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Abstract

The enormous popularity of wireless devices has prompted a rapid growth of indoor

wireless traffic. To meet the high data demand and avoid inconvenient usages of a room,

indoor base stations (BSs) and Wi-Fi access points (APs) with large-scale multiple-input

multiple-output (MIMO) antenna arrays are likely to be deployed in the vicinity of a wall,

which therefore results in non-negligible interactions between indoor electromagnetic (EM)

wave propagations and building materials. The reflection characteristics of building materials,

which depend on their intrinsic EM and physical properties, play a crucial role in indoor

wireless communications. However, the relationship between the material properties and the

indoor wireless performance has not been sufficiently studied.

In this thesis, wireless friendliness is proposed as a new metric to measure the impact

of a building material on indoor wireless performance as a function of its EM and physical

properties. The main objectives are to develop wireless friendliness evaluation schemes for

building materials as reflectors on indoor line-of-sight (LOS) MIMO communications, and to

provide insights into the appropriate design and/or selection of building materials according

to their wireless friendliness.

To achieve these objectives, the thesis presents four major contributions. The first

contribution is to propose a new two-ray channel model and a new multipath channel model

that incorporate both the LOS path and the wall reflection (WR) path for indoor LOS

MIMO downlink transmissions. For the first time, the relative permittivity (EM property)

and thickness (physical property) of a building material are encapsulated into the channel

models through the reflection coefficient of the building material, which provides theoretical

prerequisites for the subsequent tractable analysis.
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The second contribution is to reveal the analytical relationship between the relative per-

mittivity and thickness of building materials and the MIMO channel capacity. By exploiting

the expressions of indoor wireless capacity and their asymptotic forms, four effective metrics

for evaluating the wireless friendliness of building materials are proposed, i.e., the spatially

averaged capacity, the spatially averaged logarithmic eigenvalue sum (LES), the spatially

averaged logarithmic eigenvalue product (LEP), and the upper-bound outage probability,

which are all over the room of interest.

The third contribution is to develop the evaluation schemes for the wireless friendliness

of building materials. The optimal values of the relative permittivity and thickness of a

building material that maximise the indoor wireless capacity are obtained, shedding light on

the selection and/or design of a building material accordingly, and thus paving the way for

wireless friendly architectural design.

The fourth contribution is to analyse the effects of the WR from building materials

on the per-antenna power distribution across a precoded antenna array at a BS or an AP

deployed near a wall. An uneven power distribution across antenna elements may reduce

the efficiencies of their corresponding radio frequency (RF) power amplifiers. How the

per-antenna power distribution changes with the building material’s relative permittivity and

thickness is investigated, providing guidelines on the selection and/or design of a building

material that alleviates the unevenness of per-antenna power distribution.

Simulation results validate the correctness of analytical results as well as the effective-

ness of the four proposed evaluation metrics, and demonstrate that the EM and physical

properties of building materials have to be delicately selected or designed to avoid the risk of

reducing indoor wireless capacity and RF power amplifier efficiency. More specifically, the

inappropriate choices of relative permittivity and thickness of a building material may reduce

the indoor wireless capacity by up to 13.5% or cause severe unevenness as large as 8 dB in

the per-antenna power distribution across a precoded antenna array. The outcomes of this

thesis would enable appropriate design and/or selection of building materials for building

designers, e.g., civil engineers and architects, and provide wireless-friendliness information

for communications engineers.
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Chapter 1

Introduction

1.1 Background

With the proliferation of existing applications (e.g., smart phones, live video streaming)

and emerging innovative applications (e.g., extended reality (XR) devices, smart wearable

devices, implants), the number of heterogeneous devices supporting ubiquitous wireless con-

nections is predicted to reach tens of billions in the next few years [1–3]. As a consequence,

the required wireless traffic is growing at an unprecedented rate. This undoubtedly raises a

more demanding objective for the capabilities of fifth-generation (5G) or sixth-generation

(6G) mobile networks [4, 5] as well as wireless local area networks based on Wi-Fi protocols

[6, 7].

Notably, it is estimated that the overwhelming majority of wireless data traffic, say 80%-

96%, will be consumed indoors, be it at home, in the office or in public buildings [8]. At the

same time, users’ expectations for economical, reliable and flexible indoor wireless services

are continuing to increase, such as lower service costs, higher peak/minimum data rates,

and more convenient use of spectrum resource and network infrastructure [9]. Therefore,

indoor wireless networks are envisioned to be fundamental facilities for smart buildings [10],

and the indoor wireless coverage and capacity will become the important basis to the site

selection for human indoor activities.
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The conventional buildings are increasingly limited in their abilities to support superior

indoor wireless network experience for modern users’ needs. One of the reasons is that the

wireless network performance in an existing building may reach its achievable upper limit,

which is constrained by its intrinsic factors, e.g., the properties of building materials and

structures, while independent of network optimisation efforts [10]. In addition, the inefficient

power consumption of the wireless networks in existing buildings may hinder the possibility

of offering a variety of more power-hungry services in 6G and beyond [11, 12]. Therefore,

providing advanced capability for in-building wireless communications should be one of the

indispensable prerequisites for future buildings.

Multiple-input multiple-output (MIMO) technique can be used to boost indoor wireless

performance by enabling multiple parallel spatial streams between transceivers without

requiring additional bandwidth or higher transmission power [13, 14]. To satisfy the high

data requirements and address the capacity crunch in-building, indoor small base stations

(BSs) and Wi-Fi access points (APs) are commonly equipped with large-scale MIMO antenna

arrays to achieve spatial multiplexing/diversity gains [15, 16], which however occupy large

spatial area.

The indoor wireless signal propagation environments are complicated due to various archi-

tectural design and internal object placement [17]. Both the precise geometric specifications

[18, 19] and the dielectric properties [20, 21] of the surroundings affect indoor electromag-

netic (EM) wave propagations. Therefore, it is of great necessity to create constructive

interactions between indoor wireless signal transmissions and the built environments.

1.2 Motivation and Objectives

For the sake of avoiding any possible detrimental effects on the safety, functionality, and

appearance of a room, a popular way of deploying indoor BSs and Wi-Fi APs is to put the

large-dimension MIMO antenna arrays in the vicinity of the inner walls of a building, e.g., in

offices [22], shopping centres [22], hallway [23], lobbies [24], conference rooms [24–26],
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and industrial mechanical or electronics rooms [27], which therefore results in non-negligible

coupling between the MIMO antenna arrays and the building materials [28, 29].

Specifically, the wall in the vicinity of a BS or an AP can be regarded as a lossy dielectric

structure [30, 31]. An EM wave would suffer reflection loss after hitting on the wall’s surface

due to multiple internal reflections. Measurement results have shown that the reflection loss is

not only dependent on the incident angle and polarisation of EM waves, but also the EM and

physical properties of building materials [32, 33], which can be mathematically characterised

by reflection coefficients [34, 35]. The wall reflected EM waves will be superposed with

other EM waves, which jointly influence the indoor wireless performance. Thus, enhancing

indoor wireless performance requires a rational selection and/or design of building materials.

Meanwhile, the effects of the reflection from a building material will influence the per-

antenna power distribution of a precoded antenna array at a BS or an AP. The power assigned

to each transmit antenna affects the efficiency of its corresponding radio frequency (RF)

power amplifier, and thus affects the power consumption of the RF chains of the BS [36].

It has been shown in [37, 38] that the uniform power excitation over all transmit antennas

would allow the RF power amplifiers to work with maximum efficiency, while significant

power variations across different antennas would reduce this efficiency and cause a huge

waste of energy. That is why per-antenna power constraints, instead of sum power constraints,

need to be well considered for practical precoder design [39].

As will be shown in the subsequent sections, the appropriate selection of building materi-

als will increase in the baseline value of indoor wireless capacity or alleviate the unevenness

of the per-antenna power distribution across a precoded antenna array. Accordingly, the

wireless performance of building materials should be considered inherently in the planning

and design stages of future smart/green buildings. Therefore, it is of vital importance to build

a scheme to identify the relationship between the properties of building materials and indoor

wireless performance.

In this thesis, wireless friendliness is proposed as a new metric of a building material,

which is determined by its EM and physical properties, to measure its impact on indoor



1.3 Thesis Outline 7

wireless performance. A building material with desirable wireless friendliness will be

beneficial to indoor wireless performance.

The overarching aim is to study the impact of building materials, especially their EM

and physical properties, on the indoor wireless performance by evaluating their wireless

friendliness for indoor LOS MIMO communications. To achieve this goal, the following

specific research questions will be answered in this thesis:

• What are the key parameters of a building material necessary for studying the impacts

of its EM and physical properties on indoor wireless performance?

• How to incorporate the key EM and physical parameters of a building material into a

channel model?

• How to effectively characterise the indoor wireless performance as a function of the

key EM and physical parameters of a building material?

• How to design simple and effective metrics that can be used for evaluating the wireless

friendliness of a building material?

• How to develop the wireless friendliness evaluation schemes based on the proposed

metrics?

• How do the reflections from a building material affect the per-antenna power distribu-

tion of a transmit precoded antenna array?

• To what extent do the appropriately selected EM and physical parameters of a build-

ing material improve the indoor wireless capacity and the evenness of the power

distribution across the transmit antennas?

1.3 Thesis Outline

The thesis is composed of two parts. Part I provides a general introduction and overview,

consisting of three chapters. Part II provides key technical contributions, presented by three

published journal papers.
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In Chapter 1, the background, motivations, and objectives of the research on the wire-

less friendliness evaluations of building materials as reflectors, and the thesis outline are

introduced.

In Chapter 2, the ingredients, structures, EM and physical properties of existing building

materials are reviewed in Section 2.1. The reflections from building materials are reviewed

in Section 2.2. Finally, several aspects of indoor MIMO wireless systems, including MIMO

antenna arrays, indoor multipath channel modelling, and the capacity of MIMO multipath

channels, are reviewed in Section 2.3.

In Chapter 3, the contributions of the three published journal papers are briefly presented.

Several insightful conclusions are summarised, and extensive studies for future works are

discussed.



Chapter 2

Literature Review

2.1 Building Materials

In this section, we first introduce the ingredients and structures of building materials

typically used in practice, then present two essential EM and physical parameters of building

materials, i.e., relative permittivity and thickness, that are necessary for studying their

wireless friendliness, and finally review the measurement results on the EM properties of

building materials.

2.1.1 Ingredients and Structures

Building materials used for walls, ceilings, floors, windows, and obstructing objects differ

widely in ingredients. Traditional ingredients used for the main body include: concrete, brick,

plasterboard, wood, glass [40–50]. Concrete and brick are the typical components in building

facades and the walls between rooms [40–43]. Plasterboards are often used in interior walls

to separate two rooms [44, 45]. Glass and wood can be manufactured for windows, doors and

partitioners [46–48]. Besides, traditional ingredients used for heat insulation include: mineral

wool [49], fibreglass [51], cellulose [52], polystyrene [44, 51], and polyurethane foam (PUF)

[53, 54]. The advantages of using these traditional ingredients of building materials are

affordable price, readily available raw materials, and simple production method, which make
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them widely applied in constructions. However, since it is difficult and time-consuming to

retrofit them or adjust their properties, the selection of building materials deserves careful

consideration.

In practical, building materials are generally made of multi-layer composite materials

[45, 50], referred to as sandwich materials. A typical concrete exterior wall of a residential

building is a fabricated sandwich-like panel composing of two outlying concrete layers and a

heat insulation layer between them [40–42]. While the interior structures of office buildings

commonly adopt two wall types: a 3-layered structure with the air layer sandwiched between

two plasterboard layers; or a 4-layered structure consisting of a plasterboard layer, an air

layer, a heat insulator layer, and a concrete layer [45].

2.1.2 EM and Physical Properties

EM properties

• Permittivity ε: a measure of the electric polarisability of a dielectric, also known as

dielectric constant. The greater the permittivity, the greater the ability of a material

to polarise in response to the field, thereby storing more energy in the material. Its

international system of units (SI) unit is farad per meter (F/m). The permittivity of free

space is ε0 = 8.854×10−12 F/m.

• Conductivity σ : a measure of the material’s ability to conduct electric current. Its SI

unit is siemens per metre (S/m). It is the reciprocal of electrical resistivity with the SI

unit of ohm-meter (Ω/m). A conductor such as a metal has high conductivity greater

than 105 S/m and a low resistivity, while an insulator like glass has low conductivity

below 10−10 S/m and a high resistivity. The conductivity of a semiconductor is

generally intermediate. A non-conducting material has σ = 0.

• Permeability µ : a measure of the magnetisation that a material obtains in response to

an applied magnetic field. It is the proportionality between magnetic induction and

magnetising force when forming a magnetic field. Its SI unit is newtons per ampere

squared (N/A2). The permeability of free space is µ0 = 4π ×10−7N/A2.
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EM wave propagation originates from Maxwell’s equations, the foundation of classical

electromagnetism. Recall the differential form of the Maxwell–Faraday equation and the

Ampère’s circuital law [20]

∇×E =−∂B
∂ t

, (2.1)

∇×B = µ

(
Jc +

∂D
∂ t

)
, (2.2)

where E, B, Jc, D, t, and ∇× denote the electric field intensity (V/m), magnetic flux density

(T), the current density of free charges (A/m2), the electric displacement field (C/m2), the

time, and the curl of a vector, respectively.

Specifically, as revealed by the right-hand side in Ampère’s law in (2.2), a wave prop-

agating in a lossy medium, i.e. σ is non-zero and finite, will set up a conduction current

generated by unbound conduction charges

Jc = σE, (2.3)

as well as a displacement (polarisation) current generated by bound polarised charges

Jd =
∂D
∂ t

= jωD = jωεE, (2.4)

where ω = 2π f denotes the angular frequency under frequency f . Both currents will cause

ohmic losses, and they together constitute the total effective current, which is given by

Jtot = Jc +Jd = (σ + jωε)E = jωεeffE. (2.5)

Then the effective complex permittivity is given by

εeff = ε − j
σ

ω
. (2.6)

The relative permittivity is a dimensionless representation of permittivity, which is defined

as the ratio of the absolute permittivity and the vacuum permittivity and is given by
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εr =
εeff

ε0
≜ ℜ(εr)− jℑ(εr), (2.7)

where ℜ(·) and ℑ(·) denotes the real part and the image part of a complex.

The loss tangent is another quantity to characterise the degree of ohmic losses, i.e.,

tanδ =
ℑ(εr)

ℜ(εr)
=

σ

εω
, (2.8)

which establishes a dividing line between a good conductor and a good dielectric. In general,

a smaller tanδ means lower dielectric loss. Hence, the relative permittivity can also be

written by

εr = ℜ(εr)(1− j tanδ ) . (2.9)

The velocity in the material is no longer the same as that in free space, which is given by

v =
c
n
=

c√
εr
. (2.10)

where n =
√

εr denotes the refractive index, describing how fast light travels through the

material, and c = 1√
ε0µ0

denotes the speed of light.

The characteristic impedance of the material is given by

η =

√
µ

εeff
=

√
µ

ε (1− j tanδ )
. (2.11)

The wave number in the material is also changed and is given by

k =
2π

λ0

√
εr = ω

√
εeffµ. (2.12)

where λ0 = c/ f denotes the wavelength under frequency f in the free space.

The wavelength in the material is given by

λ =
v
f
=

λ0√
εr

=
2π

ω
√

εeffµ
. (2.13)
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Substituting (2.1) and (2.3) into (2.2), we have ∇2E− εµ
∂ 2E
∂ t2 = µσ

∂E
∂ t . Then, a possible

wave solution is given by

E = E0e j(ωt−kr), (2.14)

where r denotes the propagation distance vector, E0 denotes the electric field when t = 0,r =

0, and k denotes the wave number vector with |k|= 2π/λ .

Assuming that k and r are both one dimensional vectors, substitute (2.12) into (2.14) and

let γ = jk ≜ α + jβ denote the propagation constant, then (2.14) becomes

E = E0e jωte−αre− jβ r, (2.15)

where

α = ω

√
µε

2

(√
1+ tan2 δ −1

)
, (2.16)

β = ω

√
µε

2

(√
1+ tan2 δ +1

)
. (2.17)

From (2.15), α and β can be physically interpreted as the attenuation constant in (Np/m)

and phase constant in (rad/m), respectively [56]. At the skin depth of ∆ = 1
α

, the field

strength decreases to 1
e , i.e., nearly 63% drop. The attenuation rate in dB/m is defined by

20log10 |e−αr|=−8.686αr [20].

The following Table. 2.1 summarises the values of the propagation parameters in different

mediums.

Table 2.1 The propagation parameters in different mediums [57]

Lossless Medium Low-loss Medium Good Conductor Units
(σ = 0) (σ << εω) (σ >> εω)

α 0 σ

2

√
µ

ε

√
µσω

2 =
√

π f µσ (Np/m)

β ω
√

µε ω
√

µε

√
µσω

2 =
√

π f µσ (rad/m)

η

√
µ

ε

√
µ

ε
(1+ j)

√
µω

2σ
= (1+ j)α

σ
(Ω)

v 1√
µε

1√
µε

√
4π f
µσ

(m/s)

λ
1

f
√

µε

1
f
√

µε

√
4π

f µσ
(m)
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Note that for most practical material samples, e.g., non-ionised and non-magnetic materi-

als, the conductivity σ and permittivity ε are the most important factor, while the permeability

µ is commonly set as µ0 [9, 20].

Physical properties

• Thickness: typically comparable to the cm wavelength. It determines the distance that

the incident EM waves propagate inside a building material.

• Roughness: also known as surface irregularity, on the order of hundreds of µm. The

roughness of a material will affect the reflection and diffuse scattering phenomena with

respect to the material. When the surface is made progressively rougher, the reflected

wave will be scattered from a large number of positions on the surface, broadening the

scattered energy. This reduces the energy in the specular direction and increases the

energy radiated in other directions [9].

The thickness of a building material is affected by its usage, i.e., the thickness of load-

bearing walls would be much larger than the non-load bearing walls [50]. The thickness of the

heat insulation layer has to be specified according to the type of insulation materials as well as

the building regulations during design and constructions [50]. Increasingly stringent building

regulations require good thermal isolation of houses to ensure a high heating efficiency of

buildings [49, 58].

The roughness of a building material influences the effects of diffuse scattering on the

EM wave propagations. At microwave bands, given that the wavelength of cm is much

larger than the surface irregularities of µm, the scattering effects are negligible. Even at the

frequency band about 26 GHz, the impact of diffuse scattering is still not be comparable to

the impact of multiple bounce specular reflections, because the former results in the received

power 10 dB less than the latter [59]. Diffuse scattering will be more pronounced for carrier

frequencies above 40 GHz [47, 60].
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2.1.3 Measurements on the EM Properties

In literatures, numerous experimental campaigns show that the signal attenuation or the

penetration loss through a building material is dependent on frequency and polarisation.

The authors in [46] validated that the brick wall has penetration loss that increases as a

function of the frequency. The authors in [41] and [49] showed that the metallic surfaces or

foil and modern windows consisting of low emission glasses to improve thermal isolation

efficiency provide considerably additional RF attenuations that increases with the frequency

from 900 MHz to 2100 MHz and from 800 MHz to 5000 MHz, respectively. The authors

in [43] demonstrated that the plaster mesh used to fix a layer of material on a concrete wall

significantly increases the overall signal attenuation, which decreases with the frequency

in the range of 500 MHz to 6 GHz and is affected by the size of mesh. The authors in

[61] provided the results of partition losses of dry wall, whiteboard, clear glass, and mesh

glass under 2.5 GHz and 60 GHz and concluded that high levels of signal attenuation under

high frequency caused by certain building materials may help keep the signals confined in a

room, while low levels of signal attenuation at low frequency enables the wireless system to

cover several rooms. The authors in [62] indicated linear regression trends of the relative

permittivity with respect to the frequency for marble, concrete, brick, and plasterboard, except

glass, investigated the permittivity effects of building materials on path loss and channel

impulse responses via 3D ray tracing simulations (assuming all materials with the same given

permittivity) and field measurement under 28 GHz in urban micro-cell environments, and

demonstrated the impact of permittivity on the multipath numbers and received signal strength

at the non line-of-sight (NLOS) regions. The authors in [33] conducted the measurements at

5.8 GHz of the penetration losses for dry wall, wood, door window, and steel door, along

with five different combinations of antenna polarisations (linear, circular polarized, and

slant 45◦). The results show that combinations of vertical-vertical and slant 45◦-slant 45◦

polarisations have relative low penetration losses and high reflectivity, while the combination

of circular-circular polarisation experiences low reflectivity and significant penetration loss.

Besides, plentiful measurement results reveal that the relative permittivity of a building

material changes with its composition, moisture, temperature, and working frequency band.
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The three main components of concrete are cement, aggregate and water with a rough propor-

tion of 1:7:2 [40], while additional chemical admixtures are usually added to accelerate or

slow down the hydration process and/or to increase the resistance against frost of hardened

concrete. The authors in [63] validated that the permittivities and loss tangents of foamed

concrete materials can be accurately predicted by the foam content and blast furnace slag

content in the frequency range of 1-8 GHz. The authors in [40, 42] showed that the RF

attenuations under 4.5-19 GHz, 7-13 GHz, and 26-40 GHz frequency range vary significantly

among different concrete samples of various water-cement ratio, moisture, type, and fre-

quency band, duo to the great difference between their real parts and imaginary parts of the

relative permittivities as well as their loss tangents. The authors in [64] extracted the approxi-

mated relative permittivity values of brick, glass, concrete, plasterboard, and plywood and

chipwood, by fitting the measurement results versus frequency into a polynomial regression

curve in a wide frequency range of 2-62.4 GHz. The authors in [65] measured the complex

relative permittivities and loss tangents of 20 common materials in indoor environments

(including plastics, wood and wood-based materials, glass, gypsum plaster and plasterboard,

brick, and concrete) over the frequency band 0.2-67 GHz. The frequency dependence of

the material properties is fitted by using a single-pole Cole-Cole model. The authors in

[66] revealed that the behaviours of dielectric permittivity of cement-based materials at 2.45

GHz are greatly affected by the temperature, free moisture content, and hydration time. The

authors in [48] presented that the dielectric constants of granite, marble, wooden board, and

polyvinyl chloride board hardly change with the frequency in the range of 40 GHz to 50

GHz, while their conductivities change remarkably.

