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Abstract

With the explosive demand for indoor wireless traffic, indoor wireless communication systems

are incorporating complex application scenarios and state-of-the-art wireless technologies.

As the building structure is a ceiling that inhibits the performance of indoor wireless systems,

future building design should consider wireless communication friendliness as a critical

component. This thesis evaluates the impacts of building structures on different performance

indicators for indoor wireless systems. The thesis proposes a general building wireless

performance (BWP) evaluation scheme to define BWP metrics so that each metric can

systematically characterise the influence of architectural design on one performance indicator

of the indoor wireless system.

Firstly, this thesis defines the impact of buildings on the root-mean-square (RMS) delay

spread (DS) of the wireless system as the BWP metric, DS gap, and provides the evaluation

method. By contrast, previous studies only focused on the BWP of the system’s received

power and interference intensity. For a given building design, an analytical solution for

calculating the DS gap is derived by comparing the expectation value of the RMS-DS of

the wireless system in the building under design (BUD) with the expectation value of the

RMS-DS of the wireless system in the same-sized open space. Using the DS gap, architects

can quickly evaluate the impact of a building design on the DS of an indoor wireless system,

thereby alleviating the building’s contribution to the inter-symbol interference (ISI) of indoor

wireless systems.

Secondly, considering that massive multiple-input multiple-output (MIMO) systems are

being introduced indoors, this thesis defines the BWP metric, channel hardening obstruction

(CHO), of how destructive the building is to channel hardening in indoor massive MIMO
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systems. An analytical solution of CHO for a given antenna number of massive MIMO is

derived, and an approximate closed-form solution is also present. Similar to DS gap, CHO

enables architects to rapidly analyse the massive-MIMO-friendliness of a building design.

Finally, a general scheme for defining BWP metrics is proposed based on the aforemen-

tioned evaluation approaches. This scheme can quantify the impact of building structures

on various propagation-environment-sensitive wireless performance indicators. The planar

shape of the evaluated building and its rooms can be irregular. The proposed scheme has

robust scalability and usability. By simulating the line-of-sight (LOS) probability model

and the same-room probability model of a small number of irregular rooms, architects can

quickly calculate the different BWP metrics of large-quantity architectural designs to finally

determine a more wireless-friendly architectural design. The works in this thesis broadens the

application scenarios for BWP evaluation and provides an essential foundation for designing

and optimising future 6G smart buildings.
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Chapter 1

Introduction

Overview

Over the last decade, the proliferation of high-traffic software applications has led to

exponential growth in wireless traffic, the vast majority of which occurs indoors. Designing

the indoor wireless system to satisfy the increasing wireless traffic demand has become a

research hotspot. As a result, increasingly new wireless technologies are being introduced to

improve indoor wireless performance. Building Wireless Performance (BWP) is a concept

proposed to improve the indoor wireless performance threshold from the building design

perspective. However, the research of BWP is still in the initial stage, and many basic studies

are left in the blank field. This motivates the thesis to fill a gap in the field of rapid and

intuitive indoor wireless performance evaluation of building design.

In this chapter, the research background of this thesis will be first introduced, followed

by the research motivations and thesis contributions. Finally, the organisation of the thesis

will be presented.



2 Introduction

1.1 Background

1.1.1 Requirement of Indoor Wireless Systems

With the popularity of smartphones and smart vehicles, the promotion of visualisation

services, and the marketisation of extended-reality (XR)-type application scenarios (such

as Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR)), mobile traffic

demand has entered a high-speed explosion [1–4]. According to Ericsson’s 2022 annual

report, global mobile data is growing at a rapid rate of 4 Exabytes (EB) per year, from

nearly 90 EB by the end of 2022 to an estimated 325 EB by 2028 [5]. Fig. 1.1 shows the

trend of global traffic growth in the last decade and the forecast for future growth. Since

most application scenarios require a stable and safe environment, people routinely use

traffic-demand services in offices, schools, homes, or shopping malls. High-definition video

conferencing, telecommuting, cloud gaming, and the Internet-of-Thing (IoT) require constant

access to unlimited data. As a result, 80% of the tremendous rise in traffic demand occurs

indoors, and it will be considerably more urgent than anticipated as new services proliferate

[6].

In an urban network deployment, most Base Stations (BSs) are placed outdoors to serve

indoor Mobile Users (MUs) through walls or windows. Signals experience severe attenuation

as they pass through walls and windows, so indoor MUs often experience vastly different

network performance in different locations, often far worse than outdoors. Placing Acess

Points (APs) indoors improves the experience to a large extent. However, for offices, schools,

hospitals, shopping malls, and other crowded places with high traffic demand, the installation

of indoor APs is approaching saturation. While the number of MUs remains stable, the

demand for personal mobile traffic is rising rapidly, resulting in the current indoor wireless

system being gradually unable to fully cover users’ needs [7–10].

Indoor wireless requirements constantly vary with application scenarios, and such re-

quirements for wireless systems in different application scenarios are usually defined as the

Quality of Service (QoS) [11]. These QoS indicators can be related to the system’s capac-

ity. For example, most scenarios require the system’s Received Signal Strength (RSS) or
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Fig. 1.1 Global mobile traffic trend [Source: Ericsson mobility report 2022].

Singnal-to-Interference-and-Noise-Ratio (SINR) to be no lower than a certain threshold [12].

It can also be reliability-related. For example, Ultra-Reliable Low Latency Communications

(URLLC) usually require the minimum reliability and delay provided by the system [13, 14].

The increased performance requirements imposed by these innovative application scenarios

necessitate the upgrading of indoor wireless system technologies.

1.1.2 Technologies to Improve Indoor Wireless Performance

The ultra-dense small cell network is current research hotspot of the indoor wireless system.

Ultra-dense small BSs usually transmit high-frequency signals for communication [7, 15].

The Fifth Generation (5G) system can operate in a broader range of carrier frequencies, in

which higher frequencies can carry a larger network capacity due to their larger distributable

bandwidth. By contrast, high frequency has a smaller coverage area, which makes it more

adaptable indoors [16].
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Ultra-dense small cell networks can provide high capacity, high density and high-quality

wireless communication service for indoor wireless communication systems. On the one

hand, deploying multiple small cell BSs in indoor areas can greatly improve the network’s

capacity and user connection density. Consequently, more users can simultaneously connect

and enjoy high-speed data transmission and stable communication services. On the other

hand, introducing the spectrum resource reuse technology of ultra-dense small cell networks

can effectively reduce interference and improve the anti-interference ability of the system,

which is important in indoor environments where multipath propagation and interference are

significant, providing better signal quality and a more stable connection.

