment. So a
quantitative measure of coverage (or shadowing) at these frequencies is needed to
be analysed to understand the behaviour of millimetre wave indoor systems.

4.6 Cost Function to Quantify System Performance

To quantify system performance, a cost function has been developed that takes into
account the relative importance of different regions within the indoor environment.
For example, the volume inside a filing cabinet is less significant because it is an
unlikely location for an operating user device. Therefore, this volume need not to be
considered when system performance is quantified. The cost is defined as a weighted
sum of user locations that fail to exceed a specified coverage threshold power Pth
namely,

C = 1
NT

Nx∑
u=1

Ny∑
v=1

Nz∑
w=1

p(u, v, w)W (u, v, w); 0 ≤ C ≤ 1, (4.11)

p(u, v, w) =
 1 for Pr < Pth

0 Otherwise

where u, v, w ∈ I, W (u, v, w) is a cost weight corresponding to the user location
(u, v, w) in a matrix grid topology based on the Cartesian coordinate system and
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Figure 4.5: Microcell zone technique (adopted from [7, pp. 86-96]).

W (u, v, w) is used to weight different regions depending on their importance (0 ≤
W ≤ 1), Nx, Ny and Nz are the numbers of user locations in the x, y and z directions
respectively, and

NT = umvmwm

where (um, vm, wm) are the total number of user locations along (u, v, w) in volume
having weight W > 0.

The cost function C gives a weighted coverage representation inside an indoor sce-
nario. It can be used to signify different volumes inside the indoor space and enables
the coverage of particular volumes to be analysed by assigning a suitable weightings
to the various regions depending on their significance. If the coverage of table tops is
more important than the rest of the volume inside the geometry, a suitable category
weight can be assigned (which gives significance to the volume above the table) to
obtain the most suitable deployment for that particular scenario.

The variations of cost C in an empty office room (Office-Configuration-1 (OC1))
and a simple office room with a table (Office-Configuration-2 (OC2)) are illustrated
here. The category weight assignment is given in Fig. 4.6 and details on each volume
are given in Table. 4.1 and Table. 4.2. The volume inside the OC1 is divided into
two categories, OC1|A and OC1|C with weights 1 and 0 respectively which is given
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Figure 4.6: Category weighting in an office room: (a) Empty office room (OC1);
(b) Office room with a table (OC2).

Category Volume Span (m) Volume (m3)

OC1|A x = 0 to 3.5, y = 0 to 3.5, z = 0 to 2 24.5
OC1|C x = 0 to 3.5, y = 0 to 3.5, z = 2 to 2.8 9.8

Table 4.1: Volume under each category inside OC1.

in Table. 4.3. The volume below z = 2 m is considered as in OC1|A with a weight of
1 and the volume above z = 2 m in OC1|C. This consideration is according to the
assumption that it is less likely to have a user device above z = 2 m of height in an
office room.

There are three categories of volumes in the OC2 namely, OC2|A, OC2|B and
OC2|C. The category weight assignments in this geometry are given in Table. 4.4.
OC2|A is the volume above the table and is assigned with a weight of Wc = 1.
OC2|C comprises the volumes under the table and above z = 2 m and are assigned
a weight of Wc = 0. OC2|B is the volume below z = 2 m (except OC2|A and OC2|C
volumes) and is assigned a weight of Wc = 0.5.

In OC1, if all volume weighted with W = 1 is below Pth, the cost C = 1 and
otherwise the cost C = 0. The cost C = 1 indicates that no volume in OC1|A is
covered. In other words, as Pth (W) is decreased from ∞ to 0, the value of cost C
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Category Volume Span (m) Volume (m3)

OC2|A x = 0 to 0.8, y = 2 to 3.5, z = 0.7 to
1.4 0.84

OC2|B x = 0 to 3.5, y = 0 to 3.5, z = 0 to 2
(Except OC2|A and OC2|C volume) 22.82

OC2|C
x = 0 to 3.5, y = 0 to 3.5, z = 2 to 2.8
and
x = 0 to 0.8, y = 2 to 3.5, z = 0 to 0.7

10.64

Table 4.2: Volume under each category inside OC2.

Category Weight
(W )

OC1|A 1
OC1|C 0

Table 4.3: Category weight assignment in OC1.

decreases from 1 to 0. There is no effect on cost C when the coverage in OC1|C is
above or below the threshold level Pth as this volume is assigned a category weight
of Wc = 0 and is not considered in the cost calculation.

The maximum value of cost C inside OC2 is not 1 as there are more than one
category weight assignments of Wc > 0. When the volumes under OC2|A and
OC2|B are not covered, the value of the cost is approximately C = 0.52, which
is the maximum value of cost in this category assignment. When all the volumes
having category weight Wc > 0 are covered, the value of cost C = 0. So the cost C
decreases from 0.52 to 0 as Pth is decreased from ∞ to 0. It is important to note
that the minimum value of cost C is zero, which indicates that there is no shadow
regions inside the indoor environment.

4.7 Summary

In this chapter, factors limiting wireless system performance such as noise, interfer-
ence, etc. have been discussed. The importance of a proper link budget in system
performance estimation has also been outlined. A cost function has been proposed
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Category Weight
(W )

OC2|A 1
OC2|B 0.5
OC2|C 0

Table 4.4: Category weight assignment in OC2.

to quantify coverage based on the significance of various volumes inside the in-
door environment. An illustrative example to understand the variation of cost C
in different indoor office scenarios having different category weighting has also been
presented. It has been demonstrated that the cost function is an effective way to
represent system performance.
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5 Research Overview

5.1 Introduction

Factors affecting system performance (such as noise, interference, propagation and
penetration losses, etc.) have been discussed in Chapter 4. A cost function has been
proposed to quantify the performance based on the significance of regions within
the indoor environment. The variation of cost C and its implications for system
performance in indoor environments have been illustrated with the help of several
examples.

As described in Section § 2.4, this research focuses on quantifying the effect of an-
tenna deployment and environmental modifications (such as artificial reflectors) on
indoor wireless system performance. This chapter describes details of experiments
(such as office geometry, reflection coefficients of building materials, modelling of
clutter and antenna details) that have been adopted in this research. Section § 5.2
describes the environmental modelling. Section § 5.3 considers the antenna con-
figurations and Section § 5.4 presents an overview of the research. Section § 5.4
summarises the chapter.

5.2 Environmental Modelling

As discussed in Section § 2.3, the increased propagation and penetration losses at
millimetre wave frequencies make these frequencies suitable for small indoor envi-
ronments (such as single room offices). Owing to the site-specific nature of indoor
propagation, the structure of rooms and location of objects can significantly affect
system performance [7, pp. 227-229]. In addition, the contribution of diffracted field
is insignificant at millimetre wave frequencies [28] and regions of significant geomet-
rical shadow can be expected, which may increase the influence of the objects at
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these frequencies due to shadowing. A systematic study that gradually increases the
clutter level is appropriate to (i) investigate the effect of objects within the indoor
environment and (ii) identify the shadow regions.

Office rooms generally contain furniture such as tables, chairs, filing cabinets, book-
shelves, etc. Multiple persons may also be present within the office environment.
The locations and orientations of this clutter may generally vary. Therefore, a hypo-
thetical single room office environment with a varying level of clutter is considered
in this investigation. The room volume is x × y × z = 3.5 m × 3.5 m × 2.8 m with
carpeted floor and walls and ceiling constructed of drywall1. As shown in Fig. 5.1, ta-
bles, bookshelf, filing cabinet and persons are introduced sequentially to increase the
level of clutter. The table is assumed to have a height of 0.7 m and is modelled as a
reflecting plane with the same reflection coefficient as the drywall2. The bookshelf is
modelled as an absorbing rectangular block with a volume of 0.4 m× 3.5 m× 1.9 m.
The filing cabinet is modelled as a rectangular perfect electric conductor (PEC)
block with a volume 0.6 m × 0.6 m × 1.5 m. Persons are assumed to be sitting
near the table and are modelled as absorbing rectangular blocks with a volume of
0.35 m × 0.35 m × 1.2 m. The transmitting antenna is located at points 1 to 6 as
shown in Fig. 5.1 and will be discussed in Section § 5.4. Based on the level of clutter
within each office room, office configurations OC2 and OC3 are considered as lightly
cluttered environments and OC4 and OC5 are considered as moderately cluttered
environments. OC6 is considered as a heavily cluttered environment.

5.2.1 Reflection Coefficient of Building Materials

The method of calculating the reflected power from a planar surface has been dis-
cussed in Section § 3.2. The magnitude of the reflection coefficients are considered
to be ±1 for parallel and perpendicular polarisations, as the reflecting surface is as-
sumed to be a PEC. However, building materials typically have reflection coefficient
of |Γ| < 1 depending on their dielectric properties.

The reflection coefficient of a given material depends on the dielectric permittivity
of the material and the angle of incidence (φ′) of the incident wave . For an infinite

1Drywall is flat panel used in building construction for surfaces such as walls and ceilings, and is
made of gypsum.

2The same reflection coefficient as for a drywall is assumed for a table as tables are typically
made of wood with a relative permitivity ε ranging from 1.4 to 2.9.
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Figure 5.1: Geometry of Office Configurations OC1 to OC6 (colours used to de-
note objects: yellow→table, blue→metal filing cabinet, green→bookshelf and
red→person).
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for drywall with relative permittivity εr = 2.13.

dielectric slab having an absolute permittivity of ε (F/m), reflection coefficients
corresponding to the parallel and perpendicular polarised reflected components can
be expressed as

Γ⊥ =
cos ξ −

√
ε− sin2 ξ

cos ξ +
√
ε− sin2 ξ

(5.1)

Γ‖ =
ε cos ξ −

√
ε− sin2 ξ

ε cos ξ +
√
ε− sin2 ξ

(5.2)

where ξ =
(
π
2 − φ

′
)
.

A number of researchers have analysed the variation of the reflection coefficient of
building materials (such as drywall partitions, brick wall, carpeted floor, etc.) with
respect to the angle of incidence [116, 117, 118]. As an example, Fig. 5.2 plots the
magnitude of parallel and perpendicular reflection coefficients |Γ| for drywall with
a relative permittivity of εr = 2.13 using (5.1) and (5.2). The magnitude of parallel
reflection coefficient

∣∣∣Γ‖∣∣∣ decreases to zero when the angle of incidence is close to
φ′ = 65◦. This angle is called Brewster’s angle [119, pp. 370-373] and is the angle
at which the wave is completely transmitted through the dielectric material without
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any reflection. The perpendicular reflection coefficient magnitude |Γ⊥| increases
gradually as the angle of incidence increases. At grazing incidence, the magnitude
of both Γ‖ and Γ⊥ is 1.

A number of researchers have measured the reflection coefficient of building ma-
terials [117, 118] and the measurements for a single layer structure shows good
agreement with the theoretical model. The reflection coefficient calculation of a
multi-layer structure is different from that of a single layer structure [120]. The
internal structure of a complex wall may also have an influence on the reflection co-
efficient [121]. Given that the penetration loss is high at millimetre wave frequencies
[29], the effect of the internal structure of walls/ceilings on the reflection coefficient
is not considered in this research.

5.3 Antenna Configurations and Characteristics

As discussed in Section § 2.3, antenna selection and deployment are important in
determining system performance. In this research, both horn and patch antennas
are used for investigation in order to understand the influence of beamwidth and
antenna gain on system performance.