Based on the above measured data and using the widely-used curve-fitting method,

the ITU recommendations [20] gives the value of relative permittivity εr as a function of

frequency, which is given by

ℜ(εr) = u f v, (2.18)

ℑ(εr) = 17.98σ/ f , (2.19)



2.2 Reflections from Building Materials 17

where

σ = r f t , (2.20)

and constants u, v, r and t are compiled in Table. 2.2, for the frequency range of 0.01-100

GHz.

Table 2.2 Material EM properties [20]

Material class Real part Conductivity Frequency range
u v r t GHz

Vacuum (≈ air) 1 0 0 0 0.01-100
Concrete 5.31 0 0.0326 0.8095 1-100

Brick 3.75 0 0.038 0 1-10
Plasterboard 2.94 0 0.0116 0.7076 1-100

Wood 1.99 0 0.0047 1.0718 0.01-100
Glass 6.27 0 0.0043 1.1925 0.1-100

Ceiling board 1.50 0 0.0005 1.1634 1-100
Floorboard 3.66 0 0.0044 1.3515 50-100
Chipboard 2.58 0 0.0217 0.78 1-100

Very dry ground 3 0 0.00015 2.52 1-10 only
Medium dry ground 15 −0.1 0.035 1.63 1-10 only

Wet ground 30 −0.4 0.15 1.30 1-10 only

2.2 Reflections from Building Materials

EM waves emitted from the transmitter often experience complicated reflection process,

e.g., one-bounce reflection, two-bounce reflection, with the interacting physical objects

before arriving the receiver. The reflection characteristics of common building materials will

be required for the planning and design of future wireless communication systems [67]. The

received signal power loss caused by reflections from building materials is jointly determined

by the polarisation and the incident angle of the incident EM waves as well as the intrinsic

EM and physical properties, i.e., the relative permittivity and thickness, of the interacting

building materials [20, 26, 32].

The reflection coefficient of a building material describes how much of the EM waves

is reflected by an impedance discontinuity in the transmission medium. Existing studies
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on the reflection coefficients of building materials are mostly through measurements and

simulations. The authors in [28] performed experiments for the reflection coefficients of

several material samples (PVC, wooden structures, plaster, mortar, concrete, etc.) in the

frequency range between 8 and 12.5 GHz, and summarised that, in general, the amplitudes

of the reflection coefficient slightly decrease with the frequency, while the phases decrease

linearly with the frequency because the travelling thickness in a given sample increases as

the wavelength decreases. The authors in [29] verified through simulations that considering

multiple reflections results in higher spatial signal received power at 350 GHz as compared

to Fresnel reflections, and emphasised the importance of including multiple reflections from

stratified building materials. The authors in [45] measured the reflection coefficients of

interior walls of office buildings with sandwich structures in the 60 GHz band under parallel,

perpendicular, and circular polarisations, and found that the use of circular polarisation can

reduce the reflection even if the interior parts of the structure have complicated structures.

The authors in [68] presented the substantial difference between the reflection coefficients

under normal incidence at 890 MHz versus the relative permittivity and the conductivity

under single-ray model and multi-ray model (i.e., consider multiple internal reflections or

not), respectively, indicating that the use of the more accurate multi-ray model would be more

appropriate for studying reflection phenomenon. The authors in [69] showed the reflection

coefficients of a group of concrete slabs versus the incident angle under 18.7 GHz and 60

GHz, and found that the reflection coefficient is affected by the thickness of the gravel used

for preventing the concrete from cracking and shifting. The authors in [70] plotted the

measured reflection coefficients of several house flooring materials (i.e., hardwood, vinyl,

and carpet) and the analytical reflection coefficients under different incident angles in the

frequency range of 57-64 GHz, and found that hardwood and vinyl have better reflectivity

than carpet due to more shiny surface with small roughness. Vinyl and carpet present the

most and the least dependence of the reflection coefficient on frequency, respectively. Adding

a plywood supporting layer to vinyl and carpet will decrease and increase this frequency

dependence, respectively.
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In the following, we study how the reflection coefficients considering multiple internal

reflections of a single-layer building material and a sandwich material are derived from the

classical EM wave propagation theory, and plot some figures to gain some insights on the

reflection coefficients.

2.2.1 Transverse Impedances

Many types of waves can satisfy Maxwell’s equations, e.g., plane, spherical, and cylin-

drical waves. However, plane wave assumptions are widely used for analysis due to the

following two reasons: first, plane wave is a fundamental type since any other wave type

can be represented by a collection of plane waves; second, it can exhibit the necessary EM

wave properties in a simpler and more analytically tractable way compared with the other

complicated wave types [9, Ch 4]. Therefore, in the following analysis, we adopt uniform

plane wave assumptions.

Fig. 2.1 depicts uniform plane waves incident from both sides onto a planar interface

separating two mediums ε , ε̄ . Both cases of transverse electric (TE) and transverse magnetic

(TM) polarisations are shown. In TE polarisation, also known as perpendicular polarisation,

s-polarisation, or σ -polarisation, the electric fields are perpendicular to the plane of incidence,

and the magnetic fields are parallel to that plane. In TM polarisation, also known as parallel

polarisation, p-polarisation, or π-polarisation, the electric fields are parallel to the plane of

incidence, and the magnetic fields are perpendicular to that plane.

Based on the boundary conditions that the net transverse component of the electric field

must be continuous across the interface z = 0, three important theorems are found:

1) The vector wave numbers of the reflected and refracted waves lie in the plane of

incidence, i.e.,
kx+ = kx− = k̄x+ = k̄x−,

ky+ = ky− = k̄y+ = k̄y−.
(2.21)
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Fig. 2.1 Oblique incidence for TE and TM polarised waves.

2) Snell’s law of reflection: the angles of incidence and reflection are the same on either

side.
θ+ = θ− ≜ θ ,

θ̄+ = θ̄− ≜ θ̄ .
(2.22)

3) Snell’s law of refraction:

sinθ

sin θ̄
=

k̄
k
=

n̄
n
=

√
ε̄√
ε
. (2.23)

Transverse impedance is defined as the ratio of the transverse components of the electric

and magnetic fields. The transverse impedances for TE and TM polarisation cases are defined

differently in terms of the incident angle.

Generally, an obliquely-moving EM wave will have both TE and TM components. In

Fig. 2.1, we consider a wave with the incident angle of θ impinges on the mediums that are

stacked along the positive z direction. The electric and magnetic fields of the wave on the
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interface z = 0 are given as

E+(x,z) = [(⃗xcosθ − z⃗sinθ)A++ y⃗B+]e− j(kxx+kzz),

H+(x,z) =
1
η
[⃗yA+− (⃗xcosθ − z⃗sinθ)B+]e− j(kxx+kzz),

(2.24)

where A+ and B+ denote the TM and TE components, respectively, x⃗, y⃗ and z⃗ denote the

unit vector towards the positive x-axis, y-axis, and z-axis, respectively, kx = k sinθ , and

kz = k cosθ . After interacting with the medium interface, the electric and magnetic fields of

the wave reflected back to medium ε are formed by

E−(x,z) = [(⃗xcosθ + z⃗sinθ)A−+ y⃗B−]e− j(kxx−kzz),

H−(x,z) =
1
η
[−⃗yA−+(⃗xcosθ + z⃗sinθ)B−]e− j(kxx−kzz),

(2.25)

where A− and B− denote the TM and TE components, respectively.

Hence, the net transverse fields in the left medium ε can be organised as [55, Ch 7]

ET(x,z) = ET+(x,z)+ET−(x,z) = x⃗ETM(x,z)+ y⃗ETE(x,z),

HT(x,z) = HT+(x,z)+HT−(x,z) = y⃗HTM(x,z)− x⃗HTE(x,z),
(2.26)

where subscript T denotes the transverse (with respect to z) components of the vector,

ETE(x,z) =
[
BT+e− jkzz +BT−e jkzz

]
e− jkxx,

HTE(x,z) =
1

ηTE

[
BT+e− jkzz −BT−e jkzz

]
e− jkxx,

(2.27)

ETM(x,z) =
[
AT+e− jkzz +AT−e jkzz

]
e− jkxx,

HTM(x,z) =
1

ηTM

[
AT+e− jkzz −AT−e jkzz

]
e− jkxx,

(2.28)

in which AT± = A± cosθ , BT± = B± denote the transverse amplitudes, respectively, and

ηTE =
η

cosθ
,

ηTM = η cosθ ,

(2.29)
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denote the transverse impedances for TE and TM polarised waves, respectively.

Accordingly, the transverse refractive index for TE and TM polarised waves are, respec-

tively, given by

nTE = ncosθ ,

nTM =
n

cosθ
.

(2.30)

For convenience, we remove the common factor e− jkxx and summarise (2.27)-(2.29) in a

compact form:

ET(z) = ET+e− jkzz +ET−e jkzz,

HT(z) =
1

ηT

[
ET+e− jkzz −ET−e jkzz

]
,

(2.31)

where ET stands for either ETE± = BT± or ETM± = AT±, and ηT stands for either ηTE = η

cosθ

or ηTM = η cosθ .

2.2.2 Propagation of Transverse Fields

The transverse wave impedance ZT and the transverse reflection coefficient ΓT at position

z are, respectively, defined by

ZT(z) =
ET(z)
HT(z)

, (2.32)

ΓT(z) =
ET−(z)
ET+(z)

. (2.33)

Given that
ET(z) = ET+(z)+ET−(z),

HT(z) =
1

ηT
[ET+(z)−ET−(z)] ,

(2.34)

and
ET+(z) =

1
2
[ET(z)+ηTHT(z)],

ET−(z) =
1
2
[ET(z)−ηTHT(z)],

(2.35)
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Fig. 2.2 Field quantities on the interfaces of a medium.

by substituting (2.34) into (2.32) and substituting (2.35) into (2.33), we have the relationships

between wave impedance and reflection coefficient

ZT(z) = ηT
1+ΓT(z)
1−ΓT(z)

⇔ ΓT(z) =
ZT(z)−ηT

ZT(z)+ηT
. (2.36)

Fig. 2.2 illustrates the fields quantities ET(z),HT(z),ET+(z),ET−(z),ZT(z),ΓT(z) propa-

gated on the interfaces of a medium with the thickness of l m and the transverse impedance

of ηT. The incident angle of waves is denoted by θ . It is easy to get ET1+ = e jkzlET2+ and

ET1− = e− jkzlET2−, which can be organised in a matrix form as:

 ET1+

ET1−

=

 e jkzl 0

0 e− jkzl

 ET2+

ET2−

 .
Considering the summation of the forward and backward fields, we have ET1

HT1

=

 1 1

η
−1
T −η

−1
T

 ET1+

ET1−

=

 1 1

η
−1
T −η

−1
T

 e jkzl 0

0 e− jkzl

 ET2+

ET2−


=

1
2

 1 1

η
−1
T −η

−1
T

 e jkzl 0

0 e− jkzl

 1 ηT

1 −ηT

 ET2

HT2

 ,
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which can be simplified after the matrix calculations as ET1

HT1

=

 coskzl jηT sinkzl

jη−1
T sinkzl coskzl

 ET2

HT2

 . (2.37)

(2.37) is defined as propagation matrix [55, Ch 7].

Similarly, the transverse reflection coefficient and transverse wave impedance propagates

as:

ΓT1 =
ET1−
ET1+

=
ET2−e− jkzl

ET2+e jkzl
= ΓT2e− j2kzl, (2.38)

ZT1=
ET1

HT1
=

ET2 coskzl+ jηTHT2 sinkzl
jET2η

−1
T sinkzl+HT2 coskzl

=ηT
ZT2+ jηT tankzl
ηT+ jZT2 tankzl

. (2.39)

The propagation phase thickness is then defined by

δz = kzl = kl cosθ =
2π

λ

√
εrl cosθ . (2.40)

2.2.3 Fresnel Reflection Coefficients

As shown in Fig. 2.1, the boundary conditions on the interface z = 0 for the transverse

electrical and magnetic fields are given by ET = ĒT,HT = H̄T. In terms of the forward and

backward fields, we have

ET++ET− = ĒT++ ĒT−,

1
ηT

(ET+−ET−) =
1

η̄T
(ĒT+− ĒT−) ,

(2.41)

which can be organised into the matching matrix [55, Ch 7] ET+

ET−

=
1
τT

 1 ρT

ρT 1

 ĒT+

ĒT−

 , (2.42)

 ĒT+

ĒT−

=
1
τ̄T

 1 ρ̄T

ρ̄T 1

 ET+

ET−

 , (2.43)
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where {ρT = ET−
ET+

,τT = ĒT+
ET+

} and {ρ̄T = ĒT−
ĒT+

,τ̄T = ET−
ĒT−

} are defined as the elementary reflec-

tion and transmission coefficients from the left side and the right side of the interface:

ρT =
η̄T −ηT

η̄T +ηT
=

nT − n̄T

nT + n̄T
,

τT =
2η̄T

η̄T +ηT
=

2nT

nT + n̄T
,

(2.44)

ρ̄T =
ηT − η̄T

η̄T +ηT
=

n̄T −nT

nT + n̄T
,

τ̄T =
2ηT

η̄T +ηT
=

2n̄T

nT + n̄T
,

(2.45)

where τT = 1+ρT, ρ̄T =−ρT, τ̄T = 1+ ρ̄T = 1−ρT. Meanwhile, (2.44) and (2.45) are well

known as Fresnel reflection coefficients.

Substituting (2.29) and (2.30) into (2.44), we get the Fresnel reflection coefficients for

TE and TM polarised waves:

ρTE =

η̄

cos θ̄
− η

cosθ

η̄

cos θ̄
+ η

cosθ

=
ncosθ − n̄cos θ̄

ncosθ + n̄cos θ̄
,

ρTM =
η̄ cos θ̄ −η cosθ

η̄ cos θ̄ +η cosθ
=

n
cosθ

− n̄
cos θ̄

n
cosθ

+ n̄
cos θ̄

.

(2.46)

2.2.4 ITU Reflection Coefficients

The Fresnel reflection coefficient in the previous section only works for the building

material whose thickness is assumed to be electrically large when compared to the EM

wavelength [64], without considering the multiple internal reflections inside the material

of a specific thickness. In this section, we take into account the effects of multiple internal

reflections on the equivalent reflection coefficient. We suppose that the EM waves impinge

from the air (c0 = 3× 108 m/s, η0 =
√

µ0
ε0

= 377 ohm) to the material surface with the

incident angle of θ , as shown in Fig. 2.3. The Fresnel reflection coefficient can be interpreted

as the first-order reflection coefficient.

Single-layer materials: Supposing that the building material is a single-layer reflector,

the multiple internal reflections inside it are strongly affected by the first-order reflection.
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Fig. 2.3 Multiple internal reflections happened inside the building material. The receive
antenna is in the far field.

Replacing n with
√

εr in (2.46) and recalling (2.23), the first-order reflection coefficient Γ
′

for the incident electric field of TE polarisation ΓTE and TM polarisation ΓTM are given

respectively by

ΓTE =
cosθ −

√
εr − sin2

θ

cosθ +
√

εr − sin2
θ

, (2.47)

or

ΓTM =
cosθ −

√
(εr − sin2

θ)/εr2

cosθ +
√
(εr − sin2

θ)/εr2
, (2.48)

Given the thickness of the considered wall as l, the equivalent reflection coefficient

considering multiple internal reflections is represented by [20]

Γsingle =
1− exp(− j2δ )

1−Γ
′2 exp(− j2δ )

Γ
′
, (2.49)

where

δ =
2πl
λ

√
εr − sin2

θ , (2.50)

and Γ
′
for TE or TM polarised incident wave is given in (2.47) or (2.48).
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Proof: Based on the relationship observed from (2.44) and (2.45) and the first-order

reflection coefficient at interface 1 denoted as Γ
′
, we know the transmission coefficient from

the air to the material and from the material to the air can be represented by 1+Γ
′
and 1−Γ

′
,

respectively, and first-order reflection coefficient at interface 2 can be given by −Γ
′
. In these

wall reflected paths, l0 denotes the distance in the free space for the 0th reflected path (no

internal reflections), while lr denotes the distance of once reflection inside the wall. Thus,

the distance of nth reflected path can be expressed as l0 +nlr −nls, where n = 1,2, ....

Provided that k0 = 2π/λ and kr = 2π
√

εr/λ are the wave number in free space and inside

the wall, respectively, the initial electric field strength is denoted by E0, the received electric

field strength of the 0th and the nth reflected path could be given as

Er,0 = E0

(
λ

4πl0

)
e− jk0l0Γ

′
,

Er,n = E0

(
λ

4πl0

)
e− jk0l0(1+Γ

′
)(−Γ

′
)2n−1(1−Γ

′
)e− jn(krlr−k0ls),n ∈ {1,2, ...} .

(2.51)

Thus the total received electric field strength due to reflections can be derived as

Er =
∞

∑
n=0

Er,n = E0

(
λ

4πl0

)
e− jk0l0

[
Γ

′
+

∞

∑
n=1

(
1−Γ

′2)
(−Γ

′
)2n−1e− jn(krlr−k0ls)

]

= E0

(
λ

4πl0

)
e− jk0l0

[
Γ

′
+

(
Γ

′
− 1

Γ
′

)
∞

∑
n=1

(
Γ

′2
e− j(krlr−k0ls)

)n
]

= E0

(
λ

4πl0

)
e− jk0l0Γ

′ 1− e− j(krlr−k0ls)

1−Γ
′2e− j(krlr−k0ls)

.

(2.52)

Leveraging the Snell’s refraction law sin θ̄ = sinθ/
√

εr in (2.23), we get

krlr − k0ls =
2π

λ

√
εr

2l
cos θ̄

− 2π

λ
2l tan θ̄ sinθ =

2π

λ
2l
√

εr − sin2
θ . (2.53)

Substituting (2.53) into (2.52) and dividing (2.52) by E0

(
λ

4πl0

)
e− jk0l0 , (2.49)-(2.50) are

obtained.

Fig. 2.4 shows the first-order reflection coefficient amplitude of five different materials

for TE and TM polarised incident waves under 1 GHz. We observe significant differences
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Fig. 2.4 The first-order reflection coefficient amplitude of five different single-layer materials
for (a) TE and (b) TM polarised incident waves under 1 GHz.

between TE and TM polarisations in the first-order reflection coefficient amplitude when

varying the incident angle from 0 to 90 degree.

Fig. 2.5 plots the multiple reflection coefficient amplitude versus concrete material’s

thickness for the TE and TM polarised 60-degree incident waves under 1 GHz, 6 GHz, 28

GHz. As the material thickness increases, the envelop of the multiple reflection coefficient

first fluctuates and then gradually converges to a constant value. The convergence speed

varies with the wavelength: the incident waves under 28 GHz converges fastest around 0.1 m,

followed by the 6-GHz and 1-GHz waves converges around 0.3 m and 0.9 m, respectively.

Besides, the fluctuation magnitude of the TM polarised incident waves are much severer than

the TE polarised waves.

In Fig. 2.6, the multiple reflection coefficient amplitudes of five different materials for

the TM polarised 60-degree incident waves under 6 GHz are depicted. The five materials are

shown to have their inherent reflection characteristics. The reflection coefficient amplitudes

fluctuates more slightly when the material’s thickness becomes larger.
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Fig. 2.5 The multiple reflection coefficient amplitudes of a concrete single-layer material for
the TE and TM polarised 60-degree incident waves under 1 GHz, 6 GHz, 28 GHz.
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Fig. 2.6 The multiple reflection coefficient amplitudes of five different single-layer materials
for the TM polarised 60-degree incident waves under 6 GHz.
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Fig. 2.7 Structure of a M-layered sandwich building material.

Sandwich materials: An iteration approach to deriving the reflection coefficient for an

M-layer sandwich material that considers multiple internal reflections is given by [20]

Γsandwich =
B
/

η0 −Cη0

2A+B
/

η0 +Cη0
, (2.54)

where  A B

C D

=

 A1 B1

C1 D1

 ...
 Am Bm

Cm Dm

 ...
 AN BN

CN DN

 , (2.55)

Am = Dm = cos(ζmlm) ,

Bm = jηm sin(ζmlm) ,

Cm = j
sin(ζmlm)

ηm
,

km =
2π

λ

√
εm,

ζm = km cos(θm) =
2π

λ

√
εm − sin2

θ0,
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ηm =


120π√

εm cosθm
= 120π√

εm−sin2
θ0
, for TE polarisation,

120π cosθm√
εm

= 120π

√
1

εm
− sin2

θ0
ε2

m
, for TM polarisation.

λ denotes the free-space wavelength, km and ζm denote the wave number in the mth layer

and the propagation constant in the direction perpendicular to the mth layer, respectively, εm

and lm denote the complex relative permittivity and thickness of the mth layer, respectively,

ηm denotes the transverse impedance in the mth layer according to the polarisation of the

incident waves, and θ0 is the incident angle.

Proof: Similarly as (2.37), the recursions for the total electric and magnetic fields shown

in Fig. 2.7, which are continuous across each interface, are given by: ETm

HTm

=

 coskmlm jηm sinkmlm

jη−1
m sinkmlm coskmlm

 ET(m+1)

HT(m+1)

 ,m = M,M−1, ...,1, (2.56)

and initialised at the (M+1)st interface as follows: ET(M+1)

HT(M+1)

=

 1

η0
−1

E ′
T(M+1), (2.57)

Thus, the product of the propagation matrices is presented by (2.55), and ET1

HT1

=

 A+Bη0
−1

C+Dη0
−1

E ′
T(M+1), (2.58)

Then, the overall reflection response is given by:

Γsandwich = Γ1 =

 ET1−

HT1+

=

ET1
HT1

−η0
ET1
HT1

+η0
, (2.59)

Substituting (2.58) and A = D into (2.59), we get (2.54).