Massive Multiple-Input-Multiple-Output (MIMO) systems are also being introduced into

indoor wireless systems. The massive MIMO system provides greater signal strength and

more stable signal transmission by utilising a large number of antennas and beam-forming

techniques. This allows indoor users to get higher data rates, more stable connections and a

better user experience. In addition, the massive MIMO system can reduce multipath effects

and interference in indoor environments, improving channel capacity and system reliability.

Therefore, the massive MIMO system plays a crucial role in meeting the wireless demand of

indoor wireless communication, such as high-speed indoor networks, IOT applications, and

indoor location services.

Conventional indoor massive MIMO systems are limited to 4-transmitter-4-receiver,

whereas in a distributed massive MIMO system, multiple distributed antennas can be inte-

grated into a single logical unit, and the capacity of 64-transmitter-64-receiver active antenna

units or more can be achieved. A study by Huawei confirmed that using distributed massive

MIMO has a 3-4 fold increase in uplink and downlink capacity compared to four-way cellular

splitting [17].

Multi-user (MU) MIMO is also being introduced into indoor wireless systems [18].

Indoor wireless communication systems usually adopt multiple antennas to implement

MIMO technology. In MU-MIMO, these antennas can be deployed in base stations, wireless

APs, and user devices to enable simultaneous communication with multiple data streams

between user devices. MU-MIMO technology involves the simultaneous transmission of
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data between multiple user devices. This requires optimization in signal processing and

scheduling algorithms to achieve data flow allocation and scheduling among multiple user

devices. This includes directional transmission of signals to different user devices through

beam-forming and space-time coding techniques, reducing interference and improving signal

quality. In order to implement MU-MIMO technology, the base station or wireless AP ought

accurately estimate the channel condition in the indoor environment as to obtain better signal

quality and system performance [19].

The MU-MIMO system is mainly used in user-dense, concurrent large traffic and rela-

tively fixed terminal locations, such as offices, conference centres, and electronic classrooms.

It can bring significant benefits to wireless networks. MU-MIMO technology can effectively

improve the throughput of wireless networks. Compared to single-user MIMO (SU-MIMO),

wireless networks using MU-MIMO can typically increase throughput by 2-3 times. MU-

MIMO allows data to be transmitted to multiple terminals simultaneously rather than being

limited to one terminal. MU-MIMO technology enables multiple terminals to transmit data

concurrently, thus improving data transmission efficiency in wireless networks. It reduces

terminal latency in waiting time and can better meet the needs of video, audio and other

high-traffic, low-latency applications. Because of that, wireless networks have more idle

time or capacity to serve traditional SU-MIMO-only Wi-Fi terminals, so the application

experience of traditional Wi-Fi terminals will also be improved. Therefore, MU-MIMO

technology can significantly improve the throughput of wireless networks, improve data

transmission efficiency, and positively impact the application experience of traditional Wi-Fi

terminals in indoor wireless systems [20].

Device-to-device (D2D) communication in 5G networks encompasses numerous ap-

plication scenarios, offering numerous benefits [21]. It facilitates direct data transmission

between users, enhancing user experience while conserving network resources. Moreover,

D2D communication plays a critical role in emergencies. D2D communication can still

establish a wireless network and enable communication between devices when traditional

communication networks are damaged or unavailable. Additionally, D2D communication
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enhances IoT applications by enabling D2D connectivity and resource sharing, enabling

seamless interconnection among IoT devices.

For enabling D2D communication, it is essential to address the detection and recognition

of neighbouring D2D terminals, which poses a significant research challenge. For instance,

in ultra-dense small cell networks, detecting D2D terminals becomes more complex. Fur-

thermore, the wireless resource management problem becomes more intricate due to the

inclusion of various communication modes like broadcast, multicast, and unicast, as well as

diverse application scenarios such as multi-hop and relay. D2D communication based on

cellular networks introduces additional interference into the existing cellular communication,

emphasising the need to study power control and interference coordination for effective 5G

network D2D implementation [22].

1.1.3 Challenges Brought by New Technologies

Introducing new technologies into indoor wireless systems brings new challenges. The higher

path loss in the propagation of high-frequency signals becomes a significant issue in indoor

wireless system design. Path loss increases when blockage exists in the link compared to

a Line-Of-Sight (LOS) link, and countable Non-Line-Of-Sight (NLOS) links occur more

frequently indoors due to ubiquitous walls and interior furnishings [23, 24]. Therefore, the

building structure seriously affects the system capacity for indoor wireless systems.

Furthermore, the complex indoor structure will bring about more severe multipath effects

than outdoor propagation environments. A large number of random subchannels have

different path loss and propagation times, resulting in the larger Delay Spread (DS) and

more significant difficulties in estimating the signal strength of a channel, thus increasing the

precoding complexity and, ultimately, decreasing the system capacity and reliability [25–28].

Encouragingly, in the massive MIMO system, the channel hardening effect can reduce the

subchannel randomness caused by the multipath effect [29]. The channel hardening effect is

also related to propagation environments. When the propagation path is blocked, or a small

hole effect exists, the channel hardening will attenuate, thus reducing the reliability of the

channel [30].
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Radio Frequency (RF) engineers improve the performance of indoor wireless systems

by optimising their deployment and configuration [31]. Since the performance of an indoor

wireless communication network is upper-bounded by the building itself, in some cases,

RF engineers find that no matter how they deploy the wireless network, the indoor wireless

system cannot meet the performance requirements for indoor wireless services. Therefore,

costly and time-consuming building retrofits may become a last resort to meet wireless

performance requirements in these scenarios.

1.1.4 The Study of BWP

The propagation environment in indoor wireless systems is more complex compared to out-

door systems due to the presence of building structures. This complexity leads to increased

signal attenuation, reduced SINR, and lower system capacity. Indoor communications also

suffer from severe multi-path effects, resulting in larger channel delay spread, decreased

coherence bandwidth, and increased Inter-Symbol-Interference (ISI). These factors nega-

tively impact both the capacity and reliability of the wireless communication system. Fig.

1.2 illustrates the difference in signal propagation between a building and an open space,

highlighting the varying blockage conditions and room structures in the building. In con-

trast, the Transmitter (Tx)-Receiver (Rx) links in the open space experience the same LOS

propagation conditions.

The impact of building structures on indoor wireless system performance is becoming

non-negligible with the advancement of novel technologies and the higher performance

requirements of new application scenarios. Hence, the definition and assessment of the

influence of architecture on indoor wireless system performance have emerged as the latest

study path of wireless systems, and the theory of BWP has been proposed. BWP describes

the difference in the wireless performance of indoor wireless systems compared to the same

configuration in the open space [31–33].

The significance of introducing BWP has two aspects. First, the BWP evaluation provides

architects with a quantifiable analysis tool to incorporate various wireless performance

indicators into the factors that need to be balanced in architectural design, and ultimately
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(a) Randomly generated links in the Building Under Design (BUD).

(b) Randomly generated links in the same-sized open space.