There are several types of horn antennas; horns with square, rectangular or circu-
lar apertures, sectoral horns, corrugated horns, ridged waveguide horns, etc [122,
pp. 336-347]. A rectangular horn antenna is used in this investigation and can be
designed to provide a given beam-width or for a particular gain. The gain of a
rectangular horn antenna Gh is related to its dimensions and the wavelength by

Gh = 4πηAHW
λ2 (5.3)

where ηA is the aperture efficiency (0 < ηA < 1), H (m) is the height of the aperture
in the E-plane, W (m) is the width of the aperture in H-plane and λ (m) is the
wavelength.

The beamwidth of an antenna depends on its aperture area. As the aperture area
decreases, the beam becomes narrow and the gain of the antenna increases. In this
investigation, the dimensions of the horn antenna at Ka-band (26.5–40 GHz) are
adopted from [123] for the investigation at 28 GHz. The geometry and dimensions
of the horn antenna are shown in Fig. 5.3. The horn feed has the standard inner

65



Chapter 5 Research Overview

t

o
24

H

W L

b
a

L 1 L 2

Aperture dimensions (W ×H × L1) = 27.94 mm× 21.84 mm× 39.34 mm
Waveguide dimensions (a× b× L2) = 7.112 mm× 3.556 mm× 14 mm
Antenna wall thickness t = 1.27 mm

Figure 5.3: Geometry and dimensions of the horn antenna for 28 GHz.

dimensions of a Ka-bandWaveguide WR-28 (7.112 mm×3.556 mm) and the aperture
angle is 24◦. The radiation patterns of the horn antenna on the E-plane3 and H-
plane4 are shown in Fig. 5.4 (a) and (b) respectively. The antenna has a 3 dB
beamwidth of 26.3◦ in the E-plane and 27.1◦ in the H-plane and a gain of 16.6 dB
in the direction of maximum radiation. A microstrip patch antenna has also been
used in this investigation to analyse the effect of wide beam antennas on system
performance. A patch antenna is a printed metal patch on a dielectric substrate
with a metal ground patch on the other side of the substrate. Several shapes such
as squares, rectangles, circles, rings, etc. can be used for patches. The dimensions
of the patch element L (m) and W (m) can be obtained from the equations for a
transmission line [124, pp. 9-19].

The radiation from a patch antenna is affected by the thickness and dielectric per-
mittivity of the substrate. There may not be any radiation from a patch on an
electrically thick substrate [125, pp. 9-61]. The fundamental mode of a microstrip
patch antenna is TM10. However, as the frequency increases, the antenna perfor-
mance is affected by the presence of higher-order modes such as TM01, TM11, TM21,
etc. All these factors have significant importance in designing patch antennas.

3The E-plane is the plane containing the E-field vector and the direction of propagation.
4H-plane is plane the H-field vector and the direction of propagation..

66



5.3 Antenna Configurations and Characteristics

-180 -150 -120 -90 -60 -30 0   30  60  90  120 150 180 

-40

-30

-20

-10

0

10

20

θ
o

G
ai

n
 (

d
B

)

(a)

-180 -150 -120 -90 -60 -30 0   30  60  90  120 150 180 

-40

-30

-20

-10

0

10

20

θ
o

G
ai

n
 (

d
B

)

(b)

Figure 5.4: Two-dimensional radiation patterns of the horn antenna at 28 GHz on
the (a) E-plane and (b) H-plane.

A number of feeding techniques such as microstrip line feed, coaxial probe feed,
proximity coupled feed, aperture coupled feed, etc. can be used to excite the patch.
Coaxial probe feed is commonly used because it can be connected to the desired
location on the patch element to match the input impedance [124, pp. 14-16].
A coaxial probe fed rectangular patch antenna is used in this investigation. The
antenna structure and dimensions for 28 GHz are given in Fig. 5.5. and the radiation
patterns in the E- and H-planes are shown in Fig. 5.6(a) and (b) respectively. The
antenna has a 3 dB beamwidth of 69.4◦ in the E-plane and 73.3◦ in the H-plane.
The gain along the main lobe direction is 8.48 dB.

The antennas illustrated in Fig. 5.3 and Fig. 5.5 have modelled using CST Microwave
Studio®, and the return losses and the radiation patterns have been obtained. The
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Substrate Teflon (PTFE) lossless (εr = 2.1)
Substrate dimensions (Ws × Ls × ts) = 14 mm× 12 mm× 0.2 mm
Patch dimensions (Wp × Lp) = 4.06 mm× 3.38 mm
Feed location x = 1.07 mm

Figure 5.5: Patch antenna geometry and dimensions for 28 GHz.

return loss of an antenna gives a measure of the ratio of the signal reflected back
to the feed at the antenna input to the signal fed. The return loss of the patch
antenna designed for 28 GHz is shown in Fig. 5.7. It can be seen from the plot that
the return loss at 28 GHz is less than −35 dB, which indicates that the antenna
resonates at 28 GHz and efficiently radiates at this frequency.

As discussed in Section § 2.4, the cost analysis is conducted at both 28 and 60 GHz.
Instead of separately designing both horn and patch antennas at 60 GHz, the anten-
nas dimensions for 28 GHz are scaled by a factor of 28/60 to obtain the dimensions
of the antennas at 60 GHz. As the scaling of dimensions is carried out, exactly
the same radiation patterns and return losses of both horn and patch antennas at
28 GHz are retained at 60 GHz. Since the radiation pattern is the same at both
28 and 60 GHz, the effect of the radiation pattern in the cost calculation at both
frequencies is the same, which is desirable when considering the dependency of cost
C on frequency.
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Figure 5.6: Two-dimensional radiation patterns of the patch antenna at 28 GHz in
the (a) E-plane and (b) H-plane.

5.4 Research Overview

As discussed in Section § 2.4, the research is divided into three phases. Phase I
considers the development of a propagation model to predict the received power
and introduces a cost function to quantify performance. The prediction of received
signal strength using the GO/UTD model has been described in Chapter 3, and
the cost function in Chapter 4. In Phase II of the research, system performance for
indoor office environments with single antenna deployments is investigated, and in
Phase III, the performance enhancement using multiple antennas and environmental
modifications is investigated. As described in Section § 5.2 the investigation is based
on a quantitative estimate of shadowing and is conducted in a single room office
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environment with varying level of clutter. The radiation patterns of both horn and
patch antennas obtained using CST Microwave Studio® have been integrated into
the GO/UTD model. To calculate the received power, reflections up to second-
order are considered. The angle of departure of each ray from the transmitting
antenna is calculated and the angle of departure gain of the antenna is added to the
particular ray component. The angle of incidence at each reflection is also calculated
to incorporate the reflection coefficient variation into the received power prediction.

In order to explore the variation of cost C with respect to the transmitted power
Pt (dBW), the variation of C is plotted for each deployment against the difference
between transmitted power and a coverage threshold Pth (dBW). This difference is
designated as ∆P (dB). To calculate cost C given in 4.11, the received power in
the three-dimensional office space for a step size of 3 cm× 3 cm× 3 cm is calculated
in volume with a weight W > 0 and the points with p(u, v, w) = 1 (points with
Pr < Pth) are obtained. By varying Pth from −∞ to +∞, the cost C is plotted with
respect to ∆P (dB).

As described in Chapter 4, from a system planners point of view, the deployment
that provides the minimum cost (maximum coverage) at the minimum transmitted
power is the most suitable one. The cost is analysed for each office environment
to identify the most suitable deployment. Shadow regions are also examined by
analysing the non-zero irreducible cost floor at ∆P →∞. The irreducible non-zero
cost floor at ∆P → ∞ indicates that there is a shadow region(s) within the office
room. Shadow regions can affect system performance as these regions cannot be
illuminated by increasing the transmitted power, and may result in outages and
degrade the overall system performance.

5.4.1 Single Antenna Deployment

Transmitting antenna Locations 1 to 6 are shown in Fig. 5.1 in which 1 to 5 are
on the ceiling. Both horn and patch antenna are considered in these locations.
Location 6 is on the wall near to the table and is assumed to be suitable for a
short-range wide-beam antenna that can provide coverage within the volume above
the table. Therefore, only the patch antenna is considered at 6. The antenna fixed
at 1 is pointing in the −z direction and the antennas fixed at 2 to 5 are pointing
to the opposite corner of the room at half of the room height. The antenna at 6 is
oriented in the x-direction. The analysis for a single antenna deployment is carried
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Figure 5.7: Return loss S11(dB) of the patch antenna designed for 28 GHz.

out to identify the most suitable deployment and to investigate if a single antenna
deployment is sufficient to provide coverage in volume with weight W > 0 within
the indoor environments. With this objective in mind, the investigation is started in
an empty office room and extended to a heavily cluttered environment by increasing
the clutter gradually.

5.4.2 Multiple Antenna Deployment

Following the investigation of a single antenna deployment, the potential of mul-
tiple antennas deployments to improve system performance is analysed. For the
investigation using multiple antennas, all permutations of two and three antennas
at Locations 1 to 5 are considered in the analysis. Two antenna deployments and
three antenna deployments are analysed to understand the improvement in cost C
compared with that of the most suitable single antenna deployment and to identify
the most suitable two and three antenna deployments for moderately and heavily
cluttered environments. The overall reduction in the cost C and the improvement
in coverage in the shadow regions are also considered.

5.4.3 Environmental Modifications

The performance enhancement achieved using environmental modifications are in-
vestigated as the final stage of this research. Environmental modifications in-
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volve the deployment of artificial planar and non-planar reflectors and reflectarrays.
Non-planar reflectors include spherical reflectors and the hemisphere array reflector
(HAR) which is an array of low profile hemispheres on a planar surface. As illus-
trated in Section § 2.3.3, artificial reflectors can introduce additional ray paths and
thus improve coverage in non-line-of-sight regions.

Planar reflectors can be fixed wall/ceiling aligned (parallel to the wall/ceiling) or
slanting at an angle. The placement of a wall/ceiling aligned reflector is similar to
increasing the reflection coefficient of the wall/ceiling. Therefore, an investigation
is carried out to understand the influence of the reflection coefficient of building
materials on system performance. Following this, the spherical reflector deployment
is analysed as it has the ability to reflect the incident field at a much wider region
than a planar surface. However, owing to the spreading of the reflected field, the
field amplitude from a spherical surface is a function of its radius of curvature [96].
The reduction in cost C for a single large spherical reflector deployment is analysed
first. An investigation to identify the suitable location for a reflector inside the
room is carried out and the performance enhancement of using a Hemisphere Array
Reflector (HAR) is also investigated. As the final stage of the research, the potential
of reflectarray is studied as it has the potential to emulate phase front transformation
of a shaped reflector [93, 126].

5.5 Summary

This chapter has presented an overview of the research and considerations adopted
for the experimental study. The geometry of single room office environments con-
sidered for the investigation and the reflection coefficients of building materials have
been discussed. The antennas used for the investigation have also been described.
Finally, a brief description of the research has been presented and will be described
in detail in Chapters 6, 7 and 8.
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6 Performance Study using Single
Antenna Deployment

6.1 Introduction

In Chapter 5, the office geometries and experimental details adopted for the in-
vestigations were discussed. An overview of the research using a single antenna,
multiple antennas and environmental modifications was presented. As diffraction is
insignificant at millimetre wave frequencies, the shadow regions may not receive the
required signal strength to ensure adequate system performance. To quantify the
effect of shadow regions within an indoor environment, an analysis is necessary, in
which the level of clutter is systematically increased.