Fig. 2.8(a-b) show two typical sandwich materials used for the interior structures in

office scenarios [45]. Their equivalent reflection coefficient amplitudes versus the incident
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Fig. 2.8 Two typical sandwich materials of interior structures in office scenarios [45].
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Fig. 2.9 Reflection coefficient amplitude under 6 GHz (a) for sandwich material A, where the
incident wave is either TE or TM polarised, ε1=2.94− j0.1235, ε3=1.3− j0.3 [53, 54], ε4=
5.31− j0.4166, [l1, l2, l3, l4]= [12,21,10,180] mm; (b) for sandwich material B, where the
incident wave is either TE or TM polarised, ε1=ε3=2.94− j0.1235, [l1, l2, l3]=[12,96,12]
mm.
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angle are presented in Fig. 2.9(a-b), respectively. We observe that the reflection coefficient

amplitude of a sandwich material varies with the incident angle, which can be attributed to

the interference among the EM waves reflected from all layers’ interface changing with the

incident angle. This variation with the incident angle becomes more dramatic for the thinner

material B than for material A. Meanwhile, it is seen that the polarisation of the incident

waves brings significant difference in the values of equivalent reflection coefficient amplitude,

and that, for both material A and material B, the TE polarised incident waves result in larger

reflection gain than the TM polarised incident waves.

2.3 Indoor MIMO Wireless Systems

In this section, several aspects of the indoor MIMO wireless systems are reviewed,

including MIMO antenna arrays, indoor multipath channel modelling, and the capacity of

MIMO multipath channels.

2.3.1 MIMO Antenna Arrays

It is known that a single antenna element provides very low directivity gain, since its

radiation pattern is relatively wide. By assembling numerous radiating elements in an

geometrical configuration, the physical dimensions of the antennas are enlarged, leading to

good directive characteristics. This multi-element structure is referred to as an antenna array.

Thus, to guarantee a fairly good wireless performance indoors, the indoor BSs need to be

equipped with high-directional MIMO antenna arrays.

For the sake of simplicity and practicality, the elements of an antenna array are generally

identical. The individual elements of an array may be of any form, such as, dipoles, loops,

apertures, microstrips, horns, reflectors, and so on. The total field of an antenna array is

dependent on the vector summation of the fields radiated from each individual antenna,

assuming that the current in every antenna is the same and that the mutual coupling effects

is negligible [71]. Alternatively, the total field of an array can be represented by the field

of a single antenna located at the origin multiplied by a factor, which is widely referred to
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as the array factor (AF). In order to offer a radiation pattern with high directivity, the fields

from all antennas are expected to interfere constructively in a certain direction while interfere

destructively in the remaining directions.

The following five factors can be adjusted to shape a desired overall radiation pattern [72,

Ch 6]: 1) The geometrical configuration of the array: linear, planar, circular, spherical, etc. 2)

The inter-antenna spacing: in most cases, set as an equal spacing of half wavelength. 3) The

radiation pattern of each individual element. 4) The excitation amplitude of each individual

element. 5) The excitation phase of each individual element.

A uniform array refers to the array whose elements are all with the same magnitude but

each with a progressive phase. Uniform linear array (ULA) and uniform planar array (UPA)

are two common MIMO antenna array examples.
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Fig. 2.10 Geometries of (a) ULA and (b) UPA.

Figure 2.10(a) depicts the geometry of the EM waves from the angle θ impinging on an

N-element ULA on x-axis with the inter-element spacing of d m. Assuming that γ denotes

the progressive phase shift by which the current in each element leads the current of its

preceding element, the AF is given by

AFULA = 1+ e− j(kd cosθ+γ)+ ...+ e− j(N−1)(kd cosθ+γ) =
N

∑
n=1

e− j(n−1)(kd cosθ+γ), (2.60)
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Multiplying both sides of the first line of (2.60) with e− jkd cosθ , we have

(AFULA)e− j(kd cosθ+γ) = e− j(kd cosθ+γ)+ e− j2(kd cosθ+γ)+ ...+ e− jN(kd cosθ+γ). (2.61)

Subtracting (2.60) from (2.61), the AF becomes

AFULA =
e− jN(kd cosθ+γ)−1
e− j(kd cosθ+γ)−1

= e− j(N−1)(kd cosθ+γ)/2 sin(N (kd cosθ + γ)/2)
sin((kd cosθ + γ)/2)

. (2.62)

If the reference point is located at the centre of the array, the AF is reduced to and normalised

as

AFULA =
sin(N (kd cosθ + γ)/2)
N sin((kd cosθ + γ)/2)

. (2.63)

For small values of (kd cosθ + γ), the AF can be approximated by

AFULA ≈ sin(N (kd cosθ + γ)/2)
N((kd cosθ + γ)/2)

. (2.64)

The maximum occurs when

(kd cosθ + γ)/2 = 0,⇒ θm = cos−1
(

λγ

2πd

)
. (2.65)

The 3-dB point for the AF occurs when

sin(N (kd cosθ + γ)/2)
N((kd cosθ + γ)/2)

=

√
2

2
,⇒ θh = cos−1

(
λ

2πd

(
−γ ± 2.782

N

))
. (2.66)

Then the half-power bandwidth of a symmetrical pattern is given by

θ3dB = 2|θm −θh|. (2.67)

Figure 2.10(b) depicts the geometry of the EM waves from the angle {θ ,φ} impinging

on an M ×N-element UPA on x− y plane with the inter-element spacing of {dx,dy} m.

Assuming γx and γy denote the progressive phase shift along x-axis and y-axis, respectively,
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similarly as (2.63), the normalised AF is given by

AFUPA =
sin(N (kdx sinθ sinφ + γx)/2)
N sin((kdx sinθ sinφ + γx)/2)

sin(M (kdy sinθ cosφ + γy)/2)
M sin((kdy sinθ cosφ + γy)/2)

(2.68)

It should be noted that γx and γy are theoretically independent of each other, but practically,

they are jointly adjusted to make sure sin(N(kdx sinθ sinφ+γx)/2)
N sin((kdx sinθ sinφ+γx)/2) and

sin(M(kdy sinθ cosφ+γy)/2)
M sin((kdy sinθ cosφ+γy)/2)

in

AFUPA direct their maxima towards the same direction, i.e., the main beam direction [72, Ch

6]. Suppose the main beam is directed along θ = θ0 and φ = φ0, it is required that

γx =−kdx sinθ0 sinφ0,

γy =−kdy sinθ0 cosφ0.
(2.69)

Accordingly, θ0 and φ0 are derived as

tanφ0 =
dyγx

dxγy
,

sin2
θ0 =

(
γx

kdx

)2

+

(
γy

kdy

)2

.

(2.70)

Thus, the maxima are located at the directions {θ ,φ} satisfying:

kdx (sinθ sinφ − sinθ0 sinφ0) =±2mπ,m = 0,1,2, ...

kdy (sinθ cosφ − sinθ0 cosφ0) =±2nπ,n = 0,1,2, ...
(2.71)

Then, the solutions of {θ ,φ} are derived as

φ = tan−1
(

sinθ0 sinφ0 ±mλ/dx

sinθ0 cosφ0 ±nλ/dy

)
, (2.72)

θ = sin−1
(

sinθ0 sinφ0 ±mλ/dx

sinφ

)
= sin−1

(
sinθ0 cosφ0 ±nλ/dy

cosφ

)
, (2.73)

where m = n = 0 corresponds to the main lobe, and the remaining {m,n} combinations

correspond to the grating lobes.
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2.3.2 Indoor Multipath Channel Modelling

In a typical indoor environment, EM waves interact frequently with the physical objects

through reflection, refraction, diffraction and diffuse scattering. As a result, many copies

of the transmitted signal, known as the multipath components, are produced, which differ

from the transmitted signal in power, delay, frequency and phase shift. The multipath

components and the line-of-sight (LOS) path components will jointly influence indoor

wireless performance. Hence, the multipath components should be well considered in

channel modelling. Generally, indoor multipath channel models contain two categories:

deterministic channel models, stochastic channel models.

Deterministic Channel Modelling

Deterministic channel model makes best use of the geographical and morphological

information from a database to describe the EM wave propagation process in a specific site.

For indoor environments, the location, shape, and dielectric and conductive properties of

surrounding building structures need to be taken into account when determining the field

strength at all points and times. This modelling approach requires large computational effort

and has inherent errors due to the inaccuracies in the underlying database. Nevertheless, it

can be easily used in computer simulations, omitting costly and complicated measurement

campaigns.

Ray launching techniques can reveal the channel characteristics, e.g., coverage and

delay spread, in the whole environment, for many different receiver positions and a given

transmitter position. Specifically, the transmit antenna sends out rays in the three-dimensional

(3D) spatial angular space of 4π . Each ray propagates towards a specific direction until it

either hits the receiver or becomes too weak to be significant (e.g., drops below the noise

level) [73]. The number of launched rays is chosen to strike a balance between the accuracy

and the complexity.

Ray-tracing techniques determine all rays that go from one transmitter location to one

receiver location. Ray tracing approximates the propagation of EM waves by treating the

wavefronts as simple particles and assuming the energy to be radiated through ray tubes
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infinitesimally [74]. Thus, the reflection, diffraction, and scattering effects on the wavefront

are approximated using simple geometric equations instead of Maxwell’s more complex

wave equations [75, 76]. The well-known two-ray model is the simplest ray-tracing based

channel model where the single wall reflection or ground reflection dominates the multipath

effects [76, 77], which facilitates analytical tractability for providing guidelines.

Stochastic Channel Modelling

Deterministic channel models discussed above require massive site-specific information,

which are often unavailable in practice. Instead of correctly predicting the impulse response

in one specific location, stochastic channel models can statistically predict the probability

density function (PDF) of channel impulse response over a large area [73, 78]. The stochastic

models are sometimes derived from measurements, which may lead to inaccuracies due

to the finite measurement times and unavoidable measurement errors. However, although

the stochastic models are simplified probabilistic models, they have been highly useful and

creative for providing insights into the design and comparison of wireless systems, especially

used as the starting points of high-level analysis. Note that it is important to understand the

robustness of the results based on these models [79].

A very simple example is the Raleigh fading model. Theoretically, both the in-phase

and the quadrature-phase components are the sum of many random variables, none of which

are dominant. The PDF of such a sum follows a Gaussian distribution following the central

limit theorem (CLT), regardless of the exact PDF of the constituent amplitudes. Hence, the

amplitude of the total signal has a Rayleigh distribution [76], and the phase of the total signal

obeys the uniform distribution in the range of 0 and 2π . The Rayleigh fading model depends

only on a single parameter, the mean received power, making the complete signal statistics

easily known and the error probabilities presented in closed-form [80]. Nonetheless, this

model is oversimplified and inaccurate for indoor scenarios [23].

A more practical example is the Rician fading model, which describes a random multipath

channel model with a dominant component, e.g., a LOS component, a dominant specular

component, or their superposition [78, 80]. The in-phase component has a non-zero-mean
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Gaussian distribution and the quadrature-phase component has a zero-mean Gaussian distri-

bution, whilst both have equal variance. The phase distribution of the total signal is changed

duo to the presence of a dominant component. For an extreme example, when the dominant

component is very strong, the phase distribution converges to a delta function, because

the phase of the total signal must be very close to the phase of the dominant component

[73]. One of the important parameters of Rician fading model is Rician factor K, which

determines the power ratio of the dominant multipath component to the diffused components

and is therefore used as a relative measure of the severity of fading [23, 76]. For K → 0, the

power of dominant multipath component approaches 0. The model approximates Rayleigh

fading model, and the channel experiences severe fading. While for a large K, the model

approximately has a Gaussian distribution and the channel experiences mild fading. It has

been verified through measurement that the value of the Rician factor is a function of LOS

path length [81]. The detailed results of the Rician factor are listed in Table. 2.3.

Table 2.3 The fitted Rician factor K (dB) versus LOS path length d (m) under WINNER
scenarios [81]

Scenario Applicability Frequency (GHz) K (dB) versus d (m)
A1 Indoor small office 5.25 K = 8.7+0.051d
B1 Urban micro-cell 5 K = 3+0.0142d
B3 Indoor hotspot - K = 6−0.26d
C1 Suburban macro-cell - K = 17.1−0.0205d
D1 Rural macro-cell 5.25 K = 3.7+0.019d

Another more generalised model is two-wave with diffuse power (TWDP) fading model,

which is due to the interference of two strong radio signals and numerous relative small

signals. The Rayleigh fading and Rician fading models are special cases of TWDP models

[78, Table III]. The PDF of a TWDP model can sometimes be approximated by Rayleigh and

Rician distribution when the product of the power ratio of specular to diffuse components

and the two-wave parameter meets certain requirements [78, (20), (21)].

Generally speaking, deterministic models are preferable in specific sites for network

planning and system deployment, while stochastic models are employed for the design and
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comparison of systems. In addition, the combination of the deterministic and stochastic

models can enhance the efficiency of a model, that is, the large-scale averaged power

is obtained from deterministic models, while the variations within an averaging area are

modelled stochastically [73].

2.3.3 Capacities of MIMO Multipath Channels

We consider the narrowband downlink transmission from the NT-antenna BS to the

NR-antenna UE. The MIMO system between them is then built as

y = Hx+n, (2.74)

where x ∈ CNT , y ∈ CNR , and n ∈CN(0,N0INR) denote the transmit signal, received signal,

and the white Gaussian noise, respectively. The channel matrix H ∈ CNR×NT can be either

deterministic or faded.

Suppose that the NT and NR antennas at the BS and UE are all placed in ULAs, and that

an arbitrary number of propagation paths between the ULAs at the BS and UE, the MIMO

multipath channel is constructed by

H = ∑
i

ai
√

NTNR exp
(
− j2πri

λ

)
eR (ΩRi)eT (ΩTi)

† , (2.75)

where

eR(ΩRi) :=
1√
NR

[
1,exp(− j2π∆RΩRi) , ..., ...,exp(− j2π (NR −1)∆RΩRi)

]†
, (2.76)

eT(ΩTi) :=
1√
NT

[
1,exp(− j2π∆TΩTi) , ..., ...,exp(− j2π (NT −1)∆TΩTi)

]†
, (2.77)

where the ith path with the attenuation of ai and the length of ri, makes the angle of departure

(AOD) φTi at the transmit ULA and the angle of arrival (AOA) φRi at the receive ULA,

ΩTi = cosφTi, ΩRi = cosφRi, ∆T and ∆R are the inter-antenna spacing normalised by the
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wavelength at the transmit and receive ULAs, respectively, and (·)† denotes the conjugate

transpose of a matrix or a vector.

The capacity of the MIMO channel can be computed by decomposing the vector channel

into a set of parallel, independent scalar sub-channels. The channel matrix H has a singular

value decomposition (SVD) formed by

H = UZV†, (2.78)

where U ∈ CNR×NR and V ∈ CNT×NT are (rotation) unitary matrices and Z ∈ CNR×NT is

a rectangular matrix whose diagonal elements are non-negative real numbers and whose

off-diagonal elements are zero. The diagonal elements ζ1 ≥ ζ2 ≥ ... ≥ ζnmin are the or-

dered singular values of the matrix H, where nmin = min(NT,NR). Since HH† = UZZ†U†,

the squared singular values ζ 2
i are the eigenvalues of the matrix HH† and also of H†H.

Consequently, the channel matrix can be expressed as

H =
nmin

∑
i=1

ζiuiv†
i , (2.79)

where ui and vi are the ith column of U and V, respectively.

Defining x̃ = V†x , ỹ = U†y, ñ = U†n, (2.74) becomes

ỹ = Zx̃+ ñ. (2.80)

Alternatively,

ỹi = ζix̃i + ñi. (2.81)

Each of the the squared singular values ζ 2
i corresponds to an eigenmode of the channel,

also referred to as an eigenchannel. Each non-zero eigenchannel can support a data stream.

In this manner, the MIMO channel can support the spatial multiplexing of multiple streams.
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Deterministic MIMO Channels

When the channel is deterministic and the transmitter knows the channel, it can allocate

different amounts of power to the different eighenchannels depending on their strengths via

water filling algorithm, i.e.,

C =
nmin

∑
i=1

log2

(
1+

P∗
i ζ 2

i
N0

)
, (2.82)

where P∗
1 , . . . ,P

∗
nmin

are the water filling power allocations and given by

P∗
i =

(
q− N0

ζ 2
i

)+

, (2.83)

in which q is chosen to meet the power constraint of ∑i P∗
i = P.

In the high signal-to-noise ratio (SNR) regime, the equal power allocation strategy for

the non-zero eighenchannels is asymptotically optimal due to the relatively deep water filling

level. The capacity is accordingly approximated by

C ≈
k

∑
i=1

log2

(
1+

Pζ 2
i

kN0

)
≈ k log2

P
N0

+
k

∑
i=1

log2

(
ζ 2

i
k

)
, (2.84)

where k is the number of non-zero ζi, which is equal to the rank of the channel H. When the

channel is full rank, k = nmin. k can also be interpreted as the number of spatial degrees of

freedom per second per Hertz. Thus, the capacity scales like k log2
P
N0

bit/s/Hz.

Given that

1
k

k

∑
i=1

log2

(
1+

P
kN0

ζ
2
i

)
≤ log2

(
1+

P
kN0

(
1
k

k

∑
i=1

ζ
2
i

))
,

by Jensen’s inequality and

k

∑
i=1

ζ
2
i = Tr

[
HH†

]
= ∑

i, j

∣∣hi j
∣∣2 ,
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where Tr(·) denotes the trace of a matrix, and hi, j denotes the (i, j)th element of the channel

matrix H. It is found that the highest value of the capacity at high SNR is obtained when

all the singular values are equal. In other words, the singular values are spread out evenly.

The distribution of the singular values can be described by the conditional number of the

channel matrix, which is defined by maxi ζi
mini ζi

[79, Ch 7]. The channel matrix is said to be

well-conditioned if the condition number is close to 1.

In the low SNR regime, the optimal policy is to allocate power only to the strongest

eigenchannel. By using the approximation of log2(1+x)≈ x log2 e for a small x, the capacity

is approximated by

C ≈ P
N0

(
max

i
ζ

2
i

)
log2 e, (2.85)

yielding the power gain of maxi ζ 2
i .

Fast Fading MIMO Channels

When the channel experiences independent and identically distributed (i.i.d.) Rayleigh

fast fading channel and the transmitter does not know the channel, the optimal solution results

from allocating equal power to all the eigenchannels [79, (8.12)], i.e.,

C = E
[

log2 det
(

INR +
P

NTN0
HH†

)]
=

nmin

∑
i=1

E
[

log2

(
1+

P
NTN0

ζ
2
i

)]
,

(2.86)

where E(·) denotes the expectation.

In the high SNR regime, the capacity is approximated by

C ≈ nmin log2
P

NTN0
+

nmin

∑
i=1

E
[
log2 ζ

2
i
]
, (2.87)

where E
[
log2 ζ 2

i
]
>−∞ for all i. Hence, the full nmin degrees of freedom is attained, and

the capacity scales like nmin log2
P
N0

bit/s/Hz.
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In the low SNR regime, the capacity is approximated by

C ≈
nmin

∑
i=1

P
NTN0

E
[
ζ

2
i
]

log2 e =
P

NTN0
E
[
Tr
[
HH†

]]
log2 e = NR

P
N0

log2 e. (2.88)

Hence, at low SNR, the NR by NT system can only provide a power gain of NR over a single-

antenna system. This is attributed to the fact that the channel knowledge is unknown for the

transmitter so that the transmit beamforming cannot add the transmit signals constructively,

while the receiver can use the receive beamforming to combine the received signals coherently

[79, Ch 8].

When the channel experiences correlated Rayleigh fading channel and the transmitter

does not know the channel, the channel can be reconstructed by

H′ = Ψ
RHΨ

T, (2.89)

using the assumed fading correlation structure in [82], where ΨT and ΨR denote the fading

correlations at the transmitter and at the receiver, respectively. It is found that the capacity of

correlated Rayleigh fading channel

C′ = E
[

log2 det
(

INR +
P

NTN0
H′H′†

)]
(2.90)

will be always smaller than the capacity of i.i.d. fading channel in (2.86) at any SNR,

indicating that fading correlation will always reduce capacity over the entire range of SNRs

[82]. Meanwhile, as the number of antennas increases at both transmitter and receiver, the

difference between the capacities in (2.86) and (2.90) becomes more pronounced [82, Fig.

3].

2.4 Summary

In section 2.1 and 2.2, the EM and physical properties of building materials, and how

these properties affect the reflection characteristics of building materials have been reviewed.



2.4 Summary 45

It is found that the existing works mainly focus on measuring or simulating the signal

attenuations, reflection coefficients, and relative permittivities of common building materials.

These experimental results are only applicable to the measured building materials or their

similar substitutes under a specific frequency band, which however cannot be generalised to

a material with different EM and physical properties or working under a different frequency

band. The schemes for evaluating the wireless friendliness of building materials needs to be

universally applicable to a variety of materials working in a wide frequency range. It will be

useful to establish the analytical relationship between the EM and physical parameters of a

building material and the indoor wireless performance, because, compared with measurement

campaigns, the analytical relationship facilitates a faster and more economic way of predicting

how friendly a building material is to indoor wireless communications and obtaining the

optimal values of the EM and physical parameters.