Fig. 1.2 The impact of building structures on the wireless system.

enhance indoor wireless system performance from the architectural design perspective.

Second, wireless network researchers can refer to the BWP evaluation metrics when designing

wireless systems to meet higher performance requirements.

In the current research on BWP evaluation, it is necessary to simplify the assumptions

about building structures to develop a practical evaluation method. This paper aims to inves-

tigate the impact of buildings on wireless communication systems from various perspectives.

The following assumptions are applied to the evaluated building and wireless communication

system to realise the tractability of the proposed method.

• This thesis focuses on the impact of single-storey buildings on the performance of

wireless communication systems. Therefore, the structure of the building, the layout

of the rooms, and the Tx and Rx unknowns within them are approximated by their

projection on a Two-Dimensional (2D) plane. In chapters 3 and 4, the building and its

rooms are assumed to be rectangular. In Chapter 5, the building and its rooms can be

assumed as any arbitrary shape. The thickness of the wall is ignored.
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• To decouple the transceiver locations from the BWP evaluation, this these assumes

both Txs and Rxs of the wireless system are randomly distributed in the evaluated

building.

• Different performance parameters require the use of different empirical or physical

models. Therefore, for the assessment of BWP, the communication environment

of the rooms in the test building is assumed to be consistent with the empirical

model. In Chapter 3, the rooms are categorized into offices and corridors, and their

communication environment is assumed to be consistent with the building described

in [34]. In Chapters 4 and 5, the communication environment within the building is

assumed to be consistent with the environment of scenario A1 in the WINNER II

project [35].

• Transceiver links are all assumed to be LOS in the open space. Chapter 3 applies

the Two-ray model for evaluation in open space. In chapters 4 and 5, the open space

scenario is assumed to be consistent with the environment of scenario B5a in the

WINNER II project [35].

1.2 Motivations

At present, the research on BWP is still in its infancy. The impact of building structure on

the wireless system’s interference strength and signal strength was defined as metrics, and

mathematical models have been built. Based on this, the technical status and future develop-

ment prospects of BWP have been summarised, and a research scheme has been proposed,

laying the groundwork for the upcoming indoor wireless system’s capacity expansion. These

studies on BWP are based on the known Tx and Rx locations and can provide the intensity

distribution of target metrics on the map of a BUD.

This thesis aims to study the BWP to fill more gaps that deserve attention and systematic

description. Some of the motivations are summarised as follows:
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• Existing BWP studies are dedicated to describing performance metrics that affect

system capacity. However, more research is needed on the performance indicators that

affect system reliability, which is vital for updating application scenarios. As a result,

different wireless performance indicators that can describe system reliability should be

included in the definition and modelling of the BWP evaluation scheme. In addition,

as new technologies are introduced into indoor wireless network designing, the system

performance indicators related to the new technologies also need to be included in the

BWP evaluation system.

• The existing BWP evaluation system employs a predefined network layout for the

BWP evaluation of buildings. However, the actual BWP evaluation is usually carried

out during the building design phase, leaving the deployment of the wireless system

uncertain. Therefore, it is necessary to construct BWP evaluation schemes under the

premise of unknown network deployment.

• Various new technologies and application requirements are continually introduced into

indoor wireless systems, which are difficult for architects and RF engineers to predict.

Therefore, a general method and model that can evaluate the different indicators of the

BWP are urgently needed. On this basis, the output of a BWP evaluation scheme should

be intuitive and easy to understand to facilitate architects to evaluate the architectural

design quickly and to assist RF engineers in guiding wireless system layout for an

architectural design.

1.3 Contributions

The main research contributions of the thesis are summarised as follows:

Firstly, the metric of DS gap as Gτ is defined by comparing the expected Root-Mean-

Square (RMS)-DS within a BUD to the RMS-DS in a same-sized open space. The metric

helps architects avoid ISI at the building design stage and assess a building’s wireless

friendliness from both capacity and reliability perspectives. The contributions are four-fold:
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• The first evaluation approach for BWP in terms of channel DS is proposed. The

associated evaluation metric, namely the DS gap, is defined to capture the impact of a

building on the DS of indoor wireless transmission in it.

• A statistical model for the proposed metric is also derived for quick and accurate metric

calculation. The PDF of RMS-DS is deduced according to the room layout of the

assessed building, and the analytic expression of the metric DS gap is derived.

• The proposed analytical model is verified by the Monte-Carlo simulation, and the

results show that the analytic results match simulation results very well.

Secondly, a novel BWP metric, Channel Hardening Obstruction (CHO), is defined, by

comparing the ratio of average channel hardening ratios of all possible channels in the BUD

and the average channel hardening ratios of all possible channels in the same-sized open

space. The metric CHO helps architects assess the friendliness of BUD to the channel

hardening of indoor massive MIMO systems. The contributions are three-fold:

• The first evaluation approach for BWP regarding channel hardening of the indoor

massive MIMO system is proposed. The associated evaluation metric, namely the

CHO, is defined and derived to capture the impact of a building on the channel

hardening ratio of the indoor massive MIMO system in it.

• A closed-form approximation model is derived to quickly and accurately calculate the

metric, where the impact of spatial correlation on channel hardening is considered.

• The proposed model is verified by the Monte-Carlo simulation. The proposed model

shows the potential for rapid evaluation in future architectural design.

Thirdly, a general BWP evaluation model for more complex architectural design struc-

tures is proposed to statistically evaluate building structures’ impact on various indoor

wireless systems’ performance indicators. Introducing the proposed scheme into construction

practices can effectively help architects quickly evaluate different wireless performance

indicators of building design to improve the performance of future indoor wireless systems.

The contributions are four-fold:
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• The first general BWP evaluation scheme for various wireless performance indicators

is proposed. For any performance indicator of an indoor wireless system, the influence

of a building structure on it can be summarised into a numerical metric to be visually

quantified by the proposed scheme.

• General statistical models for the target indicator of randomly generated Tx-Rx links

are derived for quick and accurate BWP evaluation.

• A polynomial fitting method for approximating the LOS probability and same-room

probability of the Tx-Rx link is introduced when Tx is located in an irregular-shaped

room. Fitting functions for typical irregular shapes are listed. The proposed fitting

functions can simplify the computational complexity and effort of complex building

structures with irregular-shaped rooms.

• The RSS, RMS-DS and channel hardening ratio are evaluated via the proposed scheme

as examples of performance indicators of the BWP and compared with the Monte-Carlo

simulation results, verifying that the scheme can significantly reduce the computation

time while ensuring accuracy.

1.4 Thesis Outline

The rest of the thesis is outlined and introduced as follows:

Chapter 2 firstly summarises the application scenarios and performance requirements

of indoor wireless systems and reviews the modelling methods of indoor wireless channels.