As described in Chapter 2, the research is divided into three phases. This chap-
ter presents an investigation of single antenna deployments in order to understand
system performance in office environments with varying levels of clutter level. The
most suitable deployment for each office configuration is identified and the volume of
shadow regions is investigated in order to analyse system performance. Section § 6.2
gives an overview of the investigation using a single antenna deployment and pro-
vides an overview of the experiments conducted. Section § 6.3 describes the cost
analysis in Office Configurations OC1 to OC6 and identifies the most suitable de-
ployments for those office rooms. The irreducible cost floor at ∆P → ∞ is also
analysed to quantify the shadow volume fraction for each deployment and Section
§ 6.4 summarises the chapter.

6.2 Overview of the Investigation

As discussed in Section § 4.6, the cost C is used to quantify the performance. Ini-
tially, the cost C of the different deployments in OC1 to OC6 are analysed at 28 GHz
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Office
Geometry

Transmitting antenna locations

1 2 3 4 5 6
h p h p h p h p h p p

OC1 X X X X – – – – – – X

OC2 X X X X X X X X X X X

OC3 X X X X X X X X X X X

OC4 X X X X X X X X X X X

OC5 X X X X X X X X X X X

OC6 X X X X X X X X X X X
Table 6.1: Overview of the experiments conducted in single room office environ-
ments (h – Horn antenna, p – Patch antenna).

using both horn and patch antennas at Locations 1 to 5 and with just patch antenna
at Location 6. The antenna deployments at Locations 1, 2 and 6 are only analysed
for OC1 as the Locations 3, 4 and 5 are symmetrical to the Location 2. These
various permutations are given in Table. 6.1.

6.3 Cost Analysis

As discussed in Section § 5.4, the cost C is plotted against ∆P (dB), which is the dif-
ference between the transmitted power Pt (dBW) and the coverage threshold power
Pth (dBW). The cost C is maximum at ∆P = 0 and decreases as ∆P increases.
The maximum value of cost C depends on the category weighting of the given office
room. Only two category weights are considered in this investigation: Category A
with a weight ofW = 1 and Category C with a weight ofW = 0. The volume within
the objects belonging to Category C and are not considered in any of the cost cal-
culations as these volumes need not be covered. The category weight corresponding
to the Office Configurations is shown along with the geometry in Figs. 6.1, 6.4, 6.7
and 6.7.
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(a) Office geometry (b) Category weighting

Figure 6.1: Empty office room OC1; Shaded volume is weighted with a category
weight of W = 0 and the rest of volume is weighted with W = 1.

6.3.1 Empty Office Environment

An investigation in an empty office room is presented in order to understand how
the cost C varies with respect to ∆P . There is no shadow region in an empty
room and therefore the minimum value of cost is expected to be C = 0. Fig. 6.1(a)
shows the room geometry with antenna locations for Office Configuration OC1. The
room dimensions are 3.5 m× 3.5 m× 2.8 m. As discussed in Section § 5.2, the room
is with carpeted floor and walls and ceiling constructed of drywall. There are six
transmitting antenna locations considered here which are numbered from 1 to 6.
Locations 1 to 5 are on the ceiling and Location 6 is on the wall. Since Locations
2 to 5 are symmetrical, only Locations 1, 2 and 6 have been considered. Fig. 6.1(b)
shows the category weight assignment for OC1. The volume above 2 m is assigned
a weight of W = 0, wheres the rest of the volume assumes a weight of W = 1.

As explained in Chapter 4, the minimum value of cost C is determined by the
volume of shadow region present inside the office room. If there is no shadow region
within the indoor volume with a weight W > 0, the cost C decreases to zero as ∆P
increases. Based on the amount of shadow volume within the indoor environment, a
non-zero irreducible cost floor at ∆P →∞ indicates that there is a shadow region(s)
within the indoor environment.

Fig. 6.2 shows the variation in cost C versus ∆P for OC1. It can be observed that
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Figure 6.2: Variation in cost C vs ∆P for OC1 (empty office environment).

the maximum value of cost C = 1 and the minimum value of cost C = 0. Cost
C = 1 indicates that no volume having weight W > 0 is covered, whereas C = 0
indicates that all the volume with W > 0 is covered .

Practically, the deployment that simultaneously minimizes both C and ∆P is of
interest because it identifies the deployment that has the maximum coverage at the
minimum transmitted power Pt. However, generally, it is not possible to uniquely
minimize C and ∆P simultaneously as they are two independent variables. There-
fore, the criterion for choosing the minimum values of C and ∆P becomes somewhat
subjective. As the minimum value of cost C is zero in this case, it is easy to identify
the deployment that has the minimum value of C at the minimum value of ∆P .
But, if a non-zero irreducible cost floor exists at ∆P →∞, it is not easy to identify
the most suitable deployment. Therefore, a heuristic approach is adopted to de-
fine the criterion for identifying the most suitable deployment. A minimum cost of
C < 0.05 is deemed as an acceptable cost floor for a suitable deployment. However,
the deployment that achieves a cost C < 0.05 at a higher value of ∆P compared to
the other deployments cannot be considered to have acceptable performance. The
most suitable deployment is identified here such that it has the minimum ∆P at
which the magnitude of the slope of cost C is less than 0.05/dB and the cost C at
this ∆P is the minimum of all deployments. This criterion is marked by the yellow
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Figure 6.3: Variation in cost C vs ∆P for OC1 at 28 and 60 GHz.

marker M in the cost curve plots for single antenna deployments for OC1 to OC6
shown in Figs. 6.2, 6.5, 6.6, 6.8, 6.9 and 6.12.

From Fig. 6.2, the most suitable deployment for OC1 is a patch antenna at the corner
of the ceiling1 (OC1|p2). The cost variations versus ∆P for patch antennas at all
corner locations of the ceiling are same, as these locations are symmetrical. Although
patch antennas in ceiling-corner locations are the most suitable deployments for an
empty room, cost C of patch antennas at Location 1 and 6 (OC1|p1 and OC1|p6)
also decrease to 0 when ∆P is around 2 dB greater than that of OC1|p2. Those
deployments may also be considered as acceptable deployments. Horn antenna de-
ployments do not provide the minimum cost at the minimum transmitted power. It
can be observed from Fig. 6.2 that horn antenna deployments have poor performance
than patch antenna deployments as the ∆P has to be increased by15 dB to achieve
cost C = 0 for a horn antenna deployment compared with the patch antenna at the
same location.

A cost analysis at 60 GHz in an empty office room was also conducted in order to
analyse the change in cost C with frequency. As mentioned in Section § 5.3, the

1Here, OCi|A, OCi|B and OCi|C denote volume fractions in Office Configuration i with a category
weight W = 1, W = 0.5 and W = 0 respectively, whereas OCi|pj and OCi|hj denote patch
and horn antenna deployments at Location j respectively in Office Configuration i.
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(a) Office geometry of OC2 (b) Category weighting for OC2
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Figure 6.4: Lightly cluttered Office Configuration OC2 and OC3: Colours in (a)
and (c) are used to denote objects (yellow→table, blue→metal filing cabinet,
green→bookshelf and red→person); the shaded volume in (b) and (d) has a cat-
egory weight of W = 0, while the rest of volume is weighted W = 1.
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Figure 6.5: Variation in cost C vs ∆P for OC2.

radiation patterns of the antennas at 28 and 60 GHz are the same, because the
60 GHz antenna is just a scaled version of the 28 GHz antenna. So the change
in cost C at these two frequencies depends only on frequency. Fig. 6.3 shows the
cost variations versus ∆P for the empty office room at 28 and 60 GHz. It should
be noted that the shapes of the cost curves at these two frequencies are exactly
the same, except that there is a right shift along the ∆P axis for 60 GHz. This
indicates that the most suitable deployment at different frequencies based on the
cost calculated using the GO/UTD model remains the same.

6.3.2 Lightly Cluttered Office Environments

As described in Chapter 5, the Office Configuration OC2 has only a table inside and
in OC3 a person is sitting near the table; these configurations are considered to be
lightly cluttered environments. Fig. 6.4(a) and (c) show the geometries of OC2 and
OC3 and Fig. 6.4(b) and (d) show the corresponding category weight assignments.
The volume for z > 2 m, the volume under the table for 0m ≤ x ≤ 0.7 m and
2m ≤ y ≤ 3.5 m and the volume inside all solid objects are considered to be in
Category C with weight W = 0.
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Figure 6.6: Variation in cost C vs ∆P for OC3.

The variation of cost C versus ∆P for OC2 and OC3 are shown in Figs. 6.5 and 6.6
respectively, and it can be noted that cost C corresponding to the patch antenna
deployments decreases to zero at a lower value of ∆P compared with that of horn
antenna deployments. In OC2 and OC3, the minimum value of cost C = 0 indicates
that there are no shadow regions within the office room. The most suitable deploy-
ments in OC2 and OC3 are OC2|p2 and OC3|p3 respectively. These deployments
have the minimum cost at the lowest value of ∆P for all deployments.

In office configuration OC2, when the most suitable deployments are considered, the
cost C reduces less than 0.05 at a ∆P ' 68 dB. However there is a non-zero value of
cost for ∆P ≤ 80 dB. This is most likely caused by to the shadowing of the person
sitting near the table and can be observed from the cost curves variations of OC2|p2
and OC3|p3 in Figs. 6.5 and 6.6 for 68 dB ≤ ∆P ≤ 82 dB. Although the volume
fraction corresponding to this shadow region is small, it should be noted that human
shadowing may affect system performance even in a lightly cluttered environment.

The deployment OC2|p3 also provides performance similar to OC2|p2. OC3|p2
provides performance similar to OC3|p3 in OC3, except for the higher value of
the cost floor for 68 dB ≤ ∆P ≤ 87 dB. This shows that the shadow volume is
larger for the deployment OC3|p2 compared with that for OC3|p3. The variation
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Figure 6.7: Moderately cluttered Office Configurations OC4 and OC5: Colours in
(a) and (c) are used to denote objects (yellow→table, blue→metal filing cabinet,
green→bookshelf and red→person);n the shaded volume in (b) and (d) has a
category weight of W = 0, while the rest of volume is weighted W = 1.

81



Chapter 6 Performance Study using Single Antenna Deployment

40 45 50 55 60 65 70 75 80 85 90 95 100

0  

0.2

0.4

0.6

0.8

1  

3

1

6

4
2

5

ΔP (dB)

C

M

OC4|h1
OC4|h2

OC4|h3

OC4|h4

OC4|h5

OC4|p6

OC4|p1
OC4|p2

OC4|p3

OC4|p4

OC4|p5

Figure 6.8: Variation in cost C vs ∆P for OC4.

of cost C versus ∆P corresponding to OC3|p5 has a higher value of cost floor
for 68 dB ≤ ∆P ≤ 87 dB compared with that of OC3|p2. The patch antenna
deployment at the centre of the ceiling (OC3|p1) decreases to the minimum cost floor
at a ∆P = 71 dB, which is 3 dB greater than that of OC3|p3. The patch antenna
deployments on the wall in both lightly cluttered office environments OC2|p6 and
OC3|p6 is not suitable deployments as they require a ∆P ' 12 dB for the cost
to decrease C < 0.05. This indicates that approximately 12 dB more transmitted
power is required for these deployments to provide the same coverage as the most
suitable deployment. This is because of the shadowing by the table in OC2 and the
shadowing by the table and person in OC3.

It should be noted that the cost C decreases to zero as ∆P → ∞, which indicates
that there is no shadow regions within an indoor environment. The performance
of patch antenna is better than horn antenna at all locations. However, a patch
antenna at Location 6 is not a suitable deployment as it needs higher ∆P to achieve
a the minimum cost compared to that of the most suitable deployment. These
observations suggest that ceiling-corner locations are the best for a lightly cluttered
environment.
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Figure 6.9: Variation in cost C vs ∆P for OC5.