In Section 2.3, the MIMO antenna arrays and indoor multipath channel modelling adopted

in the indoor MIMO wireless systems, and the capacities of MIMO multipath channel have

been reviewed. However, as far as the author knows, there exists no analytically tractable

indoor MIMO channel model that explicitly incorporates the EM and physical properties

of a building material, which is an important prerequisite for constructing the analytical

relationship required to reveal the impact of the EM and physical properties of a building

material on the indoor wireless performance.



Chapter 3

Contributions of the Thesis

This thesis leads to the pioneering research of establishing a systematic framework to

evaluate the impact of EM and physical properties of building materials on indoor wireless

performance, which has laid a solid foundation for subsequent research on the impacts of the

diversified internal structure of building materials on their wireless friendliness. The general

idea of creating a wireless friendliness evaluation scheme is to first construct a channel model

that incorporates the impact of building materials on the indoor EM wave propagations, then

design an appropriate evaluation metric, and finally propose an evaluation approach. To

the best of our knowledge, this is the first attempt to explore the potential improvement of

indoor wireless capacity from the perspective of selecting and designing building materials.

The outcomes of this thesis would enable appropriate design and/or selection of building

materials for building designers, e.g. civil engineers and architects, and provides necessary

environmental information for communications engineers.

The main contributions of this thesis are briefly summarised as follows, which will be

embodied in the following Papers I-III:

• A new two-ray channel model and a new multipath channel model that incorporate

the LOS path and the wall reflection (WR) path are proposed for indoor LOS MIMO

downlink transmissions. For the first time, the relative permittivity (EM property) and

thickness (physical property) of building materials are encapsulated into the channel

models through the reflection coefficient of the building material.
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• The relationship between the relative permittivity and thickness of building materials

and the MIMO channel capacity is analytically obtained, revealing the significant

influence of the relative permittivity and thickness on indoor wireless capacity. By

exploiting the expressions of indoor wireless capacity and their asymptotic forms, four

simple and effective metrics used for evaluating the wireless friendliness of building

materials are proposed, i.e., the spatially averaged capacity, the spatially averaged

logarithmic eigenvalue sum (LES), the spatially averaged logarithmic eigenvalue

product (LEP), and the upper-bound outage probability, which are all over the room of

interest.

• The evaluation schemes for the wireless friendliness of building materials are developed.

The optimal values of the relative permittivity and thickness of a building material that

maximise the indoor spatially averaged capacity are obtained, providing guidance on

the selection and/or design of a building material accordingly, and thus paving the way

for wireless friendly architectural design.

• The effects of the WR from building materials are investigated and found to exaggerate

the unevenness of the per-antenna power distribution over the precoded transmit

antenna array, especially for the BS deployed near a wall. The impacts of the building

material’s relative permittivity and thickness on this power distribution are analysed,

providing guidelines on how to select and/or design building material to alleviate the

unevenness of per-antenna power distribution and thus maintain a high RF power

amplifier efficiency.

Note that all the simulations in Papers I-III are done with Matlab solvers and that all

the channel models in Papers I-III are 2D models without considering the reflections from

side/opposite walls.

The main ideas expressed in the following Papers I-III are the results of discussions

among all the authors. The author of this thesis plays a major role as the first author of Papers

I-III, working on problem formulation, mathematical modelling and analysis, algorithm

design, verifying analytical derivations by simulations, and paper writing. Dr. Jiliang Zhang
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provides guidance in the analytical derivations and simulation realisations. Prof. Xiaoli Chu

and Prof. Jie Zhang supervise the contents and significance of these research. All authors

comment on the technical issues and help polish the manuscripts.

3.1 Papers Included in the Thesis

Paper I: How Friendly are Building Materials as Reflectors to Indoor LOS MIMO

Communications?, Yixin Zhang, Chen Chen, Songjiang Yang, Jiliang Zhang, Xiaoli Chu,

and Jie Zhang. This paper has been published in IEEE Internet of Things Journal, Volume: 7,

Issue: 9, Pages: 9116-9127, Sept. 2020. Date of Publication: 29 Jun. 2020.

In the first paper, our objective is to evaluate the wireless friendliness of a building

material by studying the impact of the EM and physical properties of building materials,

i.e., their relative permittivity and thickness, on indoor wireless capacity. For the first time,

we investigate the indoor capacity from the perspective of building material design. The

outcomes of this work would enable appropriate selection/design of building materials during

building design, thus enhancing the capacity of indoor LOS MIMO communications.

To be specific, we originally propose a new indoor multipath channel model considering

the WRs from a building material. This model is created based on the distance-dependant

Rician fading model, which incorporates the deterministic part (i.e., the LOS path and the

WR path) and the random part (i.e., other multipath components). The WR path is taken

into account to capture the impact of building materials on the indoor wireless propagation

channel. Then, we derive the squared singular values of its deterministic part and the marginal

probability distribution function (MPDF) of an unordered squared singular value in closed

forms, based on which the ergodic capacity of the proposed channel is derived by taking the

expectation over an unordered squared singular value. These analytical expressions reveal the

relationship between the indoor wireless capacity and the relative permittivity and thickness

of the building material. Next, to evaluate how friendly a building material is to indoor

communications, we build a two-dimensional (2D) Cartesian coordinate system inside a

room and take dense sample points spatially evenly distributed throughout the room. The
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spatially averaged capacity over the room of interest is designed as a metric for measuring the

wireless friendliness of a building material. A higher spatially averaged capacity corresponds

to a better wireless friendliness of a building material. Moreover, the impact of the directivity

of the BS antenna array on the indoor spatially averaged capacity is considered.

Finally, in numerical results performed at 6 GHz, we show how the wireless friendliness of

a building material change with its relative permittivity and thickness, and obtain their optimal

values that maximise the indoor spatially averaged capacity for both the omnidirectional and

directional BS antenna arrays. Monte Carlo simulation results validate the correctness of

analytical results. We find that the difference between the capacity of the proposed channel

that considers both LOS and WR paths and the capacity of the Rician channel that only

considers the LOS path is substantial, indicating the impact of the WR path that characterises

the EM and physical properties of building materials is non-negligible for indoor LOS MIMO

communications. We also find that the impact of relative permittivity on a material’s wireless

friendliness is much greater that the impact of thickness. The envelope of the spatially

averaged capacity curve presents an upward trend against the material’s relative permittivity

under the BS-distance of 3/4 wavelength. For a given permittivity, as the wall thickness

increases, the spatially averaged capacity first fluctuates with it under a decreasing envelope

and gradually converges to a constant value when the thickness goes beyond 0.25 m. A tiny

lapse in the relative permittivity or thickness will significantly change the spatially averaged

capacity by nearly 13.5% and 4.8%, respectively, for the omnidirectional and directional BS

antenna arrays. Therefore, the combinations of the relative permittivity and thickness are

worthy of careful consideration in the selection and/or design of building materials to avoid

the risk of reducing indoor wireless capacity.

Note that the channel model proposed in Papers I is essentially different from the TWDP

fading model in [78]. The channel model in (9-13) in Paper I considers both the large-scale

fading and the small-scale fading, where for large-scale fading, the distance-dependent

power decay and distance-dependent phase rotations in the specular LOS and WR paths

are incorporated, and for small-scale fading, the multipath components following Gaussian

distributions are included. However, [78] only discussed the small-scale TWDP fading
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experienced by a receiver in relatively confined area, and talked nothing about the impact of

distances.

Paper II: Lower-bound Capacity Based Wireless Friendliness Evaluation for Walls

as Reflectors, Yixin Zhang, Jiliang Zhang, Xiaoli Chu, and Jie Zhang. This paper has been

published in IEEE Transactions on Broadcasting, Volume: 67, Issue: 4, Pages: 917-924, Dec.

2021. Date of Publication: 27 Sep. 2021.

In the second paper, we aim to design three new metrics to facilitate fast and simple

wireless friendliness evaluations of a building material. By exploiting the lower-bound

capacity of a two-ray channel model that comprises of the LOS path and the WR path, the

influence of the BS transmission power on a material’s wireless friendliness can be removed.

Compared with the metric in Paper I, the three new metrics no longer require the calculation

of the following four parameters: the BS transmit SNR, the power ratio of the LOS and WR

paths to the other multipath components, and the two eigenvalues of the two-ray channel,

which thus reduces the complexity of evaluating the wireless friendliness of a building

material. The proposed approach based on the three new metrics will enable architects and

civil engineers to quickly select building materials according to their wireless friendliness.

Since the capacity of the two-ray channel comprising of the LOS path and the WR path

and the capacity of a multipath channel that incorporates other multipath components in

addition to the LOS path and the WR path are proved to have the same monotonicity, it

is reasonable to study a wall material’s wireless friendliness based on the capacity of the

two-ray channel. We first derive the lower-bound capacity per unit bandwidth in the medium

and high SNR regimes in closed-form, and find that the LES and LEP therein can be used

to separate the BS transmit SNR from the interference between the LOS path and the WR

path that determines the wireless friendliness of a wall material. On this basis, three new

metrics have been proposed, i.e., the spatially averaged LES, the spatially averaged LEP, and

the upper-bound outage probability of the room, for evaluating the wall material’s wireless

friendliness. The first two metrics constitute as parts of the lower-bound capacity. The

larger their values are, the friendlier the wall material is to wireless communications. The

third metric can be leveraged to quickly evaluate the capacity at a UE position against a
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given downlink capacity threshold and reveal the percentage of all possible UE locations

not achieving the target downlink capacity, whose value can be calculated by the cumulative

distribution function (CDF) of the UE location-specific LES and LEP in the medium and

high SNR regimes, respectively. A lower value means a better wireless signal coverage inside

the room, indicating that the wall material is more wireless-friendly.

The three new metrics are compared with respect to their advantages, limitations, and

applicability. Generally, the spatially averaged LES and spatially averaged LES of a room are

preferred when evaluating the impact of a room setting factor on the indoor wireless capacity

and obtaining its optimal configuration. The upper-bound outage probability of a room

should be adopted when a room setting factor needs to be properly set to meet the capacity

requirement. In addition, numerical results conducted at 6 GHz validate the effectiveness of

the three proposed metrics under different room sizes and aspect ratios, wall permittivities

and conductivities, wall thicknesses, and BS-wall distances.

In conclusions, the impact of the thickness of a wall material is far weaker than that

of its relative permittivity. Compared with the imaginary part of a wall material’s relative

permittivity, its real part exerts a greater impact on the three proposed metrics. The real part

of a wall material’s relative permittivity determines the upward or downward curve trend

versus the first two metrics. Note that this trend is also dependent on the BS-wall distance.

The imaginary part of a wall material’s relative permittivity, affected by the material’s

conductivity, strongly influences the fluctuation magnitude shaking around the curve of the

(asymptotic) channel capacity with respect to the real part of a building material’s relative

permittivity. Generally, a severer fluctuation arises out of a smaller conductivity. Besides,

the size and aspect ratio of a room determine the transverse dimension of the wall material,

which also influence the capacity level achieved in a room. Given the same room aspect ratio,

the wall material of a smaller size are more beneficial to the spatially averaged capacity in

the room. Given the same room size, deploying the BS near the long side wall of the room

with an aspect ratio close to 2 leads to the largest spatially averaged capacity in the room.

Note that neglecting the impact of multipath components in Paper II will not lead to any

different conclusions on the wireless friendliness of building materials from that in Paper I,
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because the the capacity of the two-ray channel in Paper II has the same monotonicity with

the capacity of the multipath channel in Paper I.

Also note that even though the curves in Fig. 6(b) seem to be close to each other, the

differences caused by the permittivities of building materials are non-negligible, because

by using the logarithmic scale of the sum of the channel eigenvalues, the impact of the

permittivity of a building material on the channel capacity has been understated.

Paper III: Effects of Wall Reflection on the Per-Antenna Power Distribution of ZF-

Precoded ULA for Indoor mmWave MU-MIMO Transmissions, Yixin Zhang, Jiliang

Zhang, Xiaoli Chu, and Jie Zhang. This paper has been published in IEEE Communications

Letters, Volume: 25, Issue: 1, Pages: 13-17, Jan. 2021. Date of Publication: 09 Sep. 2020.

In the third paper, we investigate the effects of WR from building materials on the per-

antenna power distribution of a transmit ULA adopting a zero-forcing (ZF) precoder for

indoor multi-user (MU) MIMO downlink scenarios. To avoid the possible low efficiency

of RF power amplifiers caused by the non-uniform power excitation across the transmit

antennas, it would be useful to know how much power is assigned to each individual antenna

to serve multiple users simultaneously.

To capture the effects of WR on the per-antenna power distribution across the precoded

ULA, a new channel model characterising both the LOS path and the WR path is proposed

for indoor MU-MIMO downlink scenarios. The intended symbols for multiple UEs are firstly

precoded at the transmit ULA, and then propagate through the proposed channel under flat

fading, e.g. in an mmWave orthogonal frequency division multiplexing (OFDM) system

[83, 84]. The impact of mutual coupling is considered by incorporating the empirical mutual

coupling coefficient for each transmit antenna. The entries of ZF precoding matrix for a

dual-UE case are analytically derived and verified through simulations. For the scenario

where the BS is deployed close to a wall, we apply two metrics, i.e., the normalised power

distribution, and the maximum power ratio (MPR), to evaluate the power distribution across

the transmit precoded ULA. The normalised power allocated to a transmit antenna to serve

a specific UE is defined by the squared absolute value of the corresponding entry in the

precoding matrix normalised by the Frobenius norm of the precoding vector for this UE,
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while the MPR for a specific UE is defined as the ratio between the maximum and the

minimum of the normalised power allocated to all the antennas for serving this UE. In terms

of these two metrics, we study the effects of WR on the per-antenna power distribution

across the ZF-precoded ULA through the comparisons between our proposed channel model

and the pure LOS channel model under 28 GHz, and also investigate how the per-antenna

power distribution over the ZF-precoded ULA changes with the building material’s relative

permittivity and thickness, the BS-wall distance, the MU spatial distribution, and the mutual

coupling level.

Through the numerical results, we gain the following conclusions. It is found that the

per-antenna power distribution over the ZF-precoded ULA becomes more uneven under the

effects of WR. The power distribution across the ZF-precoded ULA is greatly affected by

the relative permittivity of the building material. The power difference as large as 8 dB is

observed between the ends of the ULA when the real part of the relative permittivity is 9,

while this difference will be gradually reduced to less than 3 dB when the real part of the

relative permittivity decreases from 9 to 1. Nonetheless, the power distribution across the

ZF-precoded ULA almost does not change with the building material’s thickness. As the UE

moves farther away from the wall (i.e., the length of the LOS path increases), the normalised

power across the transmit antennas varies slower within a smaller dynamic range. The ZF

precoder needs to allocate highly different power levels across the ULA to distinguish the

two UEs that are very close to each other. The variation in the power distribution across the

ZF-precoded ULA first becomes more drastic when the BS-wall distance increases from 0.01

to 0.05 m, and then gradually flattens across the transmit antennas when the BS-wall distance

goes beyond 0.05 to 0.09 m. Mutual coupling affects the power distribution slightly when the

mutual coupling level is below -10 dB, whereas needs to be considered when this coupling

level becomes higher.
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3.2 Papers not Included in the Thesis

• On the Performance of Indoor Multi-Story Small-Cell Networks, Chen Chen,

Yixin Zhang, Jiliang Zhang, Xiaoli Chu and Jie Zhang. This paper has been pub-

lished on IEEE Transactions on Wireless Communications, 2021.

• On the Wireless Friendliness Evaluations for Sandwich Building Materials as

Reflectors, Yixin Zhang, Jiliang Zhang, Xiaoli Chu, and Jie Zhang. This paper is

under preparation and is planned to be submitted to IEEE Transactions on Wireless

Communications.

3.3 Conclusions and Future Works

In this thesis, we have proposed four effective metrics and schemes for evaluating the

wireless friendliness of building materials based on the proposed two-ray channel model and

multipath channel model that incorporate the LOS and WR paths, and studied the effects

of WR from a building material on the per-antenna power distribution across a precoded

transmit antenna array. The main conclusion is that, in the building design and planning

stage, building materials as reflectors have to be well selected or designed to avoid the risk of

reducing indoor wireless capacity and RF power amplifier working efficiency.

Observed from the numerical results, we obtain the following useful insights. The

combined value pair of the relative permittivity and thickness of a building material is worthy

of careful consideration, which might lead to nearly 13.5% difference in indoor wireless

capacity. The relative permittivity of a building material has more significant impact on its

wireless friendliness than the material’s thickness. Compared with the imaginary part of a

building material’s relative permittivity, its real part plays a more dominant role in affecting

the material’s wireless friendliness. The upward and downward trend of (asymptotic) channel

capacity versus the real part of a building material’s relative permittivity is affected by

and sensitive to the BS-wall distance. The imaginary part of a building material’s relative

permittivity, determined by the material’s conductivity, strongly influences the fluctuation
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magnitude shaking around the curve of the (asymptotic) channel capacity with respect to the

real part of a building material’s relative permittivity, in which a smaller conductivity leads

to a severer fluctuation. The effects of the WRs from a building material will exacerbate the

unevenness of the power distribution across the ZF-precoded ULA as large as 8 dB, which

may lead to the potential low working efficiencies of the antennas’ corresponding RF power

amplifiers. The relative permittivity of the building material can be adjusted to alleviate

the unevenness of the per-antenna power distribution, while the thickness of the building

material hardly help.

The results yielded in this thesis are inspiring for the following future extensive research

directions, including but not limit to:

1) Sandwich building materials: Given that the practical buildings are commonly coated

with multi-layer composite materials, it is of great necessity to analyse the wireless friend-

liness of sandwich building materials. One of the challenges is that the analytical indoor

wireless capacity is hard to be characterised by the EM and physical properties of sandwich

building materials due to the non closed-form reflection coefficients in (2.54). Moreover, the

optimal configuration of sandwich building materials would be formulated into a multivariate

optimisation problem, the complexity of which would increase with the number of layers.

2) Shared building materials between rooms: The wall shared by two adjacent rooms

would influence the wireless performance in both rooms. The signal leakage to a neighbouring

room may cause huge energy waste and unexpected interference. Therefore, the shared

building material between rooms should be delicately selected and/or designed to achieve

desirable performance in the room that the BS intends to serve and suppress or even eliminate

the unwanted interference on its neighbouring room behind the shared wall. This leads to the

research on the RF transparency of the shared building materials, which is dependent on its

reflection and transmission characteristics.

3) Joint optimisation of building materials and building layouts: In fact, the selections

of building materials should take the essential building utilities into account, such as the

load-bearing characteristic of a building. Changing the materials of non load-bearing walls

for desirable indoor wireless performance is feasible. However, changing the materials of
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load-bearing walls may cause safety risks. Hence, the building materials used for different

applicability may need to exhibit different wireless friendliness performance. This calls for

the joint optimisation of building materials and building layouts.

4) Experimental validations: all the analytical results of the proposed channel models

and the evaluation schemes in this thesis are verified by simulation results. It is also

critical to validate the above numerical results with experimental results. A comprehensive

measurement campaign will be held in future works.
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Abstract

The tremendous popularity of internet of things (IoT) applications and wireless devices have

prompted a massive increase of indoor wireless traffic. To further explore the potential of

indoor IoT wireless networks, creating constructive interactions between indoor wireless

transmissions and the built environments becomes necessary. The electromagnetic (EM)

wave propagation indoors would be affected by the EM and physical properties of the

building material, e.g., its relative permittivity and thickness. In this paper, we construct a

new multipath channel model by characterising wall reflection (WR) for an indoor line-of-

sight (LOS) single-user multiple-input multiple-output (MIMO) system and derive its ergodic

capacity in closed-form. Based on the analytical results, we define the wireless friendliness of

a building material based on the spatially averaged indoor capacity and propose a scheme for

evaluating the wireless friendliness of building materials. Monte Carlo simulations validate

our analytical results and manifest the significant impact of the relative permittivity and

thickness of a building material on indoor capacity, indicating that the wireless friendliness of

building materials should be considered in the planning and optimisation of indoor wireless

networks. The outcomes of this paper would enable appropriate selection of wall materials

during building design, thus enhancing the capacity of indoor LOS MIMO communications.
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1 Introduction

Internet of things (IoT) connects numerous heterogeneous devices, and provides infras-

tructures for smart buildings [1, 2], smart grids [3], and smart cities [4]. With the roll-out

of 5G systems and the opening horizon of 6G systems, cellular networks will provide eco-

nomical, flexible and reliable wireless connectivities for IoT devices, e.g., by leveraging

5G massive machine type communication (mMTC) [5] and 6G massive broad bandwidth

machine type (mBBMT) [6] technologies.

It is predicted that 80-96% of wireless data traffic will be consumed indoors in the future

[7]. As a result, indoor wireless traffic required by IoT is growing at an unprecedented rate.

Notably, physical obstacles like walls would affect the indoor propagation of electromagnetic

(EM) waves. Therefore, indoor wireless performance should be one of the indispensable

prerequisites when designing buildings [8, 9].

To meet the high data demand and address the capacity crunch in-building, indoor small

base stations (BSs) are usually equipped with large-scale antenna arrays [10], e.g. consisting

of hundreds of antennas, facilitated by multiple-input multiple-output (MIMO) technology

to achieve spatial multiplexing/diversity gains [11–13]. In order to guarantee a low spatial

correlation, the space intervals among antenna elements of the MIMO antenna array have to

be larger than half wavelength [14], which therefore will increase the physical dimension

of the indoor small BSs and generate negative weight and visual consequence on a room.

Especially in industrial environment, deploying BSs in the workspace may increase the risk

of accidents.

To avoid any possible negative impact on the functionality and appearance of a room, a

desirable indoor BS deployment is to integrate MIMO antenna arrays with interior walls[10,

16], which however will result in non-negligible coupling between MIMO antenna arrays

and building materials [17–19]. Specifically, when an EM wave impinges on a wall surface,

the intensity of the wall reflected wave can be measured by the reflection coefficient, which

depends on the EM and physical properties of the wall material, i.e., its relative permittivity

and thickness [20–25]. The wall reflected EM waves would be superposed with other EM

waves, which may jointly influence the indoor wireless performance. Hence, enhancing
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indoor wireless performance requires a rational selection and/or design of building materials.