The concept of BWP is then introduced. Finally, the research history of the performance

indicators of concern, i.e., the DS and the channel hardening ratio, are retrospected. It

provides detailed descriptions of the models that may be cited or improved. Then, the

potential challenges in these existing studies are analysed.

Chapter 3 proposes the earliest systematic BWP evaluation approach dedicated to RMS-

DS to bridge the gap between the BWP evaluation and channel DS modelling. More

specifically, Chapter 3 defines a metric, namely DS gap, to capture the impact of a building



1.4 Thesis Outline 13

on the RMS-DS of wireless connections in it. Subsequently, an analytical model of the

RMS-DS is proposed to facilitate quick DS gap evaluation given a building layout.

Chapter 4 proposes a new system-level evaluation method for channel hardening in

indoor massive MIMO systems to bridge the gap between the BWP evaluation and the

channel hardening modelling of indoor massive MIMO systems. Specifically, Chapter 4

presents a novel BWP evaluation metric, CHO, to evaluate the influence of a BUD on channel

hardening. The analytical model and the approximation closed-form expression of the

proposed evaluation metric are also given in detail to assist architects in quickly quantifying

the impact of an architectural design on the performance of an indoor wireless network in

channel hardening.

Chapter 5 integrates the characteristics of the above performance indicators, and provides

a more general evaluation scheme for various wireless performance indicators. The proposed

evaluation scheme can evaluate the BWP of building designs in terms of various wireless

performance indicators. Moreover, the proposed scheme can be applied to complex building

structures with rooms in irregular shapes, which is different from the assumption in previous

chapters that both buildings and rooms are assumed to be rectangular.

Chapter 6 concludes the thesis and discusses future research directions based on the

current work.





Chapter 2

State-of-the-Art and Research Challenges

Overview
This chapter first reviews the application scenarios for indoor communication systems

facing higher performance requirements and introduces the methods in indoor communication

systems modelling. Secondly, this chapter reviews the current indoor channel modelling

methods and performance evaluation methods, and then introduces the concept of BWP,

which helps expand the performance of indoor communication systems. Thirdly, this chapter

reviews the modelling and measurement studies of some performance indicators, such as DS

and channel hardening ratio, that affect the performance of indoor communication systems

yet are not included in the BWP evaluation system. The potential challenges in the reviewed

works are analysed at the end of the chapter.

2.1 Reviews of Indoor Wireless Communications

Indoor wireless traffic has accounted for more than 80% of the total communication system,

and different wireless communication scenarios applied to indoor wireless systems have

different performance requirements. This section reviews the new application scenarios for

5G systems and summarises their performance requirements for indoor wireless systems. In

addition, the building’s walls, floors, furniture and human activity will impact the Electro-

magnetic (EM) wave transmission, reflection, refraction, scattering, diffraction and other
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propagation behaviour. Therefore, the indoor channel must be modelled in combination with

the building structure. This section also reviews the empirical, physical, and hybrid models

of channel modelling.

2.1.1 Application Scenarios in Indoor Wireless Communications

Indoor scenarios have always been the most common environments for humans to work,

study, and live. As people’s wireless demands increase, indoor wireless systems have evolved

and improved from the Second Generation (2G) to 5G era. However, 5G systems present

more advanced application scenarios that require more incredible wireless performance,

and IMT-2020 proposes three prominent use cases covering future mobile communication

scenarios: Enhanced Mobile Broadband (eMBB), Massive Machine Type Communication

(mMTC) and URLLC [36]. Fig. 2.2 shows the most representative usage scenarios of the

three technologies and their enhanced requirements for wireless communication, especially

for indoor wireless communication systems.

The eMBB is one of the first 5G main use cases as the extension of Fourth Generation (4G)

services. In addition to satisfying multimedia consumption, it supports staff telecommuting

and seamless wireless connectivity for indoor devices. The eMBB will eventually enable

real-time interaction for immersive VR and AR. In densely populated areas, eMBB use cases

necessitate a higher wireless capacity to facilitate access to a greater range of mobile users.

Furthermore, more reliable linkages are essential for allowing effective access from any

location in the scenario and for presenting consumers with a more consistent experience. In

compliance with the enhanced experience of the operated services, the eMBB imposes more

expectations on wireless systems.

The mMTC supports linking large-scale devices in IoT applications, which are primarily

indoors. Unlike eMBB, the communication activity of mMTC devices is intermittent and

requires lower and more stable transmission rates, whereas the density and range of connected

devices are crucial. In addition, due to the large-scale IoT that requires monitoring different

devices for long periods, mMTC requires devices to communicate with higher energy

efficiency to maintain low-cost management for long working periods.
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Gigabytes in a second

Smart home/building
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Smart city

3D video, UHD screens

Work and play in the cloud

Augmented reality

Industry automation

Mission critical application

Self driving car

Massive machine type
communications

Ultra-reliable and low latency
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Enhanced mobile broadband

Future IMT

Reliability >99.99%
Latency < 1 ms

Bandwidth > 10 Gps
Faster than 4G LTE
Bandwidth > 10 Gps
Faster than 4G LTE

Connection density  > 1,000,000/km2

Battery life > 10 years

Fig. 2.1 Usage scenarios for eMBB, mMTC and URLLC [Source: IMT-2020].

The URLLC defines the minimum requirements for wireless communication systems

to provide high reliability and extremely low latency communication. In indoor scenar-

ios, URLLC is typically used to support industrial automation, real-time human-machine

collaboration, and other use cases. Compared to mMTC, URLLC provides intermittent

communication transmission activities for fewer devices but requires high predictability of

communication resources and high system reliability.

2.1.2 Indoor Wireless Channel Modelling

For RF engineers to determine whether the performance of the wireless system satisfies the

use case requirements, channel modelling has become mandatory. During the wireless system

design stage, accurate channel models can precisely anticipate the performance of a system

installed at multiple locations across the building to guarantee the system’s performance

in use. Moreover, channel modelling can optimise indoor wireless systems. An accurate
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propagation model at the design stage can help RF engineers estimate the antennas’ service

coverage and choose suitable deployment locations for wireless systems such as ultra-dense

small-cell networks. Channel modelling can also help evaluate the performance of wireless

systems whose practical measurements are challenging. When some measuring sites in

the actual building have restricted access permissions, the only option for estimating the

performance of these indoor wireless networks is to use channel models.

Models can be built in different methods. Researchers can evaluate various performance

indicators in real-world scenarios and determine the performance indicators’ mathematical

models by fitting the measurements. The model created by this method is known as an

empirical model [37]. This modelling approach involves less in-depth environmental data

but delivers a more comprehensive model in a scenario. Nevertheless, the settings of the

scenario and the wireless system also play a crucial part in this strategy. The accuracy of the

empirical model cannot be maintained when the estimated scenario deviates significantly

from the empirical scenario or when the operating frequency of the wireless system varies,

requiring extensive extra measurements and parameter fitting.