6.3.3 Moderately Cluttered Office Environment

Generally, Office Environments have bookshelves and filing cabinets; one of each is
considered in this study to increase the level of clutter. The Office Configuration
OC4 has a bookshelf in addition to the objects in OC3, and OC5 has a bookshelf and
a filing cabinet also. These environments are considered to be moderately cluttered.
Fig. 6.7(a) and (c) show the office geometries and Fig. 6.7(b) and (d) show the cate-
gory weight assignments of OC4 and OC5 respectively. The volume for z > 2 m, the
volume under the table for 0m ≤ x ≤ 0.7 m and 2m ≤ y ≤ 3.5 m and the volume
inside all solid objects are considered to be in Category C with weight W = 0.

The variations of cost C versus ∆P corresponding to OC4 and OC5 are shown in
Figs. 6.8 and 6.9. For both configurations, it can be noted from the cost curves
that the volume of the shadow regions has increased compared to OC3, owing to
the introduction of the additional objects. This can be seen from the increase in
the cost for 68 dB ≤ ∆P ≤ 87 dB for OC4 and OC5. As in OC2 and OC3, horn
antenna deployments are not suitable in office environments OC4 and OC5.

In OC4, the most suitable deployment is the patch antenna at Location 5 (OC4|p5).
The minimum value of cost C for OC4|p5 is also zero, which indicates that there is
no shadow region in OC4. The cost C for the deployment OC4|p1 starts decreasing
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Figure 6.10: Heavily cluttered office environment OC6: Colours in (a) and
(c) are used to denote objects (yellow→table, blue→metal filing cabinet,
green→bookshelf and red→person) and shaded volume in (b) and (d) is with
a category weight of W = 0 and the rest of volume is weighted with W = 1.

from C = 1 at a lower value of ∆P compared with that of OC4|p5. However, the
negative slope of the cost curve for OC4|p1 is less compared with that of OC4|p5.
Owing to this, the patch antenna deployment OC4|p1 requires a ∆P ' 2 dB more
for the negative slope of the cost curve to decrease less than 0.05 /dB compared
with that of OC4|p5. Although OC4|p4 has a cost variation similar to OC4|p5 for
∆P ≤ 68 dB, the cost C for 68 dB ≤ ∆P ≤ 86 dB is more than that of OC4|p5.
This indicates that the volume of the shadow region for OC4|p4 is larger than that
of OC4|p5. The deployments OC4|p2 and OC4|p3 are not suitable as they require
a higher ∆P for the cost to decrease C < 0.05 compared with that of OC4|p5. This
is due to the shadowing of the bookshelf as Locations 2 and 3 are directly above
the bookshelf. From this observation, it is important to note that the movement of
furniture may severely degrade the overall system performance at millimetre wave
frequencies.

In OC5, the most suitable deployment is the patch antenna at the centre of the ceiling
OC5|p1. This deployment provides better performance in lightly and moderately
cluttered environments. The performance of the patch antenna on the wall, OC5|p6,
is considerably degraded by the shadowing. It can be observed from the variation
of cost C versus ∆P for 68 dB ≤ ∆P ≤ 86 dB that the cost C is more for OC5
compared with that of OC6. This is caused by the shadowing of the additional
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Figure 6.11: Variation in cost C vs ∆P for OC6 considering direct rays only.

objects included and it is important to note that the shadowing in a moderately
cluttered environment can be considerable at millimetre wave frequencies.

6.3.4 Heavily Cluttered Office Environment

In order to analyse the performance of single antenna deployments in a heavily
cluttered office room, the clutter level of the moderately cluttered room OC5 is
increased further by introducing an additional table and three persons sitting around
it. Office configuration OC6 is considered a heavily cluttered environment. Room
geometry and category weight assignments of OC6 are shown in Fig. 6.10(a) and (b)
respectively. Similar to the other geometries, the volumes inside all solid objects are
assigned a category weight ofW = 0. The volume for z > 2 m, the volume under the
table near the corner for 0m ≤ x ≤ 0.7 m and 2m ≤ y ≤ 3.5 m, the volume under
the additional table for 1.3m ≤ x ≤ 2.2 m and 0.8m ≤ y ≤ 1.7 m and the volume
inside all solid objects are considered to be in Category C with weight W = 0.

The cost C calculated by considering only direct rays is shown in Fig. 6.11. It can be
seen from Fig. 6.11 that there is a non-zero irreducible cost floor at ∆P →∞ if only
the direct rays are considered. The patch antenna located on the wall (OC6|p6) has
the highest non-zero value of cost floor at ∆P → ∞. It can be observed from the
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Figure 6.12: Variation in cost C vs ∆P for OC6.

variation of cost C versus ∆P that the lowest amount of shadow volume is for the
ceiling-centre location in OC6 OC6|p1.

The cost C calculated by considering both direct and reflected rays is shown in
Fig. 6.12. The most suitable deployment in the heavily cluttered environment is
OC6|p1. It can be observed from the figure that, the value of ∆P ' 68 dB cor-
responding to the marker M, which is based on the criterion for the most suitable
deployment. Although the cost C is greater than 0.05 at this ∆P , OC6|p1 has the
lowest cost of all deployments. Costs for all other deployments decrease to C < 0.05
at a much higher value of ∆P compared to OC6|p1. Therefore, the performance of
those antenna deployments are poor compared with the performance of OC6|p1 for
68 dB ≤ ∆P ≤ 100 dB.

It can be noted from the Fig. 6.12 that the minimum value of cost for OC6|p1 is
not zero. A non-zero irreducible cost floor at ∆P → ∞ exists for all deployments
for OC6. Shadow regions inside the heavily cluttered office room OC6 for the most
suitable deployment OC6|p1 are shown Fig. 6.13. Only the shadow locations in the
volume with a weight W = 1 are shown in this figure. This indicates that a single
antenna deployment is not sufficient to remove shadow regions within a heavily
cluttered indoor environment. It must be noted that the shadow regions created by
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a patch antenna or a horn antenna at the same location are the same. However, a
horn antenna deployment requires a higher transmitted power to obtain the same
coverage as the patch antenna at the same location. It can be observed from the
figure that the shadow regions are near the sitting persons, which suggests that
there is significant shadowing due to persons within the indoor environment. These
shadow regions are of greater significance as it is very likely that operating user
devices will be located in these regions.

6.4 Summary

This chapter discussed the performance analysis of a single antenna deployment in
single room office environments with varying levels of clutter. Six Office Configura-
tions have been considered for the investigation considered, and the most suitable
deployment for each office environment has been identified from the the variation
of cost C versus ∆P . The cost analysis in Office Configurations OC1 to OC6 us-
ing single antenna deployments revealed that there are shadow regions within the
indoor environment. These shadow regions can appreciably affect the overall sys-
tem performance and may cause outages. It has also been identified that the most
suitable deployment in a given scenario may not provide an acceptable level of per-
formance depending on the location of the clutter. These observations suggests
that the antenna deployment must be carefully planned to ensure adequate system
performance. Also, it has been noted that a single antenna deployment is not suf-
ficient to provide coverage in all regions having a weight W > 0 within the indoor
environment. As discussed in Section § 5.4, multiple antennas or artificial reflectors
may be used as a potential solution and the performance enhancement using such
techniques needs to be investigated.
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Figure 6.13: Shadow regions inside OC6 for the most suitable deployment OC6|p1
(the volume with Category weight W = 0 is not considered).
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7 Performance Enhancement using
Multiple Antennas

7.1 Introduction

In Chapter 6, the cost variations for single antenna deployments in a single room
office were investigated and the most suitable deployment identified. These in-
vestigations revealed that there are shadow regions within moderately and heavily
cluttered office environments that significantly affect system performance. In or-
der to improve system performance, potential methods such as deploying multiple
antennas or introducing artificial reflector(s) were suggested.

This chapter explores strategies for the performance enhancement using multiple
antennas. Section § 7.2 presents an overview of the investigation. Section § 7.3
describes a cost analysis using multiple antennas and identifies the most suitable
deployment. Section § 7.4 discusses the overall enhancement in system performance
using multiple antennas compared with the most suitable single antenna deployment
and Section § 7.5 summaries this chapter.

7.2 Overview of the Investigation

The analysis of single antenna deployments presented in Chapter 6 confirmed that
there are significant shadow regions within moderately and heavily cluttered Office
Configurations. To ensure adequate system performance, it is necessary to eliminate
these shadow regions as much as possible. A combination of two or more antennas at
different locations may eliminate or substantially reduce the shadow regions because
one antenna may illuminate another antenna’s shadow regions.
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Combinations of two and three antennas are investigated to assess the performance
enhancement compared with single antenna deployments. The cost of all two and
three antennas deployments for Office Configurations OC5 and OC6 are analysed
and the most suitable deployments identified. Moreover, the reduction in shadow
volume is also analysed from the irreducible cost floor at ∆P →∞.

7.3 Cost Analysis using Multiple Antennas

Shadow regions can be completely eliminated if a sufficiently large number of anten-
nas is used. However, from a system planner’s perspective, adequate performance
must be achieved with minimum expenditure (i.e. minimum number of antennas).
Here multiple antennas at the same locations as single antenna deployments consid-
ered in Chapter 6 are analysed. Configuration OC5 and OC6 are considered here
because they contain substantial shadow volumes when only a single antenna is de-
ployed. The category weightings for OC5 and OC6 are assumed to be the same
as those used for single antenna deployments. Only deployments at Locations 1 to
5 are considered for multiple antennas, because the patch antenna deployment in
Location 6 was found to perform poorly, as described in Section § 6.3. Moreover,
the performance of multiple horn antenna deployments is not considered, because
these antennas performed poorly when compared with patch antennas deployed at
the same location.

7.3.1 Two Antenna Deployments

In two antenna deployments, the costs C corresponding to all combinations of Loca-
tions 1 to 5 with a patch antenna have been analysed. The geometry and category
weighting for the moderately cluttered environment (OC5) in Fig. 6.7(c) and (d) re-
spectively and for the heavily cluttered environment (OC6) are given in Fig. 6.10(a)
and (b) respectively.

The variations in cost C versus ∆P corresponding to two antenna deployments in
OC5 are shown in Fig. 7.1. Two antenna deployments with one at the centre of the
ceiling (Location 1) and other at one of the corners (Locations 2 to 5) are seen to
give similar performance enhancements. However, based on the criterion described
in Section § 6.3 to identify the most suitable deployment, the deployment OC5|p1|p5
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Figure 7.1: Variation in cost C vs ∆P corresponding to two antenna deployments
for OC5.

is found to be the most suitable deployment among the two antenna deployments. It
can be observed that the cost of the two antenna deployments (except OC5|p2|p3)
decreases to C < 0.05 at a ∆P ≥ 3 dB than that of the most suitable two antenna
deployment OC5|p1|p5. But the cost C of the deployment OC5|p2|p3 decreases to
C < 0.05 at a ∆P > 20 dB compared with that of the most suitable two antenna
deployment. This is because Locations 2 and 3 are directly above the bookshelf,
which causes shadowing.

Fig. 7.2 shows the variation in cost C versus ∆P for two antenna deployments in
OC6. It can be noted that there are shadow regions within the heavily cluttered
Office Configuration for two antenna deployments. Similar to OC5, the two antenna
deployment OC6|p2|p3 gives poor performance compared with other deployments.
The most suitable deployment is OC6|p1|p5 in this office environment. Fig. 7.3 shows
a comparison of horn and patch antenna combinations for two antenna deployments.
It can be observed from Fig. 7.3 that the cost C of both OC6|h1|p5 and OC6|p1|h5
starts decreasing from C = 1 at ∆P ' 47 dB and ∆P ' 50 dB respectively,
whereas the cost C of OC6|p1|p5 starts decreasing from C = 1 at ∆P ' 54 dB only.
However, the variation in cost C versus ∆P for both OC6|h1|p5 and OC6|p1|h5
decreases at a slower rate compared with that of OC6|p1|p5. These results suggest
that the combination of a narrow beam antenna with a wide beam antenna may not
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Figure 7.2: Variation in cost C vs ∆P corresponding to two antenna deployments
for OC6.

have the potential to reduce the cost C.