In this paper, we define the wireless friendliness as a new performance metric of a building

material, which is characterised by its relative permittivity and thickness. A building material

with desirable wireless friendliness would be beneficial to the performance of indoor wireless

networks.

Metamaterials are known as novel artificial structures, which can be customized to build

a programmable EM propagation environment [26]. The meta-atoms in metamaterials are

software-controlled to firstly capture the signals from the source and then reflect the signal

to the destination actively or passively [27, 28]. Although metamaterials are expected to

contribute to indoor capacity improvement, they are facing major challenges such as their

design complexity growing exponentially with the number of meta-atoms. Besides, the

energy efficiency of metamaterial-aided wireless networking is no better than massive MIMO

[29] and relay-supported transmissions [30].

By contrast, the wireless friendliness of concrete as a widely used building material

has not been sufficiently studied. Most of the existing works on the EM wave propagation

loss through concrete walls were based on measurements [21, 31, 32]. As far as we know,

a theoretical analysis of indoor multipath capacity influenced by the EM and physical

properties of concrete is still missing. As will be shown in the subsequent sections, the

appropriate selection of building materials will increase the baseline value of indoor capacity.

Accordingly, the wireless performance of building materials should be considered inherently

in the design of future smart/green buildings. Hence, it is of vital importance to build an

evaluation scheme to identify the relationship between the wireless friendliness of a building

material and its EM and physical properties [34].

In this paper, we study the impact of building materials, especially their relative permittiv-

ity and thickness, on the performance of indoor line-of-sight (LOS) MIMO communications.

To the best of our knowledge, this is the first attempt to study the indoor capacity from the

perspective of wall material design.

The main contributions of this paper are summarized as follows:
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• Taking the wall reflection (WR) path into account and based on distance-dependant

Rician fading model, a new indoor LOS MIMO channel model is proposed.

• The marginal probability distribution function (MPDF) of an unordered squared sin-

gular value, the ergodic capacity of the indoor LOS MIMO channel, and the squared

singular values of its deterministic part are analytically obtained in closed forms.

These analytical expressions reveal the relationship between the indoor MIMO channel

capacity and the relative permittivity and thickness of the building material.

• We propose a scheme based on spatially averaged indoor capacity, which can be used

to evaluate the wireless friendliness of building materials and to guide the design of a

wireless-friendly building.

• The wireless friendliness performance of building materials is analysed. The optimal

values of the permittivity and thickness of building materials that maximise the spatially

averaged indoor capacity are obtained for both the omnidirectional and directional BS

antenna arrays.

• The analytical results are verified through Monte Carlo simulations.

The remainder of this paper is organized as follows. Section II introduces system model

for indoor LOS MIMO downlink transmissions. In Section III, the analytical MPDF of an

unordered squared singular value, the ergodic capacity of an indoor LOS MIMO channel,

and the squared singular values of its deterministic part are derived in closed forms. Then a

scheme used for evaluating the wireless friendliness of a building material is proposed in

Section IV. The impact of directional radiation pattern is discussed in Section V. Monte Carlo

simulation results are provided to verify all analytical results in Section VI. Finally, Section

VII concludes this paper.
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2 System Model

In this section, we introduce a novel system model for indoor LOS MIMO communi-

cations that incorporates the WR path and the EM and physical properties of the building

material.
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Fig. 1. The LOS path and the WR path between indoor BS and UE.

We consider indoor LOS MIMO downlink transmissions, as shown in Fig. 1. In the

considered room, one BS is deployed close to one of the walls and one user equipment (UE)

could be arbitrarily positioned. Since the strength of a WR path from a wall other than the

wall that is closest to the BS will be dominated by the distance-dependent path loss, the

reflected paths from the other walls would be much weaker than the WR path from the wall

closest to the BS. Hence, the considered wall refers to the wall closest to the BS hereafter, and

the WR path refers to the wall reflected path from the considered wall. The BS is deployed

in parallel with the considered wall with a small distance of D1 from the wall. The BS and

a typical UE are equipped with NT and NR omnidirectional antennas, respectively, both in

linear arrays with inter-antenna spacing D. The complex frequency-flat linear channel from

the BS to the typical UE is constructed as

y = Hx+n, (1)
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where x ∈ CNT×1, y ∈ CNR×1 denote the transmitted signal and the received signal, respec-

tively, n denotes the additive white Gaussian noise, and H is a NR ×NT channel matrix,

subject to E[Tr{HH†}] = NRNT, where E(·) and Tr{·} denote the expectation and the trace

of a matrix, respectively.

Other than the LOS path, the WR path is taken into account to capture the impact of

building materials on the indoor wireless propagation channel. For a certain position in

the room, the LOS path and the WR path are deterministically modelled by Friis’ formula

as NR ×NT matrix HLOS and HWR, respectively, whose elements are given in (2) and (3),

respectively,

[HLOS]nR,nT =
µ

4πd1
e−j2π

d1
µ
−j2π

D
µ

((
nR−

NR−1
2

)
cos(θR1+∆θ)+

(
nT−

NT−1
2

)
cosθT1

)
(2)

[HWR]nR,nT =
µΓ

4πd2
e−j2π

d2
µ
−j2π

D
µ

((
nR−

NR−1
2

)
cos(θR2+∆θ)+

(
nT−

NT−1
2

)
cosθT2

)
(3)

in which nT ∈ {0,1, ...,NT −1} and nR ∈ {0,1, ...,NR −1} are the indices of transmit and

receive antenna elements, µ denotes the wavelength of EM waves in the air, d1 and d2

denote the length of the LOS path and the WR path, respectively, θT1 and θT2 denote the

approximated angle of departure (AoD) of the LOS path and the WR path at the BS array,

respectively, while θR1 and θR2 denote the approximated angle of arrival (AoA) of the LOS

path and the WR path at the UE array, respectively, ∆θ denotes the arbitrary orientation angle

of the UE array, where θT1,θT2,θR1 ,θR2 ,∆θ ∈ {0,π}, (θR1 +∆θ) and (θR2 +∆θ) denote

equivalent AoA of the LOS path and the WR path at the UE array, respectively, and Γ

represents the equivalent reflection coefficient of the WR path.

Along the WR path, multiple internal reflections are considered when the EM wave

interacts with the building material. Using plane wave far-field approximation, the incident

angles of different order reflections are all approximated by α . When the building material is

assumed to be a homogenous dielectric reflector with relative permittivity ε and thickness ζ ,

the equivalent reflection coefficient of the WR path is represented as [20]



Paper I 76

Γ =
1− exp(− j2δ )

1−Γ
′2 exp(− j2δ )

Γ
′
, (4)

where

δ =
2πζ

µ

√
ε − sin2

α, (5)

and the first-order reflection coefficient Γ
′
represents the transverse electric (TE) polarisa-

tion ΓTE or the transverse magnetic (TM) polarisation ΓTM of the incident electric field,

respectively, which are given by:

ΓTE =
cosα −

√
ε − sin2

α

cosα +
√

ε − sin2
α

, (6)

or

ΓTM =
cosα −

√
(ε − sin2

α)/ε2

cosα +
√
(ε − sin2

α)/ε2
. (7)

For simplicity, HLOS and HWR are merged as one matrix H1, which can be decomposed

as

H1 = A1hH
β1

hα1 +A2hH
β2

hα2, (8)

A1=
µ
√

NTNR

4πd1
e−j2π

d1
µ ,

A2=
µΓ

√
NTNR

4πd2
e−j2π

d2
µ ,

αl = 2πDcosθTl/µ,

βl = 2πDcos(θRl +∆θ)/µ,

hαl =

e−j
(
−NT−1

2

)
αl

√
NT

,
e−j

(
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2
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αl

√
NT
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e−j

(
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2
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αl

√
NT

 ,

hβl
=

e j
(
−NR−1

2
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βl
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,
e j
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1−NR−1
2
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βl

√
NR

, ...,
e j
(

NR−1
2
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βl
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 ,

where l ∈ {1,2}.
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Based on distance-dependant Rician fading model and the multipath (MP) effect, our

channel matrix H consists of three components including the LOS part, the WR part, and the

MP part, which can be presented as

H =

√
K̄

1+ K̄
H̄+

√
1

1+ K̄
HMP, (9)

where the deterministic matrix H̄, including the LOS part and the WR part, is expressed as

H̄ =
H1
∥H1∥

√
NRNT, (10)

subject to E[Tr{HH†}] = NRNT, with ∥·∥ denoting the F-norm. The MP components are

assumed to be independent and identically distributed zero mean and unit variance complex

Gaussian random variables arranged in the NR ×NT matrix HMP. K̄ is the power ratio

between the deterministic part H̄ and the random part HMP, which can be obtained through

K̄ = KS, (11)

where K is the distance-dependant Rician factor as a function of d1 defining the power ratio

between the LOS part and the MP part, given by [33, Eq. (5.22)]

K = 8.7+0.051d1(dB), (12)

and

S =
∥H1∥2∥∥∥A1hH

β1
hα1

∥∥∥2 =
d2

1
d2

2
|Γ|2 + 2Md1

NTNRd2
+1 (13)

in which M = Re
(

Γe− j2π
d2−d1

µ

)
sin
(

NT
2 (α2−α1)

)
sin( 1

2 (α2−α1))

sin
(

NR
2 (β2−β1)

)
sin( 1

2 (β2−β1))
, and Re(·) denotes the real

part of a complex value.
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3 Analysis of Ergodic Capacity

In this section, for an arbitrary position in the room, we derive the two non-zero squared

singular values of H1, the MPDF of an unordered squared singular value and the ergodic

capacity of an indoor LOS MIMO channel H in closed forms.

3.1 The distribution of the squared singular value of channel

For notational convenience, we define m = min{NR,NT} and n = max{NR,NT}.

Lemma 1: Suppose ϕ1,ϕ2, ...,ϕm are the m squared singular values of H1, where

ϕ1,ϕ2, ...,ϕm−2 = 0 and ϕm−1,ϕm > 0. The two non-zero squared singular values of H1 are

computed in closed-form as

ϕm−1 =
∥X∥2 −

√
∥X∥4 −4|det(X) |2

2
, (14)

ϕm =
∥X∥2 +

√
∥X∥4 −4|det(X) |2

2
, (15)

X =

 A1 +A2∆β∆α A2∆β ∥hα∗∥

A2∆α
∥∥hβ∗

∥∥ A2 ∥hα∗∥
∥∥hβ∗

∥∥
 ,

hH
β∗

= hH
β2
−∆βhH

β1
,

hα∗ = hα2 −∆αhα1,

and ∆β and ∆α are given in (16) and (17), respectively [35]

∆β =
〈

hH
β2
,hH

β1

〉
=

1
NR

(NR−1)/2
∑

q=−(NR−1)/2
exp( jq(β1−β2))

=
sin(πNRD(cos(θR1 +∆θ)−cos(θR2 +∆θ))/µ)

NR sin(πD(cos(θR1 +∆θ)−cos(θR2 +∆θ))/µ)

(16)
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∆α = ⟨hα2,hα1⟩=
1

NT

(NT−1)/2
∑

q=−(NT−1)/2
exp( jq(α1−α2))

=
sin(πNTD(cosθT1−cosθT2)/µ)

NT sin(πD(cosθT1−cosθT2)/µ)

(17)

Proof. See Appendix.

Theorem 1: The MPDF of an unordered squared singular value λ of H is computed in

(18) [36], where the two non-zero squared singular values of
√

K̄H̄ are given by

φm−1 =
K̄NRNTϕm−1

∥H1∥2 =
KNRNTϕm−1

∥A1∥2 , (19)

and

φm =
K̄NRNTϕm

∥H1∥2 =
KNRNTϕm

∥A1∥2 , (20)

and Di, j is the (i, j)-co-factor of the m×m matrix Z whose (l,k)th entry is given by

(Z)l,k =

 (n−m+ k+ l −2)!, 1 ≤ l ≤ m−2,
1F1(n−m+l,n−m+1,φk)

((n−m+l−1)!)−1 , otherwise.
(21)

The hypergeometric function 0F1
(
w,z2) in (18) is defined in the series form by

0F1
(
w,z2)= ∞

∑
s=0

(z)2s

s![w]s
, (22)

and the hypergeometric function 1F1 (e,o,g) in (21) is given by

1F1 (e,o,g) =
∞

∑
s=0

[e]sg
s

[o]ss!
, (23)

where [r]t =
(r+t−1)!
(r−1)! .

Proof. Given the channel model in (8)-(13), the channel matrix H is an NR-by-NT non-central

Wishart matrix with mean
√

K̄
1+K̄ H̄. Hence, the MPDF of an arbitrary squared value of H

can be found in [36, (3)], which is derived by the squared singular values of
√

K̄H̄.
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Since H1 has only two non-zero squared singular values given in Lemma 1 and the

relationship between H1 and H̄ is given in (10), the two non-zero squared singular values of
√

K̄H̄ are given in (19) and (20), respectively, based on (14) and (15).

Meanwhile, using [36, Lemma 2], we get

lim
τ→0

0F1(n−m+1,(K̄+1)(φi+τi)λ )Ci, j(φi+τi)
m
∏

k<l
((φl+τl)−(φk+τk))

=
fi(λ )Di, j(φi+τi)

m−2
∏

l=1
(l−1)!

m
∏

l=m−1
φ

m−2
l (φm−φm−1)

,
(24)

where τ = {τ1,τ2, ...,τm} is an m-dimensional vector whose elements are distinct,

fi (λ ) =

 λ i−1[n−m+1]−1
i−1, 1 ≤ i ≤ m−2,

0F1 (n−m+1,(K̄ +1)φiλ ) , otherwise,
(25)

Di, j is given in (21) and Ci, j in [36, (3)] is the (i, j)-co-factor of the m×m matrix A whose

(i, j)th entry is Ai, j = (n−m+ j− 1)!0F1 (n−m+ j,n−m+1,φi). Since the H has only

two non-zero squared values, its MPDF can be derived as (18) by substituting (24) and (25)

into [36, (3)].

3.2 Closed-form ergodic capacity

Theorem 2: The ergodic capacity at a typical position is given by (26), where the average

signal-to-noise-ratio (SNR) at each receiver branch is given by

ρ =
(K̄ +1)∥H1∥2

ρT

K̄NRNT
, (27)

in which ρT = E
(
∥x∥2

)/
E
(
∥n∥2

)
refers to the SNR at transmitter side,

κ =
exp
(

K̄+1
SNR/NT

−φm −φm−1

)
ln2((n−m)!)m−1(φmφm−1)

m−2 (φm −φm−1)
m−3
∏

l=0
l!
, (28)
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ϑ = n−m+ j+ i−1, τ = n−m+ j+ p, and EQ (x) =
∫

∞

1 e−xtt−Q dt.

Proof. The ergodic capacity can be derived by taking the expectation with respect to λ as

follows [37]

C(ρ) = mE
[

log2

(
1+

ρ

NT
λ

)]
= m

∫
∞

0
log2

(
1+

ρ

NT
λ

)
f (λ )dλ ,

(29)

where f (λ ) is given in (18). The integral over λ in (29) is computed by the series expansion

of 0F1 (n−m+1,(K̄ +1)φiλ ) in (22) and

∫
∞

0
ln(1+ϖλ )λ η−1e−γλ dλ =

(η −1)!

e−
γ

ϖ γη

η

∑
l=1

Eη−l+1

(
γ

ϖ

)
(30)

in [38, Appendix A]. Thus, the ergodic capacity at a typical UE position is given in (26).

4 Wireless Friendliness Evaluation Scheme for Building

Materials

In this section, we investigate how friendly a wall is to indoor LOS MIMO transmissions.

Aiming to quantify the wireless friendliness of a building material, a reasonable indicator

is the expectation of capacity E(C). However, the value of E(C) cannot be calculated

straightforwardly. An alternative solution is to average the capacity values over dense sample

points inside the room, since the limit of the mean capacity values over sample points equals

E(C) as the sampling density approaches infinity.

Building a two-dimensional Cartesian coordinate system inside a W×L rectangular room

as shown in Fig. 2, we take X×Y sample points spatially evenly distributed throughout

the room. For a UE at the location (xi,y j) where i ∈ {1,2, ...,X} and j ∈ {1,2, ...,Y}, its

downlink ergodic capacity can be computed by (26)-(28) and denoted as C
(
xi,y j

)
in bit/s/Hz.

The capacity spatially averaged over all sample points, used as an evaluation indicator for



Paper I 82

-5 -4 -3 -2 -1 0 1 2 3 4 5

x (m)

0

1

2

3

4

5

6

7

8

9

10

y
 (

m
)

abc

i

d

BS

e

f

g

h
a:    (4.50, 1.25)

b:    (3.50, 1.25)

c:    (2.50, 1.25)

d:    (1.50, 1.25)

e:    (0.50, 1.25)

f:     (0.50, 3.25)

g:    (0.50, 5.25)

h:    (0.50, 7.25)

i:     (0.50, 9.25)

BS: ( 0, 0.0375)

Fig. 2. Cartesian coordinates for a room, e.g. W = L = 10 (m), where the BS is close to the
considered wall and there is an L-shaped route inside.

measuring the wireless friendliness of a building material, is given by

Cavg =
1

XY

X

∑
i=1

Y

∑
j=1

C
(
xi,y j

)
. (31)

According to [20], a simple expression of relative permittivity ε is given by ε = ε0 − jε1,

where the real part and the imaginary part can be expressed as a function of frequency f ,

i.e., ε0 = u f v and ε1 = 17.98σ/ f , where σ = r f t is the conductivity of the building material,

and constants u, v, r and t are compiled in [20, Table III]. In the following, we focus on the

permittivity and thickness of the building material.

Permittivity: The permittivity in this paper refers to the real part of relative permittivity

ε0. The imaginary part is assumed to be a constant. Note that both ε and ε0 are unitless.

Thickness: Since the building material in this paper is assumed to be a homogenous

dielectric reflector, the building material’s thickness of ζ equals to that of the wall.

The scheme for evaluating the wireless friendliness of a building material is given in

Algorithm I. The permittivity ε0 and the thickness ζ of a wall material are the inputs, and the

output Cavg is computed following (31) as an indicator of its wireless friendliness. A higher
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Algorithm 1: An Wireless Friendliness Evaluation Scheme for a Building Material
Input: ε0, ζ , K, µ , W , L, X , Y , NT, NR, D, D1, ρT
Output: Cavg
Calculate the step in x axis: ∆x =

W
X ;

Calculate the step in y axis: ∆y =
L−D1
Y−1 ;

Determine the coordinates (x,y) of all sample points :
x =−W/2+(∆x/2) : ∆x : W/2− (∆x/2); y = D1 : ∆y : L;

Determine the BS position located at (0,D1);
for i = 1; i ≤ X do

for j = 1; j ≤ Y do
Determine the UE location (xi,y j);
Calculate d1, d2, θT1 , θT2 , θR1 and θR2 , α;
Calculate Γ with (4)-(7);
Constructe H with (8)-(13);
Derive C

(
xi,y j

)
with (26)-(28);

end
end
Calculate Cavg with (31);
return Cavg;

Cavg indicates that a wall made of this kind of material would be more friendly to indoor

LOS MIMO communications.

5 Impact of directional radiation pattern

In this section, we consider each transmit element in the BS linear array as a directional

antenna, as shown in Fig. 3. The main lobe directivity gain and the back lobe directivity

gain are denoted as νm and νb, respectively, where ν2
m + ν2

b = 2 according to the energy

conservation law. Due to the dynamic attitude of UE, we assume an omnidirectional antenna

for the UE antenna for analytical tractability. The deterministic part of H1 should be rewritten

accordingly as

H′
1 = νmA1hH

β1
hα1 +νbA2hH

β2
hα2 . (32)
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Fig. 3. The impact of the radiation pattern of a directional BS antenna on the EM propagation
along the LOS path and the WR path.

The two non-zero squared singular values of H′
1 are derived by replacing X in (14) and

(15) with

X′ =

 νmA1 +νbA2∆β∆α νbA2∆β ∥hα∗∥

νbA2∆α
∥∥hβ∗

∥∥ νbA2 ∥hα∗∥
∥∥hβ∗

∥∥
 . (33)

The K̄ in channel model (9)-(13), the squared singular distribution of channel (18)-(20)

and the ergodic capacity (26)-(28) should all be replaced by K′, where K′ = KS′, K is the

Rician factor given by (12), and

S′ =

∥∥∥H′
1

∥∥∥2

∥∥∥νmA1hH
β1

hα1

∥∥∥2 =
d2

1ν2
b

d2
2ν2

m
|Γ|2 + 2Md1νb

NTNRd2νm
+1 (34)

Meanwhile, the ergodic capacity C(ρ ′) for directional antenna cases should be derived

by the average SNR at each receiver antenna ρ ′, which is given by

ρ
′ =

(K′+1)
∥∥∥H′

1

∥∥∥2
ρT

K′NRNT
(35)
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TABLE I Main simulation assumption

Parameter name Parameter value
Frequency f (GHz) 6
Room width W (m) 10
Room length L (m) 10

Inter-antenna spacing D = µ/2 (m) 0.025
The distance from BS to wall D1 (m) 0.0375

Number of BS antennas NT 4
Number of UE antennas NR 4

Samples along room x axis X 100
Samples along room y axis Y 100

The wireless friendliness evaluation scheme for directional BS antenna arrays is similar

to Algorithm 1 by using (32)-(35).

6 Numerical results

In this section, we present and analyse the numerical results for both omnidirectional and

directional BS antenna arrays to present a comprehensive understanding of the impact of

building materials as reflectors on indoor LOS MIMO communications. Subsection 6.1-6.3

show the results for the omnidirectional BS antenna array, while Subsection D shows the

results for the directional BS antenna array.