The measurement results directly influence the establishment of the empirical model.

Ergo, the error between the model and the real measurement can be minimised by adjusting

parameters and determining variables according to various transmission conditions, building

structures, and frequencies.

Taking the path loss model as an example, the simplest path loss model constructs

the function using the transmitting and receiving distance as the dependent variables and

modifies the path loss exponent parameter to match the measured value. Since the model does

not incorporate any propagation environment or frequency-related variables, the path loss

exponent value must be refit for every channel whose frequency or propagation environment

alters. As a result, additional empirical path loss models are constructed and considered. The

Keenan-Motley Model adds variables for the number of walls and floors to the fundamental

path loss model, allowing users to predict wireless system performance in buildings with

several rooms using the same model [38]. The path loss resulting from the number of floors

is modelled by a nonlinear function in the ITU-R indoor model, which further improves
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the accuracy of cross-floor path loss estimation [39]. More breakpoints are set in other

empirical models to improve accuracy. In order to allow the empirical model to be utilised to

obtain accurate results quickly in a carrier band (900-1800MHz), the Ericsson radio system

model establishes four breakpoints for the variable transmit-receive distance [40]. Naturally,

the drawback is the typical circumstance of a narrowly available frequency. In addition to

considering the effects of wall, floor, and frequency, the Tuan Empirical Indoor Model also

considers the impact of the angle of incidence between signal and wall on path loss [41].

The model is able to simulate frequencies between 900 MHz to 5.7 GHz, albeit parameter

readjusting after changes in the building environment still necessitates several measurements.

In addition, depending on the fundamental physical mechanism, researchers can derive

performance indicators for various scenarios, and the models developed using this method

are classified as physical models [37]. To establish further system design concepts, the

physical model may be employed to perform extensive parameter modifications and study

more relationships between various parameters and indicators. Since it is difficult to gather

a significant amount of exact data in the actual scenario, it is frequently difficult for the

estimated results derived using the physical model to closely match the observed values of a

real system. To develop a more accurate physical model, additional scenario factors must be

entered, boosting computational complexity.

The most prevalent modelling technique for indoor channel physical modelling is ray

tracing. By applying the precise input of building geometry, construction materials, and other

characteristics, it is possible to anticipate the specific performance indicators of the target

site accurately. Ray tracing necessitates the prediction of all possible ray trajectories between

the transmitting and receiving ends. In addition to the unobstructed direct propagation, the

performance evaluation of the transceiver system must incorporate signal transmission created

by numerous ray paths, such as reflection, secondary reflection, refraction, and diffraction

of the object’s surface in the propagation environment. Different materials and shapes of

walls, floors, windows, and decorations must be estimated independently, which considerably

increases the complexity and feasibility of computation. In that case, appropriate simplifying

assumptions are required for ray tracing, such as presuming that walls and floors are flat
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and that each surface has identified simple electromagnetic properties. These assumptions,

evidently, increase the disparity between the physical model and actual measurements. Ray

tracing is now concentrating on how to simplify the model in order to minimise processing

complexity while preserving accuracy.

The Honcharenko-Bertoni Model divides the indoor communication environment into

a congested area near the floor (such as a furniture area on the floor and a hanging light

fixture) and an area near the free-space-like in the centre of the floor [42]. In order to create

a ray tracing model, attenuation and reflection of walls and diffraction in chaotic regions are

modelled in this model. In order to provide accurate predictions regarding the multipulse

response of radio propagation, site-specific models employ geometric optics principles [43].

In this model, importing comprehensive AutoCAD interior layout plans and retaining those

objects significantly larger than the wavelength enhances the accuracy. To boost accuracy

even further, the model accounts for all possible emission angles at the transmitting end,

whereas it does not assume that all rays would be received at the receiving end. This method

can integrate as many pathways as possible into the calculation, but at the expense of a

substantial increase in calculation time.

The calculation time for particular channels within the building can be considerably

decreased when the building is preprocessed prior to computation. The intelligent ray-tracing

(IRT) model accounted for the shadow effect of walls, the waveguide effect of corridors

and the debris-caused diffraction effect, and generated a simplified hypothesis of the indoor

environment [44]. In this modelling approach, obstacles in building data are segmented into

pixel blocks, and the visible relationship between each pixel block is examined and recorded

before channel estimation. In channel prediction, the channel performance between incoming

and outgoing pixels can be promptly calculated due to the established relationship between

each location. Complex preprocessing inevitably results in lengthy computation times, which

entails further optimisation.

Combining the minimal processing complexity of the empirical model with the com-

prehensive parameter modification and the powerful universality of the physical model, the

hybrid model predominates [37]. In general, the hybrid model uses the physical principle as
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the framework, and it uses the empirical model to alter the parameters inside the model. This

enables the hybrid model to produce more accurate predictions yet requires less processing.

The Reduced-Complexity Uniform Theory of Diffraction (UTD) Model incorporates

a number of different physical models, one of which is a theory of uniform diffraction

[45]. In the meantime, the empirical model of signal attenuation of walls and floors, which

is correlated with various materials and the angles between transmission pathways and

walls and floors, is produced by measuring. The Reduced-Complexity UTD Model can

maintain its accuracy in more varied application circumstances since it uses both advanced

ray tracing and empirical methods. Another approach that combines physical and empirical

models is Measurement-Based Prediction (MBP) [46]. This method initially fits a distance-

dependent path loss model independent of the propagation environment by measuring fading

at a material- and layout-specific location. Fading data relevant to the environment and

accounting for shadows are acquired by comparing the measurement values with the fitted

empirical model outcomes, which are challenging to calculate using the physical model.

These fading data and path loss models are processed and preserved to be reused in other

structures. Including frequency, floor, and wall loss components into the path loss model

is effortless, confirming that the MBP can estimate the complicated situation at various

frequencies and that the model accounts for shadows cast by walls and furniture in the

scene. As a consequence of its broad variety of application situations and correctness, the

computation burden calculated by this approach is acceptable.

Table 2.1 classifies these channel modelling approaches for better comparison.

2.1.3 Tractable Approaches of Wireless System Evaluation

Appropriation deployment strategies and propagation environments must be assumed to

evaluate network performance. Researchers in [47] configured the deployment to a One-

Dimensional (1D) linear cellular array and 2D hexagonal cellular pattern in order to simplify

the calculation and rapidly examine the true wireless system’s performance. In this con-
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Table 2.1 Indoor wireless channel modelling

Channel modelling approaches Reference

Empirical model

Keenan-Motley model [38]
ITU-R indoor model [39]

Ericsson radio system model [40]
Tuan empirical indoor model [41]

Physical model
Honcharenko-Bertoni model [42]

Site-specific model [43]
IRT model [44]

Hybrid model
UTD model [45]

Measurement based prediction [46]

figuration, the signal received by the receiver is composed of the signal transmitted by the

transmitter in the same cell, the signal transmitted by the transmitter in nearby cells mul-

tiplied by the interference factor α (0 < α < 1) and Gaussian noise. When each cell can

handle a large number of users, the network performance of the system is evaluated by the

maximum rate that each transmitter in the cell can achieve according to Shannon’s theory.