7.3.2 Three Antenna Deployments

Fig. 7.4 shows the variation of cost C versus ∆P corresponding to three antenna
deployments in the moderately cluttered Office Configuration (OC5). It can be ob-
served that the irreducible cost floor at ∆P →∞ for all three antenna deployments
reduces to zero at large ∆P . The most suitable deployment in this environment
is OC5|p1|p4|p5. OC5|p1|p3|p5 and OC5|p1|p2|p5 also have similar performances.
It is important to note that the cost of all three antenna deployments decreases to
C < 0.05 for ∆ ≤ 3 dB compared with that of the most suitable single antenna de-
ployment. This implies that all permutations of three antennas offer an acceptable
minimum performance.

Fig. 7.5 shows the variation in cost C versus ∆P corresponding to three antenna
deployments in the heavily cluttered office room (OC6). It can be seen from the
figure that there is an irreducible cost floor at large ∆P . This result shows that
shadow regions exist within the office environment for three antenna deployments.
However, all three antenna deployments provide acceptable performance. Similar
to OC5, the most suitable three antenna deployment in the heavily cluttered office
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Figure 7.3: Variation in cost C vs ∆P corresponding to the combination of horn
and patch antenna deployments for OC6.

room is OC6|p1|p4|p5.

Tables. 7.1 and 7.2 show the irreducible cost floor at ∆P → ∞ for two and three
antenna deployments in OC5 respectively.It can be observed that there are three
combinations or two antenna deployments, and seven combinations of three antenna
deployments, that have an irreducible cost floor of zero at ∆P →∞, which indicates
that shadow regions within the indoor environment are completely eliminated. This
suggests that two and three antenna deployments have the potential to eliminate all
shadow regions in moderately cluttered environments. But all two and three antenna
deployments in OC6 have an irreducible cost floor C > 0 at ∆P → ∞. Therefore,
it is important to note that heavily cluttered environments are more prone to have
shadow regions, even for multiple antenna deployments.

The investigations using two and three antenna deployments suggests that multiple
antennas are necessary at millimetre wave frequencies in order to provide adequate
system performance [127]. However, two or three antennas may not be sufficient to
eliminate shadow regions completely within a heavily cluttered office room. More-
over, clutter locations significantly affect the millimetre wave indoor system perfor-
mance. Given that clutter locations cannot be assured in real office environments,
the most suitable antenna deployment for a given clutter location may give poor
performance if clutter locations are varied.
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Figure 7.4: Variation in cost C vs ∆P corresponding to three antenna deployments
for OC5.

7.4 System Performance Enhancement

To quantify system performance enhancement, a comparison of the most suitable
single, two and three antenna(s) deployments is presented here. Figs. 7.6 and 7.7
show the variation of cost C versus ∆P for the most suitable single, two and three
antenna(s) deployments in OC5 and OC6 respectively. It can be noted from Fig. 7.6
that the value of ∆P for identifying the most suitable deployment as discussed in
Section § 6.3 is decreased to ∆P ≥ 3 dB compared with that of the most suitable
single antenna deployment. But this decrease is only around 1 dB for the most
suitable three antenna deployment compared with that of the most suitable two
antenna deployment. In OC6, the performance improvements of two and three
antenna deployments are similar to the improvement in OC5. In addition, a further
reduction in the irreducible cost floor at ∆P → ∞ for two and three antenna
deployments in OC6, which can be observed from the variation of cost C versus
∆P in Fig. 7.7 corresponds to ∆P > 66 dB. Although the decrease in ∆P obtained
by introducing a third antenna is only 1 dB, three antenna deployments offer an
acceptable minimum performance for all three antenna combinations considered
here, which is not assured by the two antenna deployments.
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Figure 7.5: Variation in cost C vs ∆P corresponding to three antenna deployments
for OC6.

7.5 Summary

In this chapter, a cost analysis of multiple antenna deployments has been presented
and compared with that of the single antenna deployment. The performance en-
hancements for two and three antenna deployments for the moderately and heavily
cluttered environments have been analysed and the most suitable deployments have
been identified. A heavily cluttered office room is more prone to having shadow
regions, and there is a non-zero irreducible cost floor at ∆P → ∞ that was not
eliminated even by three antennas. Results suggest that multiple antennas are
essential to provide adequate system performance at millimetre wave frequencies.
However, as discussed in Section § 7.3.1, deploying multiple antennas is expensive.
So it is desirable to investigate if passive reflectors can enhance system performance
as such an approach may be a less expensive than multiple antennas.
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Deployment Irreducible cost floor
at ∆P →∞

OC5|p1|p2 0
OC5|p1|p3 0
OC5|p1|p4 > 0
OC5|p1|p5 > 0
OC5|p2|p3 0
OC5|p2|p4 > 0
OC5|p2|p5 > 0
OC5|p3|p4 > 0
OC5|p3|p5 > 0
OC5|p4|p5 > 0

Table 7.1: Non-zero irreducible cost floor at ∆P → ∞ in OC5 for two antenna
deployments.

Deployment Irreducible cost floor
at ∆P →∞

OC5|p1|p2|p3 0
OC5|p1|p2|p4 0
OC5|p1|p2|p5 0
OC5|p1|p3|p4 0
OC5|p1|p3|p5 0
OC5|p1|p4|p5 > 0
OC5|p2|p3|p4 0
OC5|p2|p3|p5 0
OC5|p2|p4|p5 > 0
OC5|p3|p4|p5 > 0

Table 7.2: Non-zero irreducible cost floor at ∆P → ∞ in OC5 for three antenna
deployments.
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Figure 7.6: Variation in cost C vs ∆P corresponding to the most suitable patch
antenna deployments in single, two and three antenna(s) deployments in OC5.
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Figure 7.7: Variation in cost C vs ∆P corresponding to the most suitable patch
antenna deployments in single, two and three antenna(s) deployments in OC6.
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8 Performance Enhancement using
Environmental Modifications

8.1 Introduction

The investigation using single and multiple (two and three) antennas in Chapters 6
and 7 respectively revealed that there can be significant shadow regions in moder-
ately and heavily cluttered environments. Although multiple antennas can reduce
the volume of shadow regions and thereby enhance system performance, such an
approach can be expensive. A passive reflector might be a less expensive solution
compared with multiple antennas. Therefore, it is worth investigating what level of
performance enhancement environmental modifications (such as planar/non-planar
reflectors and reflectarrays) can provide.

Initially, the performance enhancement by reflective building components1 has been
investigated to quantify the level of performance enhancement by a wall/ceiling/floor
aligned planar reflector. Following this, the performance enhancement for non-
planar reflectors (such as spherical reflector, Hemispherical Array Reflector (HAR))
has been investigated. Finally, a study to identify the potential of a reflectarray
to enhance system performance has also been conducted. Section § 8.2 describes
the effect of the reflection coefficient of building components on system performance
and the feasibility of using a wall/ceiling/floor aligned planar reflector to enhance
system performance. Section § 8.3 presents an analysis of cost C using spherical
reflector deployment. Section § 8.4 describes the performance enhancement using
a HAR. Section § 8.5 investigates the potential for using a reflectarray to enhance
system performance and Section § 8.6 summarises the chapter.

1In this context, the building components referred to are walls, ceiling, and floors.
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8.2 Impact of Reflective Building Components

As discussed in Chapter 5, generally, walls and ceiling of an office room are made
of drywall and floor is carpeted. The variation of reflection coefficients of these
building materials with respect to the angle of incidence has already been discussed
in Section § 5.2.1. A cost analysis is carried out here for different values of reflection
coefficients of building components to investigate the effect of building components
on system performance and thereby quantifying the feasibility of a wall/ceiling/floor
aligned planar reflector.

Figs. 8.1 and 8.2 show the variation in cost C versus ∆P for several values of
reflection coefficients (such as |Γ| = 0, 0.5 and 1) assumed for building components
in the empty Office Configuration (OC1). The cost C for the empty office room
with all building components having a reflection coefficient equal to that of drywall
is also plotted in the same figure for comparison. It can be noted from Fig. 8.1 that
as the magnitude of the reflection coefficient is increased from 0 to 1, the minimum
value of ∆P corresponding C = 0 is reduced from approximately 91 dB to 66 dB for
horn antenna deployment, which means that the required ∆P is reduced by 25 dB.
The decrease in the minimum value of ∆P corresponding to C = 0 for the patch
antenna deployment is less compared with that of the horn antenna. There is only
around a 10 dB decrease in this value for a patch antenna deployment, which can be
observed from Fig. 8.2. These results indicate that the reflections from the building
components have a greater impact on system performance for narrow beam antennas
than wide beam antennas.

These observations suggest that the cost C is reduced significantly by increasing the
magnitude of the reflection coefficients. However, such an approach cannot reduce
the volume of shadow regions in moderately and heavily cluttered environments,
as shadow regions can be eliminated only by introducing additional ray paths into
these regions. This implies that wall/floor/ceiling aligned planar reflectors are not
a suitable candidate to illuminate shadow regions [127]. A planar reflector slanting
at an angle on the walls/floor/ceiling may introduce additional rays into shadow
regions. However, both source and shadow regions should be in line of sight with
this reflector and the point of the reflection on the slanting reflector must satisfy
Fermat’s principle (in other words, the angle of incidence must be equal to the
angle of reflection at the point of reflection). Given that a fixed clutter location
cannot be assured in an indoor environment, slanting reflector might not work as
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Figure 8.1: Variation in cost C vs ∆P corresponding to horn antenna deployments
in OC1 for different values of reflection coefficient of the building components.

expected as the location of shadow regions may change when an object is moved.
As a result, the slanting angle may need to be changed according to the movement
of objects which is impracticable. Non-planar reflectors (e.g. spherical reflectors)
may be used as a potential solution to address this problem as curved reflectors are
capable of introducing additional rays if the source and shadow regions are visible
to the reflector. However, as a consequence of the divergence (i.e. spreading) of
the field reflected from a curved surface, the reflected field has a reduced amplitude
compared to a planar reflector [96, pp. 105-147].

8.3 Deployment of a Spherical Reflector

The spherical reflector has been chosen here for investigation as it is a simple case
of an curved reflector. Before investigating the performance for a spherical reflector
deployment, it is essential to formulate the expressions for the reflected field from
a spherical reflector. To obtain these expressions, a general case of an ellipsoidal
reflector, which has three principal radii of curvature a, b and c is considered here.
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Figure 8.2: Variation in cost C vs ∆P corresponding to patch antenna deployments
in OC1 for different values of reflection coefficient of the building components.

The parametric definition of the ellipsoid is given by

R(u, v) = a cos(v) sin(u) ak + b sin(v) sin(u) al + c cos(u) am (8.1)

for 0 < u ≤ π and 0 < v ≤ 2π

where ak, al and am are the unit vectors of the local coordinate system.

According to Fermat’s principle, a ray traverses an extremal path from a source S
to a field point F via a point on the surface R(u, v).

The path length L(u, v) is given by

L(u, v) = |R(u, v)− S|+ |F−R(u, v)| . (8.2)

The minimum value of the function L(u, v) gives the minimum path length and the
corresponding R(u, v) is defined as the point of reflection Qr.