The parameters used in the simulations are given in Table I. The incident wave is assumed

to be TE polarised. The transmission power of the BS is assumed to be equally allocated to

every transmit antenna element. The BS is deployed at point (0, D1) and its antenna array

is deployed parallel to the considered wall. In the Monte Carlo simulations, the ergodic

capacity at point (xi,y j) is computed by

Csim
(
xi,y j

)
=E

[
log2 det

(
I+

ρ

NT
HH†

)]
. (36)
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Fig. 4. The MPDF of an unordered squared singular value at three points, for ζ = 0.2,
ε = 5.31− j0.5861 f−0.1905 [20, Table III]. Markers represent simulation values while red
solid lines and blue dash lines represent analytical values when ∆θ = 0 and ∆θ = π/2,
respectively.
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Fig. 5. Relationship between ergodic capacity and transmit SNR at three points, for ζ = 0.2,
ε = 5.31− j0.5861 f−0.1905. Markers represent simulation values while red solid lines and
blue dash lines represent analytical values when ∆θ = 0 and ∆θ = π/2, respectively.
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6.1 The ergodic capacity for a specific sample point

In this subsection, we take three points, i.e. (0.3, 0.25), (4.5, 8.0) and (-2.5, 0.55), as

examples to verify the correctness of analytical expression of (18)-(20) and (26)-(28). The

Rician factor K of the three points is computed by (12) accordingly.

Fig. 4 depicts the MPDF of an unordered squared singular value of the LOS MIMO

channel. It is found that the MPDF becomes more concentrated as K is reduced, which

reveals that the squared singular values of matrix H are more evenly distributed and thus

results in a larger ergodic capacity.

Fig. 5 shows the ergodic capacity versus the transmit SNR. The ergodic capacity increases

when the transmit SNR increases. Meanwhile, a larger K leads to a lower ergodic capacity

under the same transmit SNR due to the less concentrated MPDF of an unordered squared

singular value of channel matrix H.

From the results for ∆θ being 0 and π/2 in Fig. 4 and Fig. 5, respectively, we can see that

∆θ has a limited impact on the MPDF of an unordered squared singular value and the ergodic

capacity of indoor LOS MIMO channel. This is because ∆β in (16) is hardly affected by ∆θ .

When ∆θ increase from 0 to π , ∆β is always very close to 1. As a result, the squared singular

values of H derived by (14)-(15) will not change much with ∆θ . Consequently, the MPDF

of an unordered squared singular value in (18)-(20) and the ergodic capacity in (26)-(28) of

H will stay nearly constant for varying ∆θ . Therefore, due to the space limitation, all the

numerical results hereinafter are conducted when ∆θ = 0.

6.2 The ergodic capacity distribution in a square room

To verify the accuracy of the evaluation indicator Cavg in (31) and the usefulness of

Algorithm 1, the ergodic capacity at different positions is studied in this subsection.

We design a L-shaped route that includes some typical UE positions in the square room,

as shown in Fig. 2. The ergodic capacities from point a to j along this route, in the presence

or absence of WR path, are shown in Fig. 6. The dash lines illustrate the results taking

into account the WR path. From point a to e, we observe an increase in capacity as the
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Fig. 6. Ergodic capacity at the points for L-shaped route, for ζ = 0.2, ε = 5.31 −
j0.5861 f−0.1905. Markers represent simulation values while both the solid and dash lines
represent analytical values.

Fig. 7. Ergodic capacity distribution in the 10 m × 10 m square room, for ρT = 60 dB,
ζ = 0.2, ε = 5.31− j0.5861 f−0.1905. Markers represent simulation values while the lines
represent analytical values.
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Fig. 8. The ergodic capacity difference between our proposed channel and the Rician channel,
for ρT = 60 dB, ζ = 0.2, ε = 5.31− j0.5861 f−0.1905. The positive/negative difference
indicates constructive/destructive interference.

UE is approaching the BS except for point d, where the slump in ergodic capacity is due to

the power cancellation caused by the destructive combination of the LOS path and the WR

path. When the UE moves from point e to i, the capacity declines. This is different from the

ergodic capacity under the Rician fading model without considering the WR path that would

monotonically decrease with an increasing UE-BS distance, as shown by the solid lines in

Fig. 6.

The spatial distribution of the ergodic capacity in a square room using our proposed

model is shown in Fig. 7. It is observed that the ergodic capacity is not a monotonic function

of the UE-BS distance. This phenomenon can be attributed to the constructive and destructive

interference between the EM waves along the LOS path and the WR path. The length

difference in O(λ ) leads to the great changes of the amplitude and phase of the superposed

EM wave arriving at the UE.

Fig. 8 plots the ergodic capacity difference between our proposed channel model based

on (8)-(13) and the Rician fading channel model. The position with a positive/negative

difference corresponds to a location that experiences the constructive/destructive interference
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Fig. 9. Impact of wall permittivity on spatially averaged capacity for the omnidirectional BS
antenna array for ρT = 60 dB.

between the EM waves along the LOS path and the WR path. We can see that the positions

suffering from the destructive interference appear in certain directions, along which the

Fabry-Pérot resonance phenomenon of EM waves is observed.

Concluded from Fig. 6-8, the impact of the WR path that characterises the EM and

physical properties of building materials on indoor ergodic capacity is non-trivial, which

cannot be ignored in indoor LOS MIMO communications.

6.3 The impact of wall permittivity and thickness on spatially averaged

capacity

In order to identify a wall material with desirable wireless friendliness, the relationship

between the evaluation indicator named spatially averaged capacity Cavg and the key pa-

rameters, i.e., the permittivity ε0 and the thickness ζ of building materials is shown in this

subsection.

Fig. 9 and Fig. 10 plot the spatially averaged capacity as a function of the permittivity

and the thickness of building materials, respectively. In Fig. 9, as the permittivity increases
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Fig. 11. The composite impact of permittivity and thickness on spatially averaged capacity
for the omnidirectional BS antenna array for ρT = 60 dB.
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from 1 to 10, the envelope of the spatially averaged capacity presents a upward trend. The

variation in the spatially averaged capacity becomes more significant with the increase of

the permittivity. In Fig. 10, for a given permittivity, as the wall thickness increases, the

spatially averaged capacity first fluctuates with it under a decreasing envelope and gradually

converges to a constant value when the thickness goes beyond 0.25 m. We observe quite

severe fluctuations of the spatially averaged capacity at relatively small wall-thickness values.

That is because the reflection coefficient amplitude fluctuates more severely when the wall is

thinner. According to Fig. 9 and Fig. 10, we note that a tiny lapse in the wall permittivity or

thickness will change the spatially averaged capacity by up to 0.333 bit/s/Hz.

The composite impact of the building material’s permittivity and thickness on the spatially

averaged capacity is illustrated in Fig. 11. When the permittivity and the thickness are

configured in the range from 1 to 10 and from 0.1 to 0.25 m, respectively, we observe that the

optimal pair of [ε0, ζ ] resulting in the highest spatially averaged capacity of 2.812 bit/s/Hz is

[10, 0.1], while the worst pair resulting in the lowest spatially averaged capacity of 2.478

bit/s/Hz is [1, 0.1]. We can conclude that certain combinations of the wall thickness and

permittivity values lead to peak values of the spatially averaged capacity, which can be more

than 13.5% higher than the lowest spatially averaged capacity values. The combinations of

the wall thickness and permittivity values associated with the latter should be avoided during

the selection and/or design of building materials.

6.4 Analysis for directional BS antenna array

In this subsection, Fig. 12-17 depict the numerical results for the directional BS antenna

array. The main lobe directivity gain and the back lobe directivity gain are assumed as

νm =
√

1/3 and νb =
√

5/3, respectively.

Fig. 12 and Fig. 13 are plotted for the same three sample points shown in Fig. 4 and

Fig. 5, i.e. (0.3, 0.25), (4.5, 8.0) and (-2.5, 0.55). It is found in Fig. 12 that the MPDF of an

unordered squared singular value of the LOS MIMO channel becomes more concentrated

and that the largest squared singular value of the LOS MIMO channel becomes larger, when

compared with the omnidirectional BS antenna array in Fig. 4. Moreover, the difference



Paper I 93

0 5 10 15 20

0

0.05

0.1

0.15

0.2

0.25

0.3

M
P

D
F

Fig. 12. The MPDF of an unordered squared singular value at three points, for ζ = 0.2,
ε = 5.31− j0.5861 f−0.1905. Markers represent simulation values while lines represent
analytical values.
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between the MPDF under different Rician factor K becomes less substantial. In Fig. 13, the

ergodic capacity shows an increasing trend with the rise of transmit SNR. When comparing

the red lines in Fig. 5 with the red lines in Fig. 13, the ergodic capacity under the directional

BS antenna array is shown to be larger than that under the omnidirectional BS antenna array.

Given the same 9 points along the L-route drawn in Fig. 2, Fig. 14 shows similar results

from Fig. 6. Even though there is less change in ergodic capacity in the presence or absence

of the WR path compared with the omnidirectional BS antenna array, it still appears some

positions that suffer destructive interference, such as point d.

With regards to the impact of the wall permittivity and thickness on the spatially averaged

capacity, significant variations of up to 0.151 bit/s/Hz can be observed in Fig. 15 and Fig. 16.

In Fig. 17, it is found that the optimal pair of [ε0, ζ ] leading to the highest spatially averaged

capacity of 3.292 bit/s/Hz is [10, 0.1], while the worst pair leading to the lowest spatially

averaged capacity of 3.141 bit/s/Hz is [1, 0.1]. The potential 4.8% difference in the spatially

averaged capacity generated by different combinations of the wall permittivity and thickness

is worthy of careful consideration in the selection and/or design of building materials.
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Fig. 17. The composite impact of permittivity and thickness on spatially averaged capacity
for the directional BS antenna array for ρT = 60 dB.

The results above indicate that for directional BS antenna arrays, the EM and physical

properties of building materials will definitely exert a substantial influence on a room’s

wireless performance.

7 Conclusions and Future works

In this paper, we firstly construct a new indoor LOS MIMO downlink channel model

by considering the impact of building materials on indoor wireless performance. Then, the

MPDF of the squared singular value and the ergodic capacity of the indoor LOS MIMO

channel and the squared singular value of its deterministic part are obtained in closed forms.

On this basis, a scheme for evaluating the wireless friendliness of building materials is

provided. The analytical results are verified through Monte Carlo simulations conducted in

the 6 GHz band. Numerical results demonstrate that building materials as reflectors have

to be well selected or designed to avoid the risk of reducing indoor wireless performance,

because a minor discrepancy in the configuration of the relative permittivity and thickness of

the wall material might cause over 14.4% losses in indoor capacity.
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This work is the first attempt to investigate how indoor capacity is influenced by the

EM and physical properties of building materials, which has laid a solid foundation of

wireless friendliness evaluation of indoor built environments. In future works, there are some

extensive research directions worthy of in-depth study, including but not limit to:

1) Multi-layer building materials: It is of great necessity to analyse both single-layer

and multi-layer building materials. One of the challenges is that the analytical relationship

between the indoor MIMO capacity and the EM and physical properties of multi-layer

building materials is hard to find due to the non-closed-form reflection coefficients [20].

Moreover, the optimal configuration of multi-layer materials would be formulated into a

multi-variate optimisation problem, the complexity of which would increase with the number

of layers.

2) Millimetre wave (mmWave): MmWave bands have been a promising candidate for

5G and B5G wireless network, which has been widely studied in both theoretical and

experimental study. The propagation mechanism for sub-6 GHz bands and mmWave bands

are substantially different due to the orders of magnitude change in the wavelength [10,

15, 39]. Hence, the work extending to mmWave bands should start from the accurate and

tractable modelling of indoor mmWave propagation. Another scheme is required to evaluate

the wireless friendliness of building materials at mmWave bands.

3) Experimental validation: It is critical to verify the numerical results of the proposed

channel model and the evaluation scheme with experimental results. A comprehensive

measurement campaign will be held in future work.

Appendix: Proof of Lemma 1

Since two deterministic components including the LOS path and the WR path are

considered in our model as shown in (8), it is obvious that H1 has two non-zero singular

values. The singular value decomposition of deterministic part H1 can be given as

H1 = BHXA, (37)
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where

B =
(

hβ1 hβ∗/
∥∥hβ∗

∥∥ )T
,

A =
(

hα1 hα∗/∥hα∗∥
)T

,

X=

 1 ∆β

0
∥∥hβ∗

∥∥
 A1 0

0 A2

 1 0

∆α ∥hα∗∥

 .

Initially using Gram-Schmidt process, hα1 and hH
β1

are orthonormalized with hα∗

/
∥hα∗∥

and hH
β∗

/∥∥hβ∗

∥∥, respectively, which means that BHB=I and AHA=I.

Then X can be simplified as a 2×2 matrix, with four elements given in (14). Assuming

X could be decomposed as

X=PH

 √
ϕm−1 0

0
√

ϕm

Q, (38)

where PHP=I and QHQ=I, then ϕm−1 and ϕm are two squared singular values of matrix X.

Hence we obtain

H1=(PB)H

 √
ϕm−1 0

0
√

ϕm

QA. (39)

Here it is interesting to find that ϕm−1 and ϕm are the two squared singular values of H1

as well, since (PB)HPB=I and (QA)HQA=I.

Therefore, the two non-zero squared singular values of H1, i.e. ϕm−1 and ϕm, can be

easily obtained by conducting singular value decomposition to low dimensional matrix X, as

given in (14) and (15), respectively.
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Abstract

Indoor base stations (BSs) equipped with multiple-input multiple-output (MIMO) antenna

arrays are commonly deployed in the vicinity of a wall. The wireless friendliness of the wall,

determined by the intrinsic electromagnetic (EM) and physical properties of the wall material,

significantly influences the indoor wireless performance and thus needs to be thoroughly

considered during building design. In this article, for a rectangular room with a BS deployed

near one of the walls, by deriving the asymptotic expression of lower-bound indoor wireless

capacity of a UE location-specific channel, we reveal that the impact of the BS transmission

power and that of the wall material properties on the lower-bound indoor capacity can be

decoupled. More specifically, in our derived lower-bound indoor wireless capacity, the

properties of the wall material are captured by the logarithmic eigenvalue summation (LES)

and logarithmic eigenvalue product (LEP), which are both independent of the BS transmit

signal-to-noise ratio (SNR). To simplify the wireless-friendliness evaluation of a wall by

leveraging such decoupling, we derive both the LES and LEP in closed forms for a UE

location-specific channel, and define the spatially averaged LES, the spatially averaged LEP,

and the upper-bound outage probability (all over the room of interest) as new metrics for fast

evaluating the wireless friendliness of the wall closest to the BS. Numerical results verify the

effectiveness of the three proposed metrics and reveal the crucial impact of room settings and

wall materials on the indoor capacity. The proposed approach will enable architects and civil

engineers to quickly select building materials according to their wireless friendliness.
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1 Introduction

It is predicted that mobile video will rise to account for nearly 80% of all mobile data

traffic by 2022, while 70% to 90% of the overall mobile data will be generated indoors

[1]. Superior indoor multimedia experience can be supported by the wireless broadcast

services [2–4] of mobile networks, e.g., with the LTE-Broadcast (LTE-B) technology [5].

It is noteworthy that an indoor mobile network needs to ensure a high capacity to support

high-data-rate services such as live video streaming [6].

Multiple-input multiple-output (MIMO) technique can be used to boost indoor wireless

performance by enabling multiple parallel spatial streams between transceivers without

requiring additional bandwidth or higher transmission power [7–9]. To avoid any negative

visual impact or inconvenience on a room, a popular way of deploying indoor base stations

(BSs) equipped with MIMO antenna arrays is to put the BSs in the edge part of a room, i.e.,

close to a wall [10, 11].

The settings of indoor environments, in terms of room sizes and aspect ratios, wall

material’s thicknesses and relative permittivities, and BS locations and configurations, will

affect the indoor wireless performance [12–15]. As such, the materials of walls have to be

carefully selected taking their impacts of properties on the indoor wireless performance into

account in the building planning and design stage. Generally, the wall in the vicinity of a BS

can be regarded as a lossy dielectric structure [16–18]. An electromagnetic (EM) wave would

suffer reflection loss after hitting on the wall’s surface due to multiple internal reflections.

Measurement results have shown that the reflection loss is dependent on the incident angles

and polarisation of EM waves, as well as the EM and physical properties of wall materials

[19, 20], which is mathematically characterised by the Fresnel equations [16, 21–23].

The authors in [24, 25] utilized frequency-selective surfaces (FSSs) to change the EM

properties of the walls in real-time for the purpose of providing good EM isolation between

rooms. Nevertheless, FSS attached walls were studied only as active spatial and frequency fil-

ters, while the impact of other EM parameters of walls, such as permittivity and conductivity,

on indoor wireless capacity was not investigated.
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In order to predict the impact of a wall that is closest to the BS on the indoor wireless

performance, we proposed wireless friendliness as a new performance metric of a wall in

[26], where we also developed an approach to evaluating the wireless friendliness of a wall

by adopting the indoor spatially averaged capacity of a multipath channel as a metric, which

is a function of and is affected by the BS transmission power. Note that the capacity of the

two-ray channel comprising of the line-of-sight (LOS) path and the wall reflection (WR) path

[18, 27] and the capacity of a multipath channel that incorporates other multipath components

in addition to the LOS path and the WR path have the same monotonicity, which can be

proven using the results in [28]. Therefore, in this work, we propose to study a wall’s wireless

friendliness based on the capacity of the two-ray channel. By exploiting the asymptotic

capacity of this two-ray channel, we find that its eigenvalues can be used to separate the BS

transmit signal-to-noise ratio (SNR) from the interference between the LOS path and the

WR path that determines the wireless friendliness of the wall. As will be shown in Section II,

by leveraging the logarithmic sum or logarithmic product of the eigenvalues of the two-ray

channel, the influence of the BS transmission power on a wall’s wireless friendliness can be

removed. Consequently, compared with the metric in [26], the three new metrics proposed

herein no longer require the calculation of the following four parameters: the BS transmit

SNR, the power ratio of the LOS and WR paths to the other multipath components, and the

two eigenvalues of the two-ray channel, which facilitates a faster and simpler approach to

evaluating a wall’s wireless friendliness.

In this article, we investigate how the transverse dimension (equal to the length or width

of a room), longitudinal dimension (thickness), and dielectric properties (relative permittivity

and conductivity) of the wall closest to the BS affect the indoor LOS MIMO downlink

transmissions in a rectangular room, which may have various room sizes, aspect ratios, and

distances between the BS and its closest wall. Given that the wall closest to the BS would

exert a much greater impact on the received signal strength than the other walls due to the

dominating distance-dependent path loss over the much weaker reflection gain [26], in this

article, we focus on the wireless friendliness evaluation of the wall closest to the BS. For

brevity, the wall closest to the BS in a room is referred to as the wall hereafter.
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The contributions of this work are summarised as follows:

• We adopt a two-ray channel model incorporating both the LOS path and the WR path

from the BS’s closest wall, and derive the lower-bound capacity per unit bandwidth in

the medium and high SNR regimes for an arbitrary user equipment (UE) location in

closed-form.

• We show that, while being independent of the BS transmit SNR, the logarithmic

eigenvalue sum (LES) and logarithmic eigenvalue product (LEP) in the derived lower-

bound capacity per unit bandwidth of a UE location-specific channel can jointly

characterise the wireless friendliness of the wall.

• Based on the UE location-specific LES and LEP, we propose the spatially averaged

LES, the spatially averaged LEP, and the upper-bound outage probability of the room

as new metrics for evaluating the wall’s wireless friendliness. Note that the three

proposed metrics for fast evaluating the wireless friendliness of a wall as a reflector

can be applied to every wall in the considered room when the channel model takes the

WRs from that wall into consideration.

• We also show that the upper-bound outage probability of a room can be calculated by

the cumulative distribution function (CDF) of the UE location-specific LES and LEP

in the medium and high SNR regimes, respectively.

• The effectiveness of the three proposed metrics is numerically evaluated under different

room sizes and aspect ratios, wall permittivities and conductivities, wall thicknesses,

and BS-wall distances, and is compared with respect to their advantages, limitations,

and applicability.

The rest of the article is organized as follows. In Section II, we describe the system model

for indoor LOS MIMO downlink transmissions taking the WRs from the BS’s closest wall

into account. In Section III, we derive the lower-bound channel capacity, LES and LEP for

an arbitrary UE location in closed forms, based on which we propose three metrics for fast
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Fig. 1. MIMO channel model with both LOS path and WR path

wireless friendliness evaluation of the wall in Section IV. Numerical results are presented

and discussed in Section V. Finally, we conclude this article in Section VI.