Researchers in [48] expanded the evaluation model to consider the impact of fading on the

system and presented an evaluation model of achievable rates. In [49], the evaluation model

of a straightforward 1D linear cellular array was expanded to evaluate general linear or planar

structures.

Stochastic geometry has been utilised extensively in biology, astronomy, and other fields

and plays an increasingly significant role in communication network research. Stochastic

geometry was first used to explain interference in wireless networks in 1978 [50]. Since

then, the mathematical works in [51, 52] have served as essential references for network

communication researchers. The core of stochastic geometry in mathematics investigates

random phenomena in two and higher dimensions where spatial point processes are required

[53]. Point processes are the most fundamental object of study in stochastic geometry. A

point process can be defined as a random set of points in space or a measurable mapping

from points in a probability space to points in Euclidean space. When the process is Poisson

distributed, it is called the Poisson Point Process (PPP) [51].
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The implementation of PPP provides a practical computing foundation for base station

distribution and performance evaluation. Andrews et al. in [54] modelled the 2D BSs

distribution as a homogeneous PPP and calculated this stochastic geometry model’s outage

probability and average rate. When compared to the traditional method of using a grid

to model the base stations uniformly and the Monte Carlo method to calculate network

performance, this method of using PPP to simulate the location of the base stations (with

the same BS density as the grid model) can simplify complex operations into closed forms

that can be rapidly calculated. In terms of evaluation precision, the lower bound of network

performance derived by PPP modelling work is more credible than the looser upper bound

supplied by conventional grid modelling work.

Researchers in [55] proposed a soft-core point process, Ginibre Point Process (GPP),

between the low regularity of PPP and the high regularity of Matérn Hard Core Point

Processes (MHCPP) to handle the problem of base station location modelling and network

evaluation and to further improve the operability of the study. In [55], the researchers

evaluated the system with β -GPP BS deployment strategy, which is a more general GPP. By

changing the value of β , (0 < β < 1), the regularity of the point process can be modified. β -

GPP converges to a PPP with the same strength when β → 1 and reverts to GPP when β = 0.

Using actual data, the authors of [55] determined that altering the value of β can improve

β -GPP’s fit in various base station construction circumstances. The coverage probability’s

calculable expression is discovered. The equilibrium between the high operability of PPP

and the high degree of fitting of MHCPP have been discovered.

Heterogeneous cellular networks have begun to be assessed for evaluating more com-

plicated wireless systems. Dhillon [56] performed PPP-based modelling and obtained the

downlink network performance evaluation for multi-tier heterogeneous networks. It is

claimed that employing random processes to model and analyse heterogeneous networks is

more meaningful, as small cells are more likely than macro-cells to gravitate toward random

distribution. In this heterogeneous network, the base station position distributions for each

tier are created by an independent PPP, resulting in a PPP heterogeneous network model

with tier-dependent base station density, transmission power, and maximum transmission



24 State-of-the-Art and Research Challenges

rate. A closed-form solution of the coverage probability that mobile users can be served by

BS in at least one tier was proposed.

Given that PPP cannot provide an accurate interference model in densely populated

locations, the Poisson Cluster Process (PCP) was utilised to determine the base station

distribution in a K-tier Heterogeneous Network (HetNet) [57]. The evaluation model implies

that base stations are clustered in distinct hotspots called clusters, that each cluster contains

multilayer networks, and there is no intra-cluster interference. Under this assumption, an

analytical solution of the interference distribution in the system was provided, as well as a

design strategy for K-tier HetNets based on the optimal performance of PCP. This theory

is significantly more sensitive to spatial density than the PPP hypothesis. More HetNet

tiering conditions were evaluated for practical applications in [58]. When a picocell is a

supplemental service for users at the edge of the macro cell, the macro cell tiers follow the

PPP, the picocell tiers follow the Poisson Hole Process (PHP), and the user distribution

follows the PPP. When picocell is utilised to boost the capacity of hot areas, the macro

cell tiers follow PPP, and picocells follow MHCPP. In this scenario, the user distribution

similarly focuses on hot spots following the Cox process. Table 2.2 classifies these tractable

wireless system evaluation approaches for better comparison.

Table 2.2 Tractable approaches of wireless system evaluation

System models for evaluation Reference

Simplified Cellular Array Models [47–49]

Models with
stochastic geometry

Poisson Point Process (PPP) [54]
Ginibre Point Process (GPP) [55]

HetNet with PPP [56]
HetNet with Poisson Cluster Process (PCP) [57]
HetNet with Poisson Hole Process (PCP) [58]

The methods for assessing the efficacy of wireless networks described above frequently

neglect to account for blockage or only integrate it into the fading model. Besides that, these

evaluation methods overlook the electromagnetic wave propagation effect of complicated

spatial features such as walls and furniture. The attenuation imposed by these structures in
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indoor environments can be as severe as that induced by distance. As a result, assessing the

impacts of blockages on indoor wireless systems by modelling and statistics are essential.

2.1.4 Indoor LOS Probability

The largest distinction between an interior communication environment and an outdoor

communication environment is its complicated spatial structure. Walls and floors easily

hinder indoor communication links in wireless communication. When a Tx-Rx link has no

blockage in the propagation process, it is called a LOS link. On the contrary, when walls,

floors and other barriers occur in the propagation process, it is called a NLOS link. The

path loss of an NLOS link differs from that of a LOS link, even if the transceiver distance is

the same. The multipath effect can also induce small-scale fading. The small-scale fading

of the NLOS link is commonly viewed as Rayleigh fading, while the small-scale fading of

the LOS link can be regarded as Ricean fading due to the existence of an unimpeded direct

channel. Hence, it is only possible to evaluate the performance of an indoor wireless system

by considering whether the links in the system are LOS.

As discussed in Section 2.1.3, many evaluations of network performance based on random

geometry do not account for the influence of occlusion on link performance. Nevertheless,

other research has examined the impact of occlusion on performance. In [59], varying

path loss exponents were utilised to calculate path loss for various sending and receiving

distances while evaluating the performance of a wireless system. When the transceiver

distance increases, so does the path loss exponent. This partially accounts for the impact of

obstruction, as the greater the transceiver distance, the greater the likelihood that the link

may be obstructed. In [60], on the basis of the LOS probability model supplied by Third

Generation Partnership Project (3GPP), both LOS and NLOS components were addressed

in channel modelling, and the system performance disparities under various LOS ratios

were examined. Using a piecewise function to represent the link between path loss and

distance and introducing an exponential-decreasing LOS probability model, researchers

in [61] investigated the effect of LOS on coverage and Area Spectral Efficiency (ASE)

performance of dense small cell networks. In [62], the distinction between LOS and NLOS
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in small-scale fading was considered. The LOS link was characterised by Rayleigh fading,

and path loss was described by the two-slope function. In order to simplify the calculation,

researchers in [62] simplified the LOS probability model by considering all links within

a specific transceiver distance to be LOS and all others to be NLOS. Researchers in [63]

examined the impact of ultra-dense small cell networks on network performance when base

stations are idle and LOS linkages are considered.