Reflection geometry for an ellipsoidal reflector is depicted in Fig. 8.3. A unit vector
an is normal to the tangent plane on the surface at Qr and ru and rv represent the
first derivative of R(u, v) with respect to u and v respectively.
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Figure 8.3: A geometrical illustration of the reflection from an ellipsoidal reflector.

The reflected field from the ellipsoid can be obtained from the same expression used
to calculate the reflected field from a planar surface in Chapter 3, which is given by

Er(F) = R̄ Ei(Qr)
√

ρr1ρr2
(ρr1 + r)(ρr2 + r) e

−jkr (8.3)

where ρr1 and ρr2 are the principal radii of curvature of the reflected ray tube at Qr

and r is the distance from Qr to the observation point F. Ei(Qr) is the incident
field at Qr. The optical path length and the point of reflection Qr can be calculated
using the source image method [38]. R̄ is the reflection coefficient matrix for a ray
fixed coordinate system as shown in Fig. 3.3.

However, the radii of curvature of the reflected wavefront ρr1 and ρr2 are different
from that of a planar surface and can be obtained from the relationship [128]

1
ρr1,2

= 1
r′

+ 1
cosφ′

[
sin2 θ2

R1
+ sin2 θ1

R2

]
±

√√√√ 1
cos2 φ′

[
sin2 θ2

R1
+ sin2 θ1

R2

]2

− 4
R1R2

(8.4)

where r′ is the radius of curvature of the incident wavefront, φ′ is the angle of
incidence, R1 and R2 are the principal radii of curvature of the surface at Qr, θ1 is

103



Chapter 8 Performance Enhancement using Environmental Modifications

the angle between the unit vector along the direction of the incident ray ar′ and the
tangent vector ru at Qr, and θ2 is the angle between ar′ and the tangent vector rv
at Qr.

The principal radii of curvature R1 and R2 of the surface are related to the principal
curvatures κ1 and κ2 in the ru and rv directions respectively by [129, pp. 5.37-5.39]

κ1 = 1
R1

and κ2=
1
R2

.

The principal curvatures κ1 and κ2 are the roots of the quadratic equation

κ2 − 2κmκ+ κg = 0 (8.5)

where κm and κg are the mean and Gaussian curvatures respectively and are given
by

κm = EN − 2MF + GL
2(EG − F2) and κg=

LN −M2

EG − F2

where E = ru ·ru, F = ru ·rv, G = rv ·rv, L = ruu ·an,M = ruv ·an and N = rvv ·an,

and vectors ruu, ruv and rvv represent second derivatives of R(u, v) with respect to
u and v [96, pp. 133-139, 442-446]. The expressions for the reflected field from a
spherical mirror of radius r can be obtained by considering the principal radii of
curvatures of the ellipsoid a = b = c = r.

8.3.1 Cost Analysis for a Spherical Reflector Deployment

The performance enhancement using a spherical reflector deployment has been in-
vestigated for moderately and heavily cluttered environments. As described in
Section § 7.3.1, OC5|p1|p5 is the most suitable two antenna deployment in OC5
and OC6|p1|p5 is the most suitable two antenna deployment in OC6 (OC5|p1|p3
and OC6|p1|p3 also give similar performances to OC5|p1|p5 and OC6|p1|p5 respec-
tively). A spherical reflector of radius of curvature a = b = c = 1 m is fixed such
that its centre of curvature is at Location 5 by replacing the second antenna in the
most suitable two antenna deployment. The variation in cost C corresponding to
∆P for a patch antenna at Location 1 with a spherical reflector at Location 5 (or 3)
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Figure 8.4: Variation in cost C vs ∆P corresponding to spherical reflector deploy-
ment in OC5.

is denoted as OC5|p1|M5 (or OC5|p1|M3) and is shown in Fig. 8.4. The variation
in cost C for similar deployment in OC6 is shown in Fig. 8.5.

It can be observed from these figures that the cost C is reduced for both office con-
figurations. For OC5, the cost C reduced to C ≤ 0.05 at ∆P ' 66 dB, which is
approximately 2 dB less than that for OC5|p1. A similar reduction in cost C can
be observed in OC6. In addition, the non-zero irreducible cost floor at ∆P → ∞
for OC6 is further reduced compared with OC6|p1 for 68dB ≤ ∆P ' 88 dB, which
indicates that the amount of shadow volume is reduced. This shows that spheri-
cal reflectors have the potential to enhance system performance [127]. However, it
may not be practically viable to deploy a large reflector inside an indoor environ-
ment to enhance the coverage as it bulges out of the building components, which is
undesirable.

8.4 Deployment of a Hemispherical Array Reflector

In order to overcome the size limitation of a single large spherical reflector, an
array of small hemispherical reflectors might be a useful alternative to enhance
the performance. As the size of the hemispherical element reduces, the number of
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Figure 8.5: Variation in cost C vs ∆P corresponding to spherical reflector deploy-
ment in OC6.

hemispherical reflectors that can be accommodated on a given base area increases,
and each hemispherical element may introduce additional rays to shadow regions.
In this context, a Hemispherical Array Reflector (HAR) consists of an array of
hemispherical reflectors tessellated on a planar surface.

As discussed in Section § 8.3, the amplitude of the reflected field decreases as the ra-
dius of the hemispherical reflector reduces. But a minimum reflector area is required
to ensure the incident power is reflected without loss. The minimum area required
for a hemispherical element can be obtained from the radius of the Fresnel zones,
which are the ellipsoidal space around the ray path between the transmitter and
receiver where the energy of the wave is concentrated. A geometrical representation
of the Fresnel zone is depicted in Fig. 8.6. The radius of the first Fresnel zone is
expressed as [130, pp. 53-55]

rn =
√
λd1d2

d1 + d2
for d1, d2 � λ (8.6)

where λ is the wavelength of the transmitted signal and d1 and d2 are the distances
from the centre of the Fresnel circle to the source and the field point respectively.
For direct transmission from a source point S to a field point F, 80% of the first
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Fresnel zone needs to be clear of obstacles to receive the signal without loss [131,
pp. 42-45]. The maximum radius of the first Fresnel zone is the radius of the circle
(which is the cross-section of the ellipsoid normal to the ray travel direction) at half
of the distance from the source to the field point (d1 = d2). However, the shape of
the cross-section of the first Fresnel zone on the reflecting plane that is not normal
to the direction of ray propagation is not a circle but an ellipse [131, pp. 91-93]
having an area more than that of the circle. Therefore, a minimum radius must be
maintained for a hemispherical element to provide reflections without loss. It can
be noted from (8.6) that this radius reduces as frequency increases, which implies
that the HAR becomes more compact at higher frequencies.

8.4.1 Cost Analysis for a HAR Deployment

To analyse the performance enhancement using a HAR, an investigation is carried
out first to identify the maximum base area and the most suitable location for the
reflector on the walls/ceiling. The most suitable location (or area) of a reflector
on the walls/ceiling are the locations that are visible to both the source and all
shadow regions present within the indoor volume having category weight W > 0.
The most suitable location for the reflector on a given wall/ceiling can be obtained
from the intersection of the visible areas on that particular wall/ceiling. A HAR at
this location can potentially introduce additional ray paths to the shadow regions
and can enhance system performance.

The heavily cluttered Office Configuration (OC6) is chosen for the investigation as
there are significant shadow regions within this office environment. Shadow regions
corresponding to the most suitable deployment OC6|p1 in the heavily cluttered
environment are shown in Fig. 8.7. Walls and shadow regions are labeled individually
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Figure 8.7: Shadow regions inside OC6 for the most suitable deployment OC6|p1
(WL1 to WL4 denote walls and SL1 to SL4 denote shadow regions).

in the figure. Initially, an analysis is conducted to obtain the areas on walls WL1
to WL4 and the ceiling which are visible to both the source and shadow regions.
But it is observed from the investigations that there is no area on walls or ceiling
that is visible to all shadow regions. Therefore, shadow regions SR1 to SR4 are
investigated separately to obtain the areas on each wall and ceiling that are visible
to each shadow region. The presence or absence of these visible areas are given in
Table. 8.1. The presence of visible areas corresponding to the source is not given in
the table as there is a visible area present for the source on all walls and the ceiling.
It can be noted that only one of the four shadow regions is visible to walls WL1, WL2
and the ceiling and there is no area on WL4. From the table, it can also be noted
that the maximum number of visible areas is on the wall WL3.
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Figure 8.8: Visible areas (show in green) on the wall WL3 which are visible to (a)
the source (b) shadow region SR1 (c) shadow region SR2 (d) shadow region SR3
(e) shadow region SR4.
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Shadow regions Presence of visible areas on walls/ceiling
WL1 WL2 WL3 WL4 Ceiling

SR1 NIL NIL X NIL NIL

SR2 NIL X NIL NIL NIL

SR3 NIL NIL X NIL NIL

SR4 X NIL X NIL X

Table 8.1: Presence of visible areas on the walls/ceiling that are visible to each
shadow region.

The areas on WL3 is visible to the source is shown in Fig. 8.8(a) and the area is
visible the shadow regions SR1 to SR4 are shown in Fig. 8.8(b) to (e) respectively.
It can be observed that there is a large area on this wall visible to the source. But
the areas that are visible to the shadow regions SR1 and SR4 are smaller than those
areas visible to the source. There is no area visible to the shadow region SR2 and
only a very small area visible to shadow region SR3. The intersection of all these
visible areas gives the most suitable location and area of the reflector on the wall
WL3. When only shadow regions SR1, SR3, and SR4 are considered, there is a very
small intersecting area that is the same as the visible area shown in Fig. 8.8(d) , but
it is not sufficient to place a reflector. Therefore the intersection of areas visible to
the source and shadow regions SR1 and SR4 are considered. This intersecting area
sweeps from 2.5m ≤ x ≤ 3.1m and 0m ≤ z ≤ 0.7m. Hemispherical elements of
10 cm radius (which is more than an approximate maximum Fresnel zone radius
for OC6 with a patch antenna at Location 1 and a HAR at the intersecting area)
are tessellated on the wall from 2.5m ≤ x ≤ 3.1m and 0m ≤ z ≤ 0.8m and the
performance enhancement is analysed.

Fig. 8.9 shows the cost C versus ∆P for the most suitable single antenna deployment,
two antenna deployment and a single antenna with the HAR. It can be observed that
the performance emplacement for the single antenna with the HAR is not as good
as the two antennas deployment. However, the shadow volume is reduced compared
with the most suitable single antenna deployment, which can be observed from the
reduction in cost C for ∆P > 68 dB. This demonstrates that a HAR is a potential
candidate to enhance system performance. HAR has the advantage of having a
geometry that is more compact than a spherical reflector and has the potential to
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Figure 8.9: Variation in cost C vs ∆P corresponding to the patch antenna at
Location 1 with the HAR on Wall 3.

introduce additional ray paths to shadow regions and thereby reduce the cost C.
However, theoretical studies of other geometries and experimental measurements to
validate the performance enhancement are required.

8.5 Reflectarray to Enhance System Performance

Generally, a reflectarray is a planar microstrip patch configuration that is used to
emulate a curved reflector [126, pp. 9-13]. The dimensions of the patch elements
are designed in such a way as to add the required phase to the incident wave in
order to obtain the same reflected wave as from a given curved reflector. The most
commonly used reflectarray configuration is to emulate a parabolic reflector, which
is used to converge rays from a horn antenna located at the focal point of the
parabolic reflector. Fig. 8.10 shows a basic reflectarray configuration in which a feed
horn antenna at the focal point of the parabolic reflector excites the reflectarray.
Each patch element introduces a phase shift to the incident spherical wave such
that the reflected wave is a plane wave.