2 System Model

As shown in Fig. 1, we consider an indoor LOS MIMO downlink, where the BS is

placed with a small distance of h m to its closest wall and one UE is arbitrarily positioned in

the room. The BS and UE are each equipped with a uniform linear array (ULA) with the

inter-antenna spacing of D m, consisting of NT and NR antennas, respectively. The ULAs at

the BS and the UE are both assumed to be parallel to the wall closest to the BS. The received

signal y ∈ CNR×1 at an arbitrary UE location1 is given by the transmitted signal x ∈ CNT×1,

the channel matrix H ∈ CNR×NT and the additive white Gaussian noise n as

y = Hx+n. (1)

1In Sections II and III, we mainly study the lower-bound capacity of the channel between the BS and an
arbitrary UE location. The variables denoting the UE location are dropped for brevity.
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The multiple reflections inside the wall as a homogenous dielectric reflector can be

modelled by the equivalent reflection coefficient, which is given by [21]

Γ =
1− exp(− j2δ )

1−Γ
′2 exp(− j2δ )

Γ
′
, (2)

δ =
2πb
µ

√
ε − sin2

α, (3)

where α denotes the equivalent incident angle of reflections of all orders under far-field

plane wave assumption, µ denotes the wavelength of the EM waves in the air, b denotes

the thickness of the wall, ε denotes the relative permittivity of the wall and is given by

ε = ε0 − j17.98σ/ f , where ε0 = u f v, σ = r f t is the conductivity of the wall material,

f denotes the signal’s frequency, and u, v, r and t are constant parameters given in [21,

Table III], and Γ
′
denotes the first-order reflection coefficient, which is given by ΓTE for the

transverse electric (TE) polarisation or ΓTM for the transverse magnetic (TM) polarisation of

the incident electric field, respectively:

ΓTE =
cosα −

√
ε − sin2

α

cosα +
√

ε − sin2
α

, (4)

ΓTM =
cosα −

√
(ε − sin2

α)/ε2

cosα +
√
(ε − sin2

α)/ε2
. (5)

The wall-reflected EM waves propagating along the WR path will arrive at the UE

receiver in addition to the EM waves along the LOS path. Based on Friis’ formula, the

channel matrix H at a specific UE location can be deterministically modelled as [26]

H = A1hH
β1

hα1 +A2hH
β2

hα2, (6)

αl =
2π

µ
DcosθTl ,βl =

2π

µ
DcosθRl ,

A1 =
µ

4πd1
e− j2π

d1
µ ,A2 =

µΓ

4πd2
e− j2π

d2
µ ,
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hαl =

(
e− j

(
−NT−1

2

)
αl ,e− j

(
1−NT−1

2

)
αl , ...,e− j

(
NT−1

2

)
αl

)
,

hβl
=

(
e j
(
−NR−1

2

)
βl ,e j

(
1−NR−1

2

)
βl , ...,e j

(
NR−1

2

)
βl

)
,

where l ∈ {1,2}, {·}H represents the complex conjugate transpose of a vector or matrix, d1

and d2 denote the length of the LOS path and the WR path, respectively, θT1 and θT2 denote

the equivalent angle of departure (AoD) of the LOS path and the WR path at the BS antenna

array, respectively, θR1 and θR2 denote the equivalent angle of arrival (AoA) of the LOS

path and the WR path at the UE antenna array, respectively, and Γ represents the equivalent

reflection coefficient of the WR path given in (2)-(3). Since the rank of H is 2, matrix HHH

has only two eigenvalues.

3 Lower-bound Capacity

The MIMO channel capacity per unit bandwidth at a specific UE location is given by

C = log2

(∣∣∣∣INR +
ρ

NT
HHH

∣∣∣∣)
= log2

((
1+

ρ

NT
λ1

)(
1+

ρ

NT
λ2

))
= log2

(
1+

ρ

NT
(λ1 +λ2)+

ρ2

N2
T

λ1λ2

)
,

(7)

where ρ = PT
N0

is the BS transmit SNR, PT and N0 denote the power of the transmitted signal

and noise, respectively, λ1 and λ2 denote the two eigenvalues of HHH.

Based on (7), in the medium SNR regime, i.e., ρ < λ1+λ2
λ1λ2

NT, the MIMO channel capacity

per unit bandwidth is lower bounded by

Cm = log2

(
ρ

NT
(λ1 +λ2)

)
= log2

ρ

NT
+ log2 (λ1 +λ2) , (8)

where log2 (λ1 +λ2) is referred to as LES.
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In the high SNR regime, i.e., ρ ≥ λ1+λ2
λ1λ2

NT, the MIMO channel capacity per unit band-

width is lower bounded by

Ch = log2

(
ρ2

N2
T

λ1λ2

)
= 2log2

ρ

NT
+ log2 (λ1λ2) , (9)

where log2 (λ1λ2) is referred to as LEP.

Since log2
ρ

NT
is a constant independent of the room setting or building materials, the LES

and LEP can effectively characterise the wireless friendliness of a wall in the medium and

high SNR regimes, respectively. Following [26, Lemma 1], the LES and LEP at a specific

UE location are computed, respectively, by

log2(λ1 +λ2) = log2

(
µ2NTNR
16π2d2

1
+ µ2|Γ|2NTNR

16π2d2
2

+ µ2NTNR
8π2d1d2

∆α∆β ℜ

(
Γe j2π

d1−d2
µ

))
(10)

log2(λ1λ2)= log2

(
1+∆

2
α−

2∆α

NT
∑

NT−1
2

q=−NT−1
2

cos(q(α1−α2))

)
+ log2

(
1+∆

2
β
−

2∆β

NR
∑

NR−1
2

q=−NR−1
2

cos(q(β1−β2))

)
+ log2

(
µ2|Γ|NTNR

16π2d1d2

)2

(11)

where ℜ(·) denote the real part of a complex,

∆α =
1

NT
∑

NT−1
2

q=−NT−1
2

exp( jq(α1 −α2)) =
sin(πNTD(cosθT1 − cosθT2)/µ)

NT sin(πD(cosθT1 − cosθT2)/µ)
, (12)

∆β =
1

NR
∑

NR−1
2

q=−NR−1
2

exp( jq(β1 −β2)) =
sin(πNRD(cosθR1 − cosθR2)/µ)

NR sin(πD(cosθR1 − cosθR2)/µ)
. (13)

Given that
1

NT
∑

NT−1
2

q=−NT−1
2

cos(q(α1−α2)) = ∆α ,

1
NR

∑
NR−1

2

q=−NR−1
2

cos(q(β1−β2)) = ∆β ,

we obtain a simple expression of the LEP at a specific UE location as follows
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log2(λ1λ2)=2log2

(
µ2|Γ|NTNR

16π2d1d2

)
+log2

(
1−∆

2
α

)(
1−∆

2
β

)
. (14)

We note that the inter-antenna spacing D, the wall thickness b, the LOS path length d1,

and the WR path length d2 can typically be given as multiples of the signal wavelength µ .

Thus, according to (10, 12-14), for given EM parameters of a wall material (i.e., the relative

permittivity and conductivity), the UE-specific LES and UE-specific LEP are not affected by

the signal frequency.

We also find that the number of antennas, i.e., NT and NR, affects the values of UE-specific

LES and UE-specific LEP, indicating that the MIMO configuration should be considered

when evaluating a wall’s wireless friendliness.

By substituting (10) and (14) into (8) and (9), respectively, the lower-bound MIMO

channel capacity per unit bandwidth at a specific UE location in the medium and high SNR

regimes are, respectively, given by

Cm= log2

(
µ2ρNR

8π2

)
+log2

 1
2d2

1
+

ℜ

(
Γe j2π

d1−d2
µ

)
(∆α∆β )

−1d1d2
+
|Γ|2

2d2
2

 , (15)

Ch=2log2

(
µ2ρNR

16π2

)
+log2

 |Γ|2
(
1−∆2

α

)(
1−∆2

β

)
d2

1d2
2

 . (16)

4 Wireless Friendliness Evaluation for Walls as Reflectors

In this section, we design three new metrics: the spatially averaged LES, the spatially

averaged LEP, and the upper-bound outage probability, which are all over the room of interest,

to enable fast evaluation of the wireless friendliness of the wall closest to the BS.

The wireless friendliness of the wall closest to the BS can be evaluated based on the

lower-bound capacity for all possible UE locations in a rectangular room [26]. As revealed in

(8) and (9), the impact of the BS transmission power and that of the wall material properties

on the lower-bound indoor capacity can be decoupled, which enables fast evaluation of the
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wall’s wireless friendliness based on the statistics of the LES and LEP at an arbitrary UE

position in the room of interest.

We apply a 2D Cartesian coordinate system inside a rectangular room and evenly divide

the room area into a X ×Y dense grid. We can calculate the LES and LEP at the centre of

each smallest rectangle (xi,y j), using (10) and (14), respectively, denoted by LES
(
xi,y j

)
and LEP

(
xi,y j

)
, where i ∈ {1,2, ...,X} and j ∈ {1,2, ...,Y}.

4.1 Spatially averaged LES and spatially averaged LEP of a room

The impact of room settings on the spatially averaged capacity over a room can be studied

based on the spatially averaged LES and spatially averaged LEP of that room, which are

computed by

LESavg =
1

XY

X

∑
i=1

Y

∑
j=1

LES
(
xi,y j

)
. (17)

LEPavg =
1

XY

X

∑
i=1

Y

∑
j=1

LEP
(
xi,y j

)
. (18)

However, due to the complicated expressions of the UE location-specific LES and LEP

expression in (10) and (14), it is difficult to derive closed-form expressions for the spatially

averaged LES and spatially averaged LEP of a room. Hence, the spatially averaged LES and

spatially averaged LEP will be obtained numerically in Section V.

4.2 Upper-bound outage probability of a room

To evaluate the percentage of all possible UE locations not meeting the target downlink

capacity, the upper-bound outage probability of a room is designed as another evaluation

metric of the wireless friendliness of the wall. Under the channel (6) that considers both

the LOS path and the WR path, a lower value of the upper-bound outage probability of a

room means a better wireless signal coverage inside the room, which indicates that the wall

is more wireless-friendly.

An outage occurs when the capacity at UE location
(
xi,y j

)
falls below a given downlink

capacity threshold T bit/s/Hz. The upper-bound outage probability of a room is defined to
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measure the proportion of UE locations whose capacities are not greater than T bit/s/Hz, and

is given by

P(T ) = Pr
(

C
′
≤ T

)
=

 Pr
(

LES′ ≤ T − log2
ρ

NT

)
, ρ < λ1+λ2

λ1λ2
NT,

Pr
(

LEP′ ≤ T −2log2
ρ

NT

)
, ρ ≥ λ1+λ2

λ1λ2
NT.

(19)

where C
′
, LES′, and LEP′ are the variables denoting the lower-bound capacity, LES,

and LEP at an arbitrary UE position in the room of interest, respectively. Therefore, the

upper-bound outage probability of a room can be computed by the CDF of the LES in the

medium SNR regime and by the CDF of the LEP in the high SNR regime. We note that

the downlink capacity threshold T should be properly selected according to the MIMO

configuration.

According to the above three proposed evaluation metrics, the wireless friendliness of

the wall will be directly affected by the wall material’s thickness and relative permittivity,

and BS-wall distance, as they influence the reflection characteristics of the wall as a reflector.

Besides, the size and aspect ratio of a rectangular room, which determines the transverse

dimension of the wall closest to the BS, will also influence the wireless friendliness of the

wall.

5 Numerical Results and Analysis

In this work, the simulation is performed in the 6 GHz band in a rectangular room with

the dimension of W ×L m2. The BS is deployed on the centreline perpendicular to the L

side. The incident EM wave is assumed to be TE polarised. The transmit power is assumed

to be equally allocated to each BS antenna. The inter-antenna spacing of both the UE and

BS antenna array are assumed to be half wavelength. The UE and BS antenna array each

employ a 4-antenna ULA. We consider five popular wall materials, whose values of relative

permittivity are given in Table. I following [21, Table III].
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TABLE I Material EM parameters under 6 GHz [21]

Material class ε0 σ

Concrete 5.31 0.1390
Brick 3.75 0.0380

Plasterboard 2.94 0.0412
Wood 1.99 0.0321
Glass 6.27 0.0364
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Fig. 2. The spatially averaged capacity of the room versus BS transmit SNR.

5.1 Verification of the analytical derivations

Fig. 2 plots the spatially averaged capacity in the 10×10 m2 room versus the BS transmit

SNR. The values of the spatially averaged capacity are computed by averaging over dense

sample points inside the room with concrete walls of thickness 0.2 m and for the BS-wall

distance of 0.05 m. We can see that the derived lower-bound capacity Cm in (15) and Ch in

(16) are very close to the capacity C in (7) in the medium and high SNR regimes, respectively.

Fig. 3 plots the upper-bound outage probability versus the downlink capacity threshold

T at medium SNR of ρ = 90 dB and high SNR of ρ = 150 dB inside the 10×10 m2 room

with concrete walls of thickness 0.2 m and the BS-wall distance of 0.05 m. It is observed

that the upper-bound outage probability increases with the downlink capacity threshold.
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Fig. 3. The upper-bound outage probability of the room versus downlink capacity threshold
T at medium SNR of ρ = 90 dB and high SNR of ρ = 150 dB.

Meanwhile, the CDF of the LES and the CDF of LEP tightly match the actual outage

probability Pr(C < T ) in the medium and high SNR regimes, respectively, as given in (19).

5.2 The impact of room settings on the spatially averaged LES and

spatially averaged LEP of a room

In Fig. 4 and Fig. 5, we discuss the impact of room settings on the spatially averaged

LES and spatially averaged LEP over the room of interest, respectively.

Fig. 4(a) and Fig. 5(a) plot the spatially averaged LES and spatially averaged LEP for

different room sizes, respectively. The aspect ratio of a room is defined as r = L/W . The

wall is assumed to be concrete with the thickness of 0.2 m and the BS-wall distance is 0.05

m. From Fig. 4(a) and Fig. 5(a), given the same aspect ratio of rooms, a larger room size

results in a smaller spatially averaged LES and spatially averaged LEP due to the sever path

loss caused by the longer LOS path and WR path.

Fig. 4(b) and Fig. 5(b) plot the spatially averaged LES and spatially averaged LEP for

different aspect ratios, respectively. It is seen that, for the same room size, with the increase
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Fig. 4. The spatially averaged LES of a room in (10) under different room settings.
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Fig. 5. The spatially averaged LEP of a room in (14) under different room settings.
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of r from 1
8 to 8, the spatially averaged LES and spatially averaged LEP first rapidly increase

and then slowly decrease. The peak values of the spatially averaged LES and spatially

averaged LEP are obtained when r approaches 2. This phenomenon can be explained by the

path loss towards the UE location farthest from the BS, where the longest BS-UE distance in

the room is approximately given by d1,max =W
√

1+ 1
4r2 =

√
S
r +

Sr
4 , where S is the give

area of the rooms with different r. Obviously, as r is growing above 2, the path loss being

approximately proportional to d2
1,max will increase faster in growth rate since the derivative

of d2
1,max is greater than 0. We arrive at the conclusion that, for the same room size, the long

side wall of a room with an aspect ratio close to 2, which is deployed closely behind the BS,

would be more friendly to indoor LOS MIMO communications.

The spatially averaged LES and spatially averaged LEP of a room versus the real part

of wall relative permittivity are depicted in Fig. 4(c) and Fig. 5(c), respectively, while the

spatially averaged LES and spatially averaged LEP of a room versus the wall conductivity

are depicted in Fig. 4(d) and Fig. 5(d), respectively, for a 10×10 m2 room with the BS-wall

distance of 0.05 m and the wall thickness of 0.2 m. We can see that the real part of wall

relative permittivity determines the upward or downward trend of the spatially averaged LES

and spatially averaged LEP, while the conductivity of wall materials affecting the imaginary

part of the relative permittivity strongly influences the fluctuation magnitude and envelope.

Generally, a severer fluctuation arises out of a smaller conductivity, and the spatially averaged

LES is more prone to this fluctuation than the spatially averaged LEP. The above results

reveal the significant impact of wall relative permittivity on indoor wireless capacity.

Fig. 4(e) and Fig. 5(e) illustrate the spatially averaged LES and spatially averaged

LEP of a room under different wall thicknesses, respectively, for a 10×10 m2 room with

concrete walls and the BS-wall distance ranging from a quarter of wavelength (0.0125 m)

to wavelength (0.05 m). We observe that, for a given BS-wall distance, both the spatially

averaged LES and spatially averaged LEP change slightly with the wall thickness. This is

because the wavelength of 0.05 m is not comparable to the typical wall thickness ranging

from 0.1 m to 0.3 m. Meanwhile, the limited variation of δ in (3), caused by the narrow
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range of typical wall thickness, hardly affects the equivalent reflection coefficient considering

multiple internal reflections in (2).

Fig. 4(f) and Fig. 5(f) show the spatially averaged LES and spatially averaged LEP of a

room under different BS-wall distances, respectively, for a 10×10 m2 room with concrete

walls ranging from 0.1 m to 0.2 m in thickness. It is found that the curves of spatially averaged

LES fluctuate under a decreasing envelop with the increase of BS-wall distance from 0.01 m

to 0.2 m. Nevertheless, the spatially averaged LEP present a monotonic increasing tendency

with the rise of BS-wall distance. This is intuitive because, as the BS is moved away from its

closest wall, the difference between the LOS path and the WR path becomes more substantial.

Consequently, the two paths become more irrelevant, and the two eigenvalues of the channel

becomes closer to each other. We can conclude that the BS deployment from its closest wall

affects indoor wireless capacity.

5.3 The impact of room settings on the upper-bound outage probability

of a room

In Fig. 6 and Fig. 7, we discuss the impact of room settings on the upper-bound outage

probability of a room in the medium and high SNR regimes, respectively.

Fig. 6(a) and Fig. 7(a) present the upper-bound outage probability of a room at medium

and high SNR, respectively, for different room sizes and aspect ratios with concrete walls

of 0.2 m thickness and 0.05 m BS-wall distance. We can see that, for the rooms of same

size with an aspect ratio no larger than 2, given a same downlink capacity threshold, the

upper-bound outage probability of the room with a bigger aspect ratio would be smaller. The

room with the aspect ratio of 4 does not obviously present a lower outage probability than the

room of same size with the aspect ratio of 1.5625. Meanwhile, for the rooms with the aspect

ratio of 1, given a same downlink capacity threshold, the upper-bound outage probability is

smaller for the room of a smaller size than that of a bigger size. Therefore, the room size and

aspect ratio will influence the outage performance over a room.
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Fig. 6. The upper-bound outage probability of a room in (19) in the medium SNR regime
under different room settings.
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In Fig. 6(b) and Fig. 7(b), the upper-bound outage probability of a room at medium and

high SNR are illustrated, respectively, for a 10×10 m2 room with the BS-wall distance of

0.05 m under different wall materials with the thickness of 0.2 m. It is found that, at a high

SNR, for a same downlink capacity threshold, the wall with a larger real part of relative

permittivity would result in smaller upper-bound outage probability, which is verified by

the curves order from left to right being wood with Re(ε) of 1.99, plasterboard with Re(ε)

of 2.94, brick with Re(ε) of 3.75, concrete with Re(ε) of 5.31, and glass with Re(ε) of

6.27. The impact of imaginary part of the relative permittivity affected by the wall material’s

conductivity on the outage performance is much smaller than that of the real part of relative

permittivity. However, the outage probability at medium SNR is irregular with the relative

permittivity of these five materials due to the higher sensitivity of LES than LEP. In brief, the

EM properties of wall materials need to be well selected in terms of the outage performance

over a room.

The upper-bound outage probability of a room at medium and high SNR is shown in

Fig. 6(c) and Fig. 7(c), respectively, under different wall thicknesses for a 10×10 m2 room

with concrete walls and the BS-wall distance of 0.05 m. We find that the curves of outage

probability under the wall thickness of 0.1, 0.2, and 0.3 m are with very slight difference,

indicating that the wall thickness in typical range does not substantially affect the outage

performance over a room.

Fig. 6(d) and Fig. 7(d) depict the upper-bound outage probability of a room at medium

and high SNR, respectively, under different BS-wall distances for a 10×10 m2 room with

concrete walls of 0.2 m in thickness. It is observed that, for a same downlink capacity

threshold, the upper-bound outage probability at high SNR becomes smaller as the BS-

wall distance increases from a quarter of wavelength (0.0125 m) to wavelength (0.05 m).

Nonetheless, the curves of the upper-bound outage probability at medium SNR swing left and

right with the change of every quarter of wavelength in BS-wall distance. This uncertainty

of the trend can also be demonstrated by the fluctuations in Fig. 4(f). Hence, the BS-wall

distance plays a crucial impact on the outage performance over a room.
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Fig. 7. The upper-bound outage probability of a room in (19) in the high SNR regime under
different room settings.
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5.4 Comparisons of the three proposed metrics

In this subsection, we compare the three proposed metrics for evaluating the wireless

friendliness of a wall with respect to their advantages, limitations, and applicability. Note

that the room setting factors mentioned below include the room size and aspect ratio, wall

relative permittivity and thickness, and the BS-wall distance.

Given the spatially averaged LES and spatially averaged LEP of a room, respectively, the

MIMO channel capacity in the medium and high SNR regimes can be easily obtained for a

known BS transmit SNR. Meanwhile, according to the trend of the spatially averaged LES or

spatially averaged LEP versus a room setting factor, the optimal configuration of this factor

under medium and high SNR are thus attained. Moreover, the spatially averaged LES and

spatially averaged LEP over the UE location are easy to get, which enables fast evaluation

of the wireless friendliness of the wall as a reflector. However, it is analytically intractable

to derive the expressions of spatially averaged LES and spatially averaged LEP, and it is

uncertain if the obtained range of the room setting factor will meet the practical downlink

capacity requirement, e.g., not less than the downlink capacity threshold T bit/s/Hz.

The upper-bound outage probability of a room, whose analytical expression is simple

based on the CDF of the LES and LEP in the medium and high SNR regimes, respectively,

can be leveraged to quickly evaluate the indoor capacity at any UE position against a given

downlink capacity threshold and reveal the percentage of all possible UE locations not

achieving the target downlink capacity. Nevertheless, the trends of upper-bound outage

probability versus each room setting factor is not intuitive and is affected by the downlink

capacity threshold. Besides, the downlink capacity threshold should be properly selected for

the MIMO configuration of a given size.