The discrepancy between LOS and NLOS should be added into the model to analyse

network performance from extra dimensions, and it has gained general recognition. Never-

theless, most of these performance evaluations focus on outdoor wireless systems or ignore

the variation in LOS ratio between indoor and outdoor wireless systems, preferring to employ

a very simple exponential decline function to explain the LOS probability of system links.

This simplistic LOS probability model will lead to deviations in performance evaluation

in complicated indoor environments and may even result in facts-inconsistent performance

principles. Thus, a model that accurately describes the blockages within the building and an

accurate, modifiable LOS probability model based on the interior structure are required.

Since channel indicators such as path loss and small-scale fading are directly related to

the blocked status of the Tx-Rx link, the statistics and calculation of LOS probability are now

obligated to evaluate indoor wireless systems’ performance. In [60, 61, 63], for instance,

the 3GPP standard LOS probability was given as an exponentially decreasing function of

transceiver distance [64]. Moreover, an outdoor LOS probability model considering building

height was released in [65]. In [66], 3D LOS probability model was applied to evaluate 3D

urban channels. Alas, these LOS probability distribution models are empirical models based

on outside situations, making their application to indoor scenarios challenging.

Researchers in [67] proposed a LOS distribution model based on rectangular rooms. The

Txs were randomly positioned within a rectangular room, and the blockage condition of

the Tx-Rx link caused by the room’s walls was computed at various transceiver distances.

This study proposes a piecewise function for describing the LOS probability model, which

can be employed to calculate the performance of wireless systems in rectangular-roomed
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typical building environments. In [68], a 3D LOS probability model for ordinary multi-storey

buildings was then proposed.

When addressing the effect of obstructions on propagation performance, ray tracing

is a common indoor channel modelling technique [69, 70]. As stated in Section 2.1.2,

ray tracing requires the input of building data and the Tx and Rx locations to judge the

LOS/NLOS status of the Tx-Rx link. As a result, ray tracing is computationally intensive,

which makes it hard to reach a comprehensive conclusion on the impacts of blocking on

wireless performance in this manner. Consequently, randomisation has been introduced into

indoor obstacle modelling. There is no requirement to provide building-specific information,

and impediments are distributed randomly over the target region using a specific random

process. On this premise, the statistical correlation between barriers and distance in the

target region is examined to offer an operational and universally applicable barrier model.

The location of the obstructions in [71] was determined using PPP, and each obstruction

was modelled as a line of random length and direction. This investigation confirmed the

relationship between network performance and the magnitude and density of obstructions.

The model can also simulate blockages caused by buildings in dense urban areas, using

Poisson Line Process (PLP) to model blockage locations. In addition, researchers in [72]

modelled the blockages as a random direction and size rectangle whose central point location

still follows PPP. This modelling technique is enlightening, despite the fact that the objective

of these efforts is to investigate impediments imposed in outdoor scenarios.

In [73], researchers investigated the impact of various wall barriers on signal propagation

in an interior environment with several transmitters. The walls were modelled as line seg-

ments based on a random geometric distribution, and the effect of wall angle and transmitter

placement on the barrier was investigated. In [24], an indoor network of transmitters arranged

in a typical network configuration was simulated, and the effect of wall barriers generated by

various means on the system SIR was examined. This study simulated a random blockage

distribution that occurs when the wall is considered a line segment. At this time, the centre

coordinates of the walls adhered to PPP, while the length of the walls was random and

autonomous. In the uniform model, wall orientations were uniformly random, whereas, in
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binary modelling, wall orientations were either horizontally or vertically distributed. Walls

can also be configured to stretch forever, replicating the relationship between walls in a phys-

ical room. At this time, the model separated the space from the horizontal and longitudinal

by dividing it into a grid with infinitely long walls. The Manhattan Poisson Line Process

(MPLP) can compute the horizontal and vertical wall coordinates, thereby splitting the space

into irregular rectangular rooms with infinitely stretching walls. The investigation’s findings

indicated that the binary random wall model resulted in the poorest system performance,

whereas the regular wall model produced the greatest results. These studies incorporated the

blockage model into the framework for evaluating indoor wireless performance. However,

since its calculation predetermines the transmitter layout, it is not relevant to a wider variety

of application cases.

The base station positions in [74] were determined using the Cox point process, while the

line segment consisting of obstructing structures was determined using the MPLP. This work

examined the impact of blockage on a wireless system in the classic Manhattan urban model.

In [75], an indoor 3D blocking model was developed, and the shadow impact of a wireless

system was explained. As a multidimensional expansion of MPLP, the bottlenecks in this

scenario were modelled as Poisson grids to reflect the uneven distribution of actual room

volumes. This blockage modelling can also be created by deleting particular walls to replicate

a more realistic room structure. Typically, the transmitters were installed against the wall or

ceiling, which follows the Cox point process. This technique can compute interference fields

within a building of a given size.

Table 2.3 classifies these researches studying on the impact of blockages on wireless

systems for better comparison.

Researchers typically assess system performance in a known or assumed-to-be-known

communication environment to optimise the evaluation system and network configuration.

The constraints of architecture on indoor wireless networks’ performance cannot be ignored.

Nevertheless, no consideration has been given to altering the building structure in order to

improve the performance of wireless systems in buildings. This is because RF engineers

normally focus on the communication environment within a constructed building yet are
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Table 2.3 Researches studying on the blockages

System models for evaluation Reference

Studies considering
LOS linkages

LOS probability model in 3GPP [60]
LOS effect on coverage and ASE [61]
Simplified LOS probability in small-scale fading study [62]
LOS linkages in ultra-dense small cell networks [63]

LOS probability
modelling

Outdoor LOS probability models [60, 65]
LOS probability model for rectangular rooms [67]
3D LOS probability model for multi-storey buildings [68]

Random blocking
modelling

Random geometric blocking model [73]
Binary blocking model [24]
Blocking model with MPLP [74]
3D blocking model with Poisson grids [75]

independent from the design optimisation of the building itself. In reality, there are numerous

aspects affecting the design of a building, such as building function, surrounding environment,

building materials, construction cost, etc. Suppose a set of indicators that can evaluate the

impact of architecture on the wireless system are examined and weighed in the architectural

design stage, in such a case, the performance of indoor wireless systems can be drastically

enhanced from the ground up.