In this research, a reflectarray configuration is needed to emulate a convex reflector
in order to introduce additional ray paths into shadow regions. Based on the exist-
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Figure 8.10: Basic reflectarray configuration.

ing reflectarray design techniques [126, pp. 9-13], patch elements of a reflectarray
are designed with respect to a feed location to obtain the desired phase front trans-
formation. Therefore, realising a reflectarray to emulate a spherical reflector is not
straightforward as spherical reflector does not have a specific focal point at which
the virtual source image can be formed. A constant focal point assumption is valid
for a spherical reflector only if the curvature of the reflector is small compared to
its radius of curvature [132, p 314-319]. However, a spherical mirror of large curva-
ture is not desirable as additional reflected rays will not be introduced to shadow
regions when the curvature is large. A geometrical construction of the reflection
from a small spherical reflector is depicted in Fig. 8.11. If the radius of curvature is
small, the focal point distance f (m) is not a constant but a function of the angle
of incidence and is given by

f = a− a

cos
(
π
2 − φ′

) (8.7)

where a (m) is the radius of curvature of the spherical reflector and φ′ (rad) is the
incident angle at the point of reflection. Consequently, a spherical reflector cannot
be realised by using the existing reflectarray design techniques that is based on a
fixed feed location [126, pp. 9-13].

Reflectarray realisations for hyperboloidal and ellipsoidal sub-reflectors have been
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Figure 8.11: An illustration of reflection on a spherical mirror.

studied recently [93, 94] and it is demonstrated that a hyperboloidal reflector re-
alisation is possible using both centre- and offset-fed designs. The advantage of
adopting a hyperboloidal reflector realization instead of a spherical reflector is that
a virtual source image location can be assumed at the focal point of the hyperboloid
[133, pp. 28-33] where the feed antenna can be placed. The hyperboloidal reali-
sation using a reflectarray is depicted in Fig. 8.12. Hyperboloidal realisations have
the same advantage of spherical reflectors as the spherical wave originating from the
virtual focal point of the hyperboloidal reflector can introduce additional ray paths
to shadow regions. Therefore, an enhancement similar to a spherical reflector can
be obtained by using a reflectarray. However, as the patch elements are designed
according to the feed location (real focal point), the reflectarray may not be able to
give a desired performance if the feed location is changed or the location or orien-
tation of the reflectarray is changed. Given that a fixed antenna location cannot be
guaranteed in an office room, the reflectarray may not be a practical solution.

8.6 Summary

This chapter has discussed the system performance enhancement using environmen-
tal modifications such as planar reflector, spherical reflector, HAR and reflectarrays.
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Figure 8.12: An illustration of hyperboloidal realisation using a reflectarray.

An investigation of the impact of the reflection coefficient on cost C has been pre-
sented, which demonstrated that a wall/ceiling aligned planar reflector is not a
suitable candidate to enhance system performance. In addition, it is noted that
the level of performance enhancement for a narrow beam antenna is more than
for a wide beam antenna when the reflection coefficient of building components is
increased. An investigation of the cost enhancement using spherical reflector and
a HAR has also been discussed. Although the level of performance enhancement
using a spherical reflector is less than that for the deployment of multiple anten-
nas deployments, deploying spherical reflectors may be a cheaper option to adopt
than multiple antennas. Although the performance enhancement of using a HAR is
less than that of multiple antenna deployments, the HAR is a potential candidate
as it enhances the performance and is compact compared to a spherical reflector.
Finally, the potential of reflectarray to improve the system performance and the diffi-
culties of realisation have been discussed. Although reflectarrays might be potential
candidates to enhance system performance, they may not provide an acceptable per-
formance enhancement as a fixed antenna location cannot be assured in an indoor
environment.
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9 Implications for System
Performance

9.1 Introduction

An analysis of the performance of single antenna deployments in single room office
environments has been presented in Chapter 6. The most suitable antenna deploy-
ment in each Office Configuration was identified and the irreducible cost floor at
∆P → ∞ investigated to quantify the shadow volume fraction within the indoor
environment. It has been demonstrated that a single antenna deployment is not suf-
ficient to provide adequate system performance at millimetre wave frequencies owing
to the presence of shadow regions within the indoor environment. As a potential
solution, deploying multiple antennas and planar and non-planar reflectors (such as
spherical reflectors, Hemispherical Array Reflectors (HAR)) and reflectarrays has
been investigated to quantify the performance enhancement and is presented in
Chapters 7 and 8. The best multiple antenna deployments for the moderately and
heavily cluttered office environments have been identified and the irreducible cost
floor at ∆P → ∞ for these cases have been investigated. Although multiple an-
tennas can improve system performance, shadow regions have not been completely
eliminated in the heavily cluttered office room using three antennas. Following this,
the performance enhancement for passive reflectors has been investigated. The cost
analysis for a spherical reflector and a HAR has shown that system performance
is improved using this technique. Owing to the compact nature of a HAR, it is a
more suitable candidate than a spherical reflector. Results suggest that multiple
antennas or a single antenna with passive reflectors is advisable to ensure adequate
system performance at millimetre wave frequencies. At this stage, it is important to
analyse the results from a system planner’s perspective to identify the implications
for system performance and how millimetre wave indoor systems can be deployed
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to maximise system performance.

This chapter describes the implications for system performance and provides guide-
lines to system planners. The areas that need to be investigated further are also
outlined. Section § 9.2 discusses the suitability of the GO/UTD model in received
power prediction and provides general information on computational requirements.
Section § 9.3 describes how effective the cost function is in analysing overall sys-
tem performance. Section § 9.4 describes the implications for system performance
analysis. Recommendations for system deployment are also provided in this section.
Section § 9.5 discusses recommendations for future investigations.

9.2 Prediction using the GO/UTD Model

In Chapter 3, the GO/UTD model has been described and a case study in a simple
indoor environment has been presented. The GO/UTD model has been validated
with an initial set of measurements at X-band (8.2–12.4 GHz) and the accuracy
of the received power prediction has been investigated. Moreover, the contribution
of higher order reflections has been analysed to identify the maximum order of
reflections that needs to be included in the model for an accurate prediction. It has
been demonstrated that the inclusion of third-order reflections does not considerably
increase the received power in LOS regions whereas there is an increase of up to 3 dB
in NLOS regions. For an accurate prediction of the received power, a system planner
may also need to consider the third-order reflection in the prediction model, but at
the same time, the increase in computational time should also to be taken into
account.

The computational time primarily depends on the system configuration, propaga-
tion modelling technique (such as GO/UTD, Method of Moments (MoM), Finite
Difference Time Domain Method (FDTD), etc.) and the efficiency of the code (or
the tool) used. The GO/UTD model was implemented in MATLAB with nested
loops and the received power at each field point was calculated in a serial fashion.
The computational time can be reduced if parallel processing is performed as the
received power at a given field point is independent of that at other field points.
The inclusion of higher order reflections and the inclusion of more number of ob-
jects within the indoor environments increase the computational time. Finding the
minimal ray paths takes a significant percent of the total time required. In order to
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9.2 Prediction using the GO/UTD Model
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Figure 9.1: Increase in the computational time required for OC5 and OC6 for patch
antenna deployment at Location 1 when higher order reflections are included (the
time taken is normalised to that for OC5 when only the direct and first order
reflections are considered, which is approximately 3 Hours).

indicate approximately the increase in the computational time when higher order
reflections are included in the GO/UTD model, the relative increase in the com-
putational times are shown in Fig. 9.1. The time required to calculate the received
power in both OC5 and OC6 for a patch antenna deployment at Location 1 is shown
in this figure. As described in Chapter 5, the received power is calculated for every
3 cm step in the x, y and z axes. The time is normalised to the time taken for
OC5 when only the direct and first order reflections are considered for the total re-
ceived power calculation. The execution time is calculated on a quad-core Intel(R)
Core(TM) i5-3570 machine operating at a clock speed of 3.40 GHz. For the calcu-
lation of received power for both Office Configurations, there is an approximately
four times increase in the computational time when second-order reflected rays are
included along with the direct and first-order reflections. There is an eleven times
increase when both second- and third-order reflections are also taken into account.
This indicates that there is an exponential increase in the computational time when
higher order reflections are included in the model.

The prediction accuracy depends not only on the prediction model used but also on
the level of detail in the environment modelling. As the level of detail in the environ-
mental definition increases, the computational time also increases. Since diffraction
is insignificant at millimetre wave frequencies [28], including the direct rays and a
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few of the lower order of reflections may be sufficient to obtain an accurate prediction
of the received signal strength. This implies that reflecting surfaces of building com-
ponents and objects within the indoor environment need only be modelled, whereas
fine details such as edges and corners of objects need not be considered. However,
penetration through the building components may need to be considered depending
on the thickness and type of material used for partitions. This aspect is discussed
in Section § 9.4.3. Measurement studies in real indoor environments are desirable to
validate the model.

9.3 Suitability of the Cost Function

The cost function C described in Chapter 4 has been used to quantify system per-
formance in this thesis. System performance is studied by varying the cost C as
a function of the difference between the transmitted power Pt (dBW) and a cov-
erage threshold power Pth (dBW) and is denoted as ∆P (dB). This approach is
beneficial as the variation in cost C versus ∆P helps a system planner to identify
the deployment that provides maximum performance at the minimum transmitted
power, and to quantify the amount of shadow volume fraction present within the
indoor environment. A non-zero irreducible cost floor at ∆P →∞ is an indication
of the presence of shadow regions within the indoor environment. It is straightfor-
ward to identify which deployment provides the best performance at the minimum
transmitted power Pt by using the criterion described in Section § 6.3.1. Moreover,
the significance of different regions can be accounted for in the cost calculation by
assigning suitable weights for each region. This gives system planners the flexibility
to investigate system performance for a particular volume fraction within the indoor
environment.

9.4 Implications for System Performance

As discussed in [127], it is important for a system planner to know what are the
implications for system performance and how millimetre wave indoor system can be
deployed to maximise performance. The results presented in Chapters 6, 7 and 8
are interpreted from a system planner’s perspective.
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9.4 Implications for System Performance

9.4.1 Performance of Suitable Deployments

As stated in Chapter 1, 5G communication systems will operate at millimetre wave
frequencies and massive MIMO systems with narrow beam antennas [15, 134, 23]
are likely to be used for millimetre wave indoor systems. The investigations using
single antenna deployments presented in Chapter 6 have shown that the antenna
deployment (type, orientation and location) is significant at millimetre wave fre-
quencies. It has also been demonstrated that there are shadow regions within the
indoor environment for single antenna deployments. Moreover, it has been noted
that wide beam antennas provide better performance than narrow beam antennas.
These results imply that if the user device is shadowed by an object (especially a
person), it is likely to have no signal reception. Subsequently, beamforming systems
may not be able to provide expected performance as there is no strong ray path to
which a beam can be focused.

As described in Section § 6.3, the analysis of moderately and heavily cluttered en-
vironments showed that the antenna deployments at Locations 2 and 3 (at the
ceiling-corners above the bookshelf) provide poor performance owing to the shad-
owing of the bookshelf. This indicates that system performance might be degraded
significantly due to the shadowing of objects within the indoor environment. This
indicates that prior information about the indoor environment and the locations
of furniture etc. is essential for system planning at millimetre wave frequencies.
Moreover, the heavily cluttered environment is more likely to have a significant vol-
ume of shadow regions. System performance will be severely affected by this and
is likely to suffer outages. Considering all these observations, a single antenna so-
lution is not advisable at millimetre wave frequencies. As discussed in Chapters
7 and 8, shadowing needs to be addressed by employing either multiple antennas
or artificial reflectors (preferably a HAR) to ensure adequate system performance.
Moreover, the antenna deployment must be carefully planned to ensure adequate
system performance.