In brief, the three proposed metrics have different applicability to the wireless friendliness

evaluation of walls as reflectors. When evaluating the impact of a room setting factor on the

indoor wireless capacity and obtaining its optimal configuration, the spatially averaged LES

and spatially averaged LES of a room are preferred in the medium and high SNR regimes,

respectively. When a room setting factor needs to be properly set to meet the capacity

requirement, the upper-bound outage probability of a room should be adopted.
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6 Conclusion

In this work, we have proposed three new metrics for fast evaluating the wireless friend-

liness of a wall that is close to an indoor BS based on how the wall reflections caused by

it affect the lower-bound capacity. We have shown that the LES and LEP of the channel

model that characterises both the LOS path and the WR path can represent the lower-bound

capacity in the medium and high SNR regimes, respectively, and derived the LES, LEP,

and the lower-bound capacity for an arbitrary UE location in closed forms. Three new

metrics, i.e., the spatially averaged LES, spatially averaged LEP, and upper-bound outage

probability of a room, have been proposed and compared with respect to their advantages,

limitations, and applicability. Numerical results validate that the three proposed metrics are

effective indicators of wireless friendliness of the wall as a reflector under different room

sizes and aspect ratios, wall relative permittivities and thicknesses, and BS-wall distances.

The measurement campaign will be held in the near future to validate the results herein using

the experiment results.
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Abstract

Indoor access points (APs) with large-scale antenna arrays would commonly be deployed

in the vicinity of a wall, where wall reflection (WR) affects the indoor electromagnetic

(EM) wave propagation. In this paper, we investigate the effects of WR on the per-antenna

power distribution of a transmit uniform linear array (ULA) adopting a zero-forcing (ZF)

precoder. A new channel model is constructed to characterise the impact of both the line-

of-sight (LOS) path and the WR path on indoor millimetre wave (mmWave) multi-user

(MU) multiple-input multiple-output (MIMO) downlink transmissions. Specifically for the

dual user equipment (UE) scenario, the ZF precoding matrix is analytically obtained and

verified through simulations. The effects of WR on the per-antenna power distribution of

the ZF-precoded ULA, in terms of the normalized power distribution and maximum power

ratio (MPR), are evaluated through the comparisons between our proposed channel model

and the pure LOS channel model. Our analytical and numerical results reveal the impact

of AP configurations (the number of antennas and the AP-wall distance), multi-user spatial

distribution (the angle of departure (AoD) and length of the LOS path for each user), and wall

parameters (permittivity and thickness) on the power distribution across the ZF-precoded

ULA. It is found that the effects of WR will exacerbate the uneven power distribution across

the ZF-precoded ULA.
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1 Introduction

The combination of multiple-input multiple-output (MIMO) and millimetre wave (mmWave)

technologies facilitates massive indoor high-rate wireless applications for future wireless

networks by exploiting spatial multiplexing gains even in limited scattering environment

[1–5]. While the deployment of indoor access point(s) (AP) would typically be optimised

to maximise the throughput and/or coverage [6], customers may prefer to deploy the APs

in positions that will not lead to inconveniencing usages of a room. A popular solution is

to integrate the AP with an interior wall of the building [7]. In this sense, the interactions

between the indoor electromagnetic wave (EM) propagation and the interior wall should not

be neglected in the deployment of indoor APs [8, 9].

The EM wave bounced off an interior wall would have experienced multiple internal

reflections, whose amplitudes and phases are totally changed [10]. The wall reflection (WR)

is characterised by the reflection coefficient, which depends on the EM wave’s polarisation,

incidence angle, and the wall material’s relative permittivity and thickness [11]. Measurement

campaigns in the 28 GHz band show that typical indoor building materials such as clear glass

and dry wall usually have strong reflectivity and low penetration [12]. Hence, it is necessary

to consider the effects of WR when evaluating indoor wireless performance.

In downlink multi-user (MU) MIMO scenarios, zero-forcing (ZF) precoding has been

widely used to suppress inter-user interference. However, the power distribution across a

ZF-precoded transmit antenna array has not been sufficiently studied. The power assigned

to each transmit antenna affects the efficiency of its corresponding RF power amplifier, and

thus influences the power consumption of the RF chains of the AP[13]. It has been shown

that the uniform power excitation over all transmit antennas would allow the RF power

amplifiers to work with maximum efficiency [14, 15], while significant power variations

across different antennas would reduce this efficiency and cause a huge waste of energy. That

is why per-antenna power constraints, instead of sum power constraints, need to be well

considered for practical precoder design [16].

In this paper, we study the impact of WR on the per-antenna power distribution across

the precoded antenna array for indoor mmWave MU-MIMO downlink transmissions. The
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transmitter is assumed to be equipped with a ZF-precoded uniform linear array (ULA) for

analytical tractability. The contribution of this paper is summarised as follows:

• To capture the effects of WR on the power distribution across the precoded ULA, a

new channel model characterising both the line-of-sight (LOS) path and the WR path

is proposed for indoor MU-MIMO downlink scenarios.

• We evaluate the effects of WR on the power distribution across the ZF-precoded ULA

that serves multiple user equipment (UE) simultaneously through the comparisons

between our proposed channel model and the pure LOS channel model in [15]. The

unevenness in the power distribution across the ZF-precoded ULA becomes more

significant under the effects of WR.

• We analytically derive the entries of the ZF precoding matrix for a dual-UE case, the

accuracy of which is verified by simulation results.

• Our numerical results give insights into how the configuration of transmit antenna

array, the spatial distribution of multiple users, the EM and physical properties of the

wall, and the mutual coupling influence the power distribution across the ZF-precoded

ULA.

2 System Model

In this work, we consider an indoor MU-MIMO downlink narrowband system in a LOS

environment, as shown in Fig. 1(a). The AP, outfitted with a ULA of M directional antennas,

is deployed in parallel with a wall with a distance of D1 m from the wall. The impact of the

directional radiation pattern of an AP antenna on the LOS path and the WR path is illustrated

in Fig. 1(b). All the K single-antenna UEs locate in the far-field of the AP’s ULA. Due to

the dynamic attitude of UEs, the UE antenna is assumed as an omnidirectional antenna for

analytical tractability. The transmit ULA is assumed to be transparent, i.e., it will not block

the WRs to the UEs.
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Fig. 1. Indoor MU-MIMO system model for a LOS environment.

In order to study the effects of WR on the per-antenna power distribution across the ULA,

we incorporate the WR path to characterise the EM wave propagation inside a wall. The

signal along the WR path experiences multiple reflections inside the wall closest to the AP,

named as the considered wall hereafter. Using Friis’ formula, the wireless link between the

mth antenna and the kth UE is deterministically modelled as

hk,m ∝ Gd−1
k,LOS exp

(
− jβ

(
dk,LOS +(m− M+1

2
)Dcosθk

))
+gΓkd−1

k,WR exp
(
− jβ

(
dk,WR +(m− M+1

2
)Dcosϕk

))
,

(1)
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where ∝ denotes being proportional to, m∈ {1,2, ...,M}, k ∈ {1,2, ...,K}, G and g denote

the main-lobe gain and side-lobe gain of each antenna, respectively, subject to G2 +g2 = 2

according to energy conservation law, dk,LOS and dk,WR denote the length of the LOS path

and the WR path of the kth UE, respectively, θk and ϕk denote the angle of departure (AOD)

of the LOS path and the WR path of the kth UE, respectively, β = 2π

λ
denotes the wave

number with λ being the wavelength, D denotes the inter-antenna spacing, and Γk denotes

the kth UE’s equivalent reflection coefficient of multiple internal reflections along the WR

path and is defined in the following.

Supposing that the considered wall is a homogenous dielectric reflector, the multiple

internal reflections inside it are strongly affected by the first-order reflection. In this letter,

we mainly focus on the transverse electric (TE) polarisation of the incident EM waves. The

proposed approach can be directly applied for the transverse magnetic (TM) polarisation.

The first-order reflection coefficient for UE k is given by [11]

Γ̄k =
cosαk −

√
ε − sin2

αk

cosαk +
√

ε − sin2
αk

(2)

with αk = (π

2 −ϕk) denoting the equivalent incident angle under plane wave assumption

and ε denoting the relative permittivity of the considered wall. Given the thickness of the

considered wall as ζ , the equivalent coefficient of multiple internal reflections for UE k is

given by

Γk =
1− exp(− j2τk)

1− Γ̄2
k exp(− j2τk)

Γ̄k, (3)

where τk =
2πζ

λ

√
ε − sin2

αk.

After precoding at the ULA and propagating through a complex flat-fading channel, the

received signals at the UE sides are given by

y = HCWs+n, (4)

where y,s,n ∈ CK×1 denote the received signal vector, data symbol vector and additive

white Gaussian noise vector, respectively, H ∈ CK×M denotes the channel matrix whose



Paper III 139

elements are given in (1), W ∈ CM×K denotes the precoding matrix, and C ∈ CM×M denotes

the mutual coupling matrix whose elements reveal how the radiated power of an antenna is

affected by its neighbouring antennas [17].

In this letter, we employ the following empirical model of mutual coupling [18]

Cp,q = exp
(
−

2dp,q

λ
(γ + jπ)

)
, p ̸= q ∈ {1,2, ...,M} , (5)

Cp,p = 1− 1
M ∑

M
p=1 ∑

M
q=1,q̸=pCp,q,

where Cp,q and dp,q, respectively, denote the mutual coupling coefficient and distance between

the pth antenna and qth antenna, and γ is a positive parameter controlling the mutual coupling

level.

3 Effects of Wall Reflection on the Power Distribution of

ZF-Precoded ULA

In this section, we investigate how the power is distributed among the M antennas of a

ZF-precoded ULA serving K UEs simultaneously. We first apply two metrics to evaluate the

power distribution across the transmit precoded ULA for an arbitrary K and then derive the

analytical expression of the ZF precoding matrix for a dual-UE case, i.e. K = 2.

3.1 Metrics for quantifying power variation

Considering uncorrelated and unit variance data symbol sequences x=∑
K
k=1 wksk, the

transmitted power of the AP’s ULA is given by E(|x|2)=∑
K
k=1 ∥wk∥2, where wk and sk are

the M-by-1 precoding vector and the intended symbol for the kth UE, respectively, E(·)

denotes the expectation, and ∥·∥2 denotes the F-norm. Since the transmitted power is the

summation of the F-norm of each UE’s precoding vector, the power distribution across the

AP’s ULA can be evaluated based on each UE’s precoding vector. Following [15], we apply

the two metrics below to evaluate the power imbalance among the transmit antennas.
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The normalized power allocated to the mth antenna to serve the kth UE is defined as

Pnorm
k,m =

∣∣wk,m
∣∣2

∥wk∥2 =

∣∣wk,m
∣∣2

∑
M
m=1

∣∣wk,m
∣∣2 , (6)

where wk,m is the mth element of wk.

Maximum power ratio (MPR) describing the power variation across the M antennas of a

transmit ULA is defined as

Pk
∆
=

max
(
Pnorm

k

)
min

(
Pnorm

k

) , (7)

where Pnorm
k =(Pnorm

k,1 , ...,Pnorm
k,M ) gives the normalized power levels allocated to the M anten-

nas for serving UE k.

3.2 Analytical ZF precoding matrix for a dual-UE case

The array factors (AFs) of the ULA are introduced as

AFll =
sin(MβDδll/2)
sin(βDδll/2)

, (8)

AFlk,n =
sin
(
MβDδlk,n/2

)
sin
(
βDδlk,n/2

) , (9)

where k ̸= l ∈ {1,2} denotes the UE index, δll = cosθl−cosϕl , n ∈ {3,4,5,6}, δlk,3 =

cosθk−cosθl , δlk,4=cosϕk−cosθl , δlk,5=cosθk−cosϕl , and δlk,6=cosϕk−cosϕl . Note

that AFlk,n=AF∗
kl,n, in which {·}∗ denotes the complex conjugate.

Given (4), the effective downlink channel model is given by H̄ = HC. Even though C

in (5) is a Toeplitz symmetrical matrix, the closed-form expression of W is still intractable.

Fortunately, as stated in [19], the mutual coupling is non-negligible only when D is below

0.2λ . In this letter, D is assumed to be half wavelength to guarantee a low spatial correlation

[20]. As such, both C ≈ I and H̄ ≈ H are satisfied, especially when γ ≥ 4.

When γ ≥ 4, the ZF precoding matrix is derived as [21]
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W=HH(HHH)−1
∝HH

 (
HHH)

22 −
(
HHH)

12

−
(
HHH)

21

(
HHH)

11

 , (10)

where {·}H represents the complex conjugate transpose of a matrix. The four elements of

matrix HHH are given by

[
HHH]

11 = M(G2d−2
1,LOS +g2d−2

1,WR|Γ1|2)+2Ggd−1
1,WRd−1

1,LOSRe(Γ1F1) , (11)

[
HHH]

22 = M(G2d−2
2,LOS +g2d−2

2,WR|Γ2|2)+2Ggd−1
2,WRd−1

2,LOSRe(Γ2F2) , (12)[
HHH]

12 = G2d−1
2,LOSd−1

1,LOSF12,3 +Ggd−1
2,LOSd−1

1,WRΓ1F12,4

+Ggd−1
1,LOSd−1

2,WRΓ
∗
2F12,5 +g2d−1

1,WRd−1
2,WRΓ1Γ

∗
2F12,6,

(13)

[
HHH]

21 = G2d−1
2,LOSd−1

1,LOSF21,3 +Ggd−1
2,LOSd−1

1,WRΓ
∗
1F21,4

+Ggd−1
1,LOSd−1

2,WRΓ2F21,5 +g2d−1
1,WRd−1

2,WRΓ
∗
1Γ2F21,6,

(14)

where

Fl = exp
(

jβ
(
dl,LOS−dl,WR

))
AFll, l ∈ {1,2} ,

F21,3 = exp
(

jβ
(
d1,LOS−d2,LOS

))
AF21,3,

F21,4 = exp
(

jβ
(
d1,WR−d2,LOS

))
AF21,4,

F21,5 = exp
(

jβ
(
d1,LOS−d2,WR

))
AF21,5,

F21,6 = exp( jβ (d1,WR−d2,WR))AF21,6.

Note that Flk,n=F∗
kl,n for n ∈ {3,4,5,6} and k ̸= l ∈ {1,2}.

By substituting (11)-(14) into (10), the precoding coefficient for the mth antenna to serve

the kth UE is derived as

wk,m ∝h∗k,m
(
HHH)

ll−h∗l,m
(
HHH)

lk,k ̸= l∈{1,2} . (15)

When γ < 4, since the analytical expression of W is not tractable, we analyse the proposed

metrics using simulations.
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4 Numerical Results

In order to study how WR affects the power distribution across the ZF-precoded ULA in

the case of the AP being deployed close to the considered wall, we compare our proposed

channel model in (1)-(3) with the LOS channel model in [15], which is given as

h′k,m ∝ d−1
k,LOS exp

(
− jβ

(
dk,LOS +(m− M+1

2 )Dcosθk
))

for m ∈ {1,2, ...,M} and k ∈ {1,2, ...,K}. As the channel model in [15] considers only the

LOS path without the WR path, it is referred to as the pure LOS case. The normalized power

Pnorm
k,m and MPR Pk, given in (6) and (7) respectively, are taken as metrics for the comparison.

The simulation is carried out at 28 GHz. The inter-antenna spacing of the ULA is half

wavelength. The main-lobe gain and side-lobe gain of the radiation pattern is assumed

as G =
√

5/3 and g =
√

1/3, respectively. The incident EM wave impinging on the wall

surface is assumed to be TE polarised. All the antennas of the AP and UEs are assumed

to be vertically polarised (that is, there is no polarisation mismatch). The location of UE k

is specified with the length and the AOD of its LOS path from the AP, i.e. dk,LOS and θk.

Note that the relative permittivity of a wall material is a complex value, whose real part

and imaginary part are functions of the carrier frequency, respectively [11]. The following

simulation results can verify the analytical derivations in Section III-B.

Fig. 2(a) plots the normalized power distribution across the ZF-precoded ULA with or

without considering WR for the dual-UE case, for the number of antennas being 8, 16, or 32.

We can see that the normalized power distribution presents a periodic behaviour across the

antennas when considering only the LOS path. However, the vibration in power distribution

caused by the WR breaks this periodicity.

Fig. 2(b) plots the normalized power distribution across the ZF-precoded ULA with

or without considering WR for the four-UE case for the number of antennas being 32.

Comparing the results obtained using the two channel models, we observe that the effects of

WR exacerbates the power variation up to 6 dB across the ZF-precoded ULA, revealing that

some antennas are allocated much more power than the others.
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Fig. 2(c) and Fig. 2(d) show the impact of the number of antennas on the MPR across the

ZF-precoded ULA with or without considering WR for the dual-UE case and the four-UE

case, respectively. We can see that the MPRs obtained by our proposed channel model are

larger than that obtained by the pure LOS channel model, indicating that the effects of WR

exacerbates the uneven power distribution across the ZF-precoded ULA. For the dual-UE

case under the pure LOS channel, MPR becomes smaller gradually when the number of

antennas increases. However, under our proposed channel, increasing the number of antennas

would exacerbate the non-uniform power distribution over the ULA.

Fig. 3(a) illustrates the normalized power distribution of the ZF-precoded ULA for UE 2

under different AP-wall distances for a dual-UE case, where the positions of UE 1 and UE 2

are assumed to be symmetric with respect to the midpoint of the ULA for simplicity. The

result of UE 1 is symmetrical to that of UE 2 with respect to the midpoint of ULA. As shown

in Fig. 3(a), the variation in the power distribution across the ULA changes greatly with

the AP-wall distance, which reveals that the AP-wall distance has to be taken into account

carefully.

Fig. 3(b) and Fig. 3(c) present the normalized power distribution of the ZF-precoded

ULA for different values of the length (from 1 to 9 m) and the AoD (from 0 to π) of the

LOS path of one user in the dual-UE case, respectively. Fig. 3(b) shows that, as the length

of the LOS path increases, the normalized power for serving the UE varies slower within

a smaller dynamic range, which is also observed in Fig. 2(a). In Fig. 3(c), a significant

variation appears in the power distribution across the ZF-precoded ULA when θ2 approaches

π/4. This is ascribed to the location of UE 2 being very close to UE 1 with θ1 = π/4. In

this case, the ZF precoder needs to allocate highly different power levels across the ULA to

distinguish the two UEs.

From Fig. 3(b)-(c) and Fig. 2(a)-(d), we can see that the power distribution is not sensitive

to the length (UE-AP distance) or the AoD of the LOS path under the pure LOS channel

model, while under our proposed channel model, different multi-user spatial distributions

result in different dynamic ranges of the power distribution over the ULA, which is more

evident when the UE is closer to the wall.
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(a) The normalized power distribution for different AP-wall distances
where d1,LOS=d2,LOS=2 m, θ1=

π
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(b) The normalized power distribution for different values of d2,LOS

where d1,LOS=
√

2 m, θ1=
π

4 , θ2=
5π

6 , D1=0.05 m.
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(c) The normalized power distribution for different values of θ2
where d2,LOS=6 m, d1,LOS=

√
2 m, θ1=

π

4 , D1=0.05 m.

Fig. 3. The normalized power distribution across the ZF-precoded ULA under different
AP-wall distances and user spatial distributions, where M = 16, ζ = 0.15 m, γ = 5, and
ε = 5.31− j0.3107 for concrete.
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(a) The normalized power distribution under different wall permittivities
where γ = 5, ζ = 0.15 m.
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(b) The normalized power distribution for different values of wall thickness
where γ =5, and ε =5.31− j0.3107 for concrete.
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(c) The normalized power distribution for different values of γ

where ζ =0.15 m, and ε =5.31− j0.3107 for concrete.

Fig. 4. The impact of wall permittivity, thickness, and mutual coupling on the normalized
power distribution across the ZF-precoded ULA, where d1,LOS = d2,LOS = 2 m, θ1 = π

6 ,
θ2 =

5π

6 , M = 16, D1 = 0.05 m.
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In Fig. 4(a)-(c), the two UEs are assumed to be symmetrically located with respect to the

midpoint of the ULA for simplicity and only the result of UE 2 is plotted. The result of UE 1

is symmetrical to that of UE 2 with respect to the midpoint of ULA.

Fig. 4(a) and Fig. 4(b) present the normalized power distribution across the ZF-precoded

ULA for different values of the real part of wall permittivity (from 1 to 9) and wall thickness

(from 0.1 to 0.3 m) for the dual-UE case, respectively. We can see from Fig. 4(a) that the

non-uniform power distribution across the ZF-precoded ULA will be exaggerated with the

increase of the real part of wall permittivity. Differences as large as 8 dB are observed

between the ends of the ULA. In Fig. 4(b), the power distribution does not change with the

wall thickness. This is because the wavelength at 28 GHz, i.e. 1 cm, is not comparable to the

typical wall thickness.

Fig. 4(c) plots the normalized power distribution across the ZF-precoded ULA for

different values of γ . We can see that the power distribution across the ZF-precoded ULA

changes slightly with γ ranging from 1.5 to 4.5, corresponding to the mutual coupling level

between two adjacent antennas from -13.03 dB to -39.09 dB [18]. However, for a very small

value of γ , e.g., γ = 0.5 corresponding to the mutual coupling level between two adjacent

antennas of -4.34 dB, the mutual coupling has to be considered while analysing the power

distribution over the AP’s ULA.

5 Conclusion and Future works

In this paper, we build an indoor MU-MIMO downlink channel model that involves both

the LOS path and the WR path. The expression of the ZF precoding matrix for the dual-UE

case is analytically derived. For the scenario where the AP is deployed close to a wall, we

compare the power distribution across the ULA under our channel model and that under the

pure LOS channel model, in terms of the normalized power distribution and MPR. Numerical

results show that the power distribution becomes more uneven across the ZF-precoded ULA

under the effects of WR. Even though the proposed numerical approach has shed light on how
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WR impacts the per-antenna power distribution, a comprehensive measurement campaign is

still required to verify the results of this work.

The following research will be considered in future works: 1) Experimental validation

of the proposed approach; 2) Consideration of actual antenna patterns; 3) The impact of an

arbitrary arrangement of the AP; 4) The effects of WR on the power distribution across an

MMSE/MRT-precoded massive MIMO antenna array; 5) Indoor rich scattering environment;

6) MmWave wideband wireless system.
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