9.4.2 Interference

In this research, the performance of single antenna and the performance enhance-
ment using multiple antennas and passive reflectors in single room office environ-
ments were only analysed. The performance degradation due to interference has
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not been considered. The penetration through building components is expected to
be insignificant at millimetre wave frequencies owing to the increased penetration
loss at these frequencies than that at sub-6 GHz frequencies [29]. However, if this
high penetration loss is compensated for by use of beamforming systems with high
gain narrow beam antennas, significant interference from the access points oper-
ating in nearby rooms may result. In addition, multiple wireless devices (such as
smartphones, laptops, wearable devices, etc.) are expected to be connected to the
base station antennas in the fifth generation (5G) systems [135] and to communi-
cate with each other using the device-to-device (D2D) communication feature of 5G
systems [136], which may result in increased interference. Also, a recent study by
Austin, Neve and Guven at Q-band (33–50 GHz) [137] showed that the penetra-
tion loss introduced by a single layer of drywall was not significant at millimetre
wave frequencies, which indicates the possibility of interference from nearby rooms
at these frequencies. Further investigations at 60 GHz are required to quantify this
behaviour.

9.4.3 Impact of the Propagation Environment

As discussed Chapter 8, the reflection coefficient of the building components (walls,
floor and ceiling) is important in determining the overall system performance. As
demonstrated in Section § 8.2, the level of performance enhancement for narrow
beam antennas is more than that for wide beam antennas when the reflection coeffi-
cient of building components is increased. This implies that the reflection coefficients
should be taken into account in the system planning at millimetre wave frequencies.
However, shadow regions are not eliminated by using such an approach. This im-
plies that a wall/ceiling aligned planar reflector(s) are not a suitable candidate to
reduce shadow volumes within the indoor environment.

The study for single antenna deployments presented in Chapter 6 indicated that
the location of furniture is important in system deployment. It is noted that the
antenna at Location 6 (fixed to the wall) does not provide acceptable performance.
In general, adequate system performance cannot be assured for a single antenna
deployment when the clutter locations are not fixed. Moreover, it can be observed
from Fig. 6.13, that the shadow regions are mainly due to the presence of people. As
explained in Section § 9.4.2, the study [137] demonstrated that water content in a
material at even a very low level significantly affects signal penetration at millimetre
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wave frequencies, which implies that a human body may severely degrade system
performance because a body consists of more than 60% water [138]. Thus, system
planning at millimetre wave frequencies must consider human blocking. It has been
demonstrated in Chapters 7 and 8 that multiple antennas or passive reflectors can
be employed to address this issue. Although two antenna deployments improved
the system performance in general, it has been demonstrated that the two antenna
deployment OC6|p2p3 (at ceiling-corners above the bookshelf) does not provide
acceptable performance. A system planner must be aware of this and ensure the
antennas are deployed at optimal locations.

9.5 Recommendations for Future Investigations

The cost analysis for single antenna deployments demonstrated that a single an-
tenna is not sufficient at millimetre wave frequencies to provide adequate system
performance. The main focus of this study was on locations and types of the anten-
nas. However, the antenna has an orientation that defines the polarisation of the
electric field. The effect of different polarisations has not been investigated here. It
is advisable to investigate these aspects further to quantify how system performance
is affected by changing the orientation of the antenna.

As indicated in Chapter 7, two antenna deployments do not provide an acceptable
minimum performance in the heavily cluttered office room (OC6) for all permuta-
tions considered, whereas three antenna deployments provides an acceptable min-
imum performance for all permutations considered. As only a single room office
with varying levels of clutter has been considered in this research, it is worth ex-
tending the study to other office geometries and large office rooms. Experimental
measurement studies in real office environments are suggested to validate the results.

The level of water content absorbed by building components may vary based on the
material properties and humidity of the atmosphere. Subsequently, signal penetra-
tion levels may vary for the same building component at different humidity as the
water content in building components significantly alter the penetration character-
istics [137]. Therefore, the interference from other transmitting antennas operating
in a nearby room also needs to be investigated for several atmospheric humidity
conditions.

For environmental modifications, both spherical reflectors and Hemispherical Array
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Reflectors (HARs) have been demonstrated to improve system performance. How-
ever, the performance enhancement is less than that provided by two antennas. A
HAR is advisable over a single large spherical reflector as the HAR is compact. As
described in Chapter 8, since the minimum radius of a hemispherical element de-
pends on the radius of the first Fresnel zone, the HAR becomes more compact at
higher frequencies. Theoretical studies of other HAR geometries and experimental
measurements are advisable to validate the performance enhancement provided by
a HAR.

Although reflectarrays have the capability to emulate a hyperboloidal reflector [93,
94], given that a fixed feed location cannot be guaranteed in an indoor environment,
it may not be possible to adopt the design strategy as discussed in [93, 94]. Adap-
tive reflectarrays [139] or Engineered Electromagnetic Surfaces (EES) [140] may be
suitable solutions in this regard. Detailed studies in this area are suggested.

9.6 Summary

This chapter provided an interpretation of the results presented in Chapters 6, 7
and 8 from a system planner’s perspective. Related studies have been discussed and
measurement studies are advised to validate the results. Finally, potential areas
open for further investigation have also been described. Important findings of this
research and concluding remarks will be discussed in Chapter 10.
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Next generation wireless communication systems are likely to operate at millimetre
wave frequencies owing to the spectral congestion at sub-6 GHz bands and to ad-
dress the increased demand for data. For a successful implementation of millimetre
wave indoor systems, the need to address the challenges due to increased losses has
been discussed in Chapters 1 and 2. The recent developments in millimetre wave
indoor communication have also been reviewed. It has been identified that the an-
tenna deployment is significant at millimetre wave frequencies as the contribution
of diffracted fields is less significant at these frequencies.

The suitability of high frequency asymptotic techniques in analysing the propagation
at millimetre wave frequencies has been described in Chapter 3. The Geometrical
Optics/Uniform Theory of Diffraction has been described and the prediction of re-
ceived power using a GO/UTD model has been presented. A measurement study has
been conducted at X-band (8.2-12.4 GHz) to confirm the validity of the GO/UTD
model. It is noted that the prediction shows good agreement with the measured
result except for the fades; the fades in the measured result are deeper than in the
GO/UTD model prediction. However, the exact reason for deeper fades has not yet
been identified. An analysis of the contribution of multiple reflections showed that
the received power increases by almost 2.5 dB for a reflection coefficient magnitude
of 0.7 when third-order reflections are also included in the GO/UTD model along
with direct, first- and second order reflections. It is noted from the investigation
presented in Section § 8.2 that the magnitude of reflection coefficients of drywall are
below 0.3 and therefore reflections up to second-order are likely to be sufficient to
predict the signal strength at frequencies above 60 GHz.

A brief description of factors limiting system performance (such as noise and inter-
ference) and the necessity of a proper link budget have been described in Chapter 4.
For millimetre wave indoor systems, as diffraction and higher order reflections do
not contribute significantly to the total received signal strength, a quantitative anal-
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ysis of shadowing is necessary to identify the possibility of outages and to quantify
system performance. A cost function has been proposed to quantify coverage based
on the significance of different volumes within the indoor environment. It has been
demonstrated that this cost function is an effective way to quantify performance.

The investigation of a single antenna deployment within a single room office environ-
ment with varying levels of clutter has been carried out in order to quantify system
performance. This investigation provided an overview of the impact of clutter. It
has been identified from the investigation using both horn and patch antennas that
narrow beam antennas are not suitable if the maximum coverage at the minimum
transmitted power is the main objective. In all the Office Configurations (OC1 to
OC6), the patch antenna provided better performance than the horn antenna at the
same location. The most suitable deployment in an empty office room is a patch
antenna located at a corner of the ceiling, although a patch antenna at the centre
of the ceiling provided similar performance. In lightly cluttered environments, a
patch antenna located at a corner of the ceiling provides better performance than
the one at the centre of the ceiling and the minimum value of cost C decreased to
zero as ∆P → ∞. This indicates that there is no shadow region within these en-
vironments. On the other hand, in moderately and heavily cluttered environments,
there is a non-zero irreducible cost floor at ∆P → ∞, which indicates that the
shadow regions present in these environments cannot be eliminated by increasing
the transmitted power. For moderately and heavily cluttered office rooms, the an-
tenna located in a corner of the ceiling results in increased shadowing. Conversely,
locating the antenna in the centre of the ceiling gives better performance. It is
identified that shadow regions exist within the indoor environments and coverage is
the key issue. It is essential to have ray paths to all regions inside the room, which
have a category weight W > 0 in order to obtain zero cost.

In order to eliminate the shadow regions within the office room, the performance for
multiple antennas (combinations of two and three antennas) has been investigated.
The analysis showed that two and three antenna deployments are capable of reducing
shadow regions and thereby improving system performance. However, the shadow
regions within the heavily cluttered environment are not completely eliminated. The
most suitable two antenna deployment is the combination of a patch antenna at the
centre of the ceiling and another at a corner of the ceiling. It has been noted that
∆P corresponding to the minimum value of cost C of the most suitable two antenna
deployment has reduced approximately 3 dB compared to the most suitable single
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antenna deployment. It is also noted that the combination of two antennas placed
above the bookshelf provides poor performance compared to all other two antenna
deployments. This underlines the strong dependency of clutter location on system
performance at millimetre wave frequencies. The decrease in this ∆P value obtained
by introducing a third antenna is only 1 dB. However, all permutations of three
antenna deployments considered here offered acceptable minimum performance.

Following the investigation for multiple antenna deployments, the performance en-
hancement for passive reflectors (such as planar reflectors, spherical reflectors, Hemi-
spherical Array Reflectors (HAR) and reflectarrays) have been analysed as they are
capable of introducing additional rays to the shadow regions and might be less ex-
pensive than the multiple antenna deployments. The analysis of cost C showed that
the ∆P required by horn antennas and patch antennas to obtain cost C = 0 for
an empty office room reduced by up to 25 dB and 10 dB respectively when the
magnitude of the reflection coefficients of building components was increased from
0 to 1. This indicates that the effect of reflective building components is higher
for narrow beam antennas compared to wide beam antennas. Although the cost
C reduces when the reflection coefficient is increased, wall/ceiling aligned reflectors
cannot introduce additional rays to the shadow regions and are therefore ineffective
in improving coverage in these regions. This limitation can be overcome by using
a spherical mirror deployment. Although the performance enhancement was less
than that of two antenna deployments, the shadow regions were reduced in vol-
ume by a spherical reflector. However, owing to its large geometry, it may no be
practicable to deploy large spherical mirrors within indoor environments. In order
to overcome this limitation, the performance enhancement has been analysed for a
HAR, which has been shown to eliminate the shadow regions. The HAR is a more
suitable candidate for improving system performance than a spherical reflector as
it is compact. The study investigating the potential of using a reflectarrays to en-
hance system performance has indicated that reflectarrays can be used to emulate
a spherical reflector. However, the fixed antenna locations cannot be guaranteed in
an indoor environment, a reflectarray may not be a potential solution as the phase
shift of reflectarray elements is designed with respect to a given feed location. Mul-
tiple antennas or a single antenna with passive reflectors are inevitably required at
millimetre wave frequencies to avoid shadow regions within an indoor space and to
ensure adequate system performance.
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