2.2 Reviews of Fundamental BWP

More revolutionary wireless systems, such as ultra-dense small cell networks and massive

MIMO systems, are being launched indoors to cope with the rapid growth of indoor wireless

traffic demand. However, due to the building’s complicated construction, the performance

of wireless systems inside the building may differ from that outside. Earlier chapters have

reviewed the impact of blockage in the building structure on the indoor transceiver links

and the evaluation system that considers how this factor can affect the performance of

wireless systems. Such studies usually use a simple probabilistic model to simulate indoor

surroundings, despite the fact that different building types ought to have distinct effects on
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the same-configured wireless networks in reality. The impact of building structures on the

indoor wireless system performance is defined as the BWP.

Since the building structure inevitably affects the wireless system performance, BWP

should be considered in the architectural design to improve indoor wireless system perfor-

mance fundamentally. Currently, many factors are influencing the design of buildings, such

as materials, functions, Capital Expenditures (CAPEX), Operational Expenditure (OPEX),

etc., but the impacts of wireless performance have yet to be considered. However, after the

construction of a building, the wireless system designers find that no matter how the wireless

system is designed and no matter how many new wireless technologies are introduced, the

indoor wireless system cannot meet the explosive demand for indoor wireless traffic. This

limitation is due to the fact that the architects have yet to consider the effect of the building

structure on the wireless performance at the building design stage. Therefore, it is vital to

model and analyse the influences of building structure on wireless system performance from

various aspects and provide quantifiable analysis models. It will help architects incorporate

wireless performance into the factors that need to be balanced in architectural design to

enhance indoor wireless system performance from the perspective of architectural design.

At this stage, the BWP evaluation system is taking shape. Two figure of metrics (FoMs)

of BWP was defined in [32], namely, the Power Gain (PG) and the Interference Gain (IG).

The metrics evaluate the building structure’s impact on an ultra-dense small cell cooperative

network. Small cell BSs are assumed to be uniformly distributed in a high density in the scene

and cooperate in sending signals to the user. The transmitting power of each BS is inversely

proportional to the distribution density of the BS, i.e., the average transmitting power of each

region is uniform and fixed. For an evaluated building structure, the average transmitting

power PT =−34dBWm2, the threshold is set as Pth =−110dBWm2. The building structure

is evaluated for the wireless system in 6-GHz and 28-GHz band.

Then the sum of received signal power from all transmitters in the system by the user

equipment at the specified location in the building is denoted as PB, and the corresponding

sum of signal power received by the user equipment at the same location in the same-sized

open space is denoted as PO. The quotient of the PB and PO is defined as the PG of the
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building as

gP =
PB

PO
. (2.1)

In the same setting, the sum of the power of interference signals received by the user

equipment at specified locations inside and outside the building is denoted as IB and IO, while

the sum of the power of indoor and outdoor noise and interference can be compared to obtain

IG as

gI =
IO

IB
. (2.2)

The larger the PG is, the smaller the power attenuation by the building structure in signal

propagations. The larger the IG is, the more significantly the building will eliminate inter-

ference. In [32], the power attenuation by multiple walls is regarded as a wall, i.e., the link

blocked by multiple walls is simplified to one-wall blockage. However, researchers in [76]

faced up to this situation and proposed a more practical calculation model for IG and PG

considering multi-wall blockages.

On this premise, [31] constructs a systematic BWP concept to objectively quantify

the impact of building structure on specific wireless system performance characteristics.

The evaluation system and indicators can be utilised to direct the building’s design. In

addition, [31] has proposed the potential research direction of BWP to help develop future

wireless-friendly smart buildings for Sixth Generation (6G).

The state-of-art BWP evaluation is based on the assumption of extremely ultra-dense

small cell networks in building design, which is too extreme and limits its applicability in real-

world scenarios. At the same time, the evaluation method is user-location dependent. Each

building location has a unique indicator value and is presented as a metric distribution map.

However, besides the impact of wireless system performance, there are many other factors to

consider in architectural design. Therefore, a more intuitive approach to define BWP metrics

and evaluation scheme is needed so that architects can quickly adjust building designs by

comparing differences in metrics. Such an evaluation scheme will enable architects to fully

evaluate and optimise the wireless connectivity of buildings, resulting in better design and

user experience.
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In addition, the present BWP evaluation focuses on the indicators that affect the SINR of

the system, e.g., received power and interference, as these are the most influential factors af-

fecting the capacity of the system. In the 5G and 6G eras, however, as ever-more technologies

are introduced into indoor wireless systems, an increasing number of application scenarios

require indicators other than capacity, such as system delay and reliability. Moreover, new

channel evaluation indicators introduced by new technologies must also be considered.

2.3 Performance Indicators of Concern

Currently, BWP evaluation focuses exclusively on the evaluation of signal received strength

and interference intensity, despite the fact that there are additional indicators that can be used

to characterise the performance of a communication system. This section focuses on wireless

systems’ unscrutinised performance indicators, RMS DS and channel hardening.

2.3.1 RMS-DS

A comprehensive description of indoor electromagnetic wave propagation is essential for

evaluating indoor wireless systems. Many channel-based impulse response characteristics

are studied in indoor channel measurement and modelling. However, describing the impulse

response of a channel in detail is complicated, but using a specific index can replace a

complete description of the impulse response of a channel to some extent, namely, the

RMS-DS of the channel.

Consider a communication scenario with multipath effects, as shown in Fig. 2.2. The

channel’s impulse response can be represented by the power distribution diagram, as shown

in Fig. 2.3, where gi represents the power of the i-th path component, and τi is the time delay

generated when the signal reaches Rx through this path. The difference in time delay caused

by signal reaching Rx through different paths is called delay spread. RMS-DS is a parameter

to quantify the delay spread. RMS-DS is the root-mean-square of the delay generated by each

path and weighted by the received signal intensity of each path. Therefore, the calculation of
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Fig. 2.2 A example of the multipath effect.

RMS-DS requires the calculation of the weighted average delay τ:

τ =
∑i giτi

∑i gi
. (2.3)

RMS-DS τrms can then be expressed as:

τrms =

√
∑i gi(τi − τ)2

∑i gi
. (2.4)

In summary, RMS-DS is an indicator for evaluating the delay spread of the signal

propagation path, which is calculated by measuring the delay propagation difference of the

signal. Delay propagation difference refers to the difference between the propagation delay

of each path in the received signal. These paths can be caused by multipath propagation,
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Fig. 2.3 The power delay profile of channel impulse responses describing multi-path.

in which the signal travels through a number of different paths to reach the receiver during

transmission. By measuring the arrival delay of different paths, the delay spread of the signal

can be analysed, and the RMS-DS value can be obtained. Therefore, signal modulation is

not needed in RMS-DS measurement.

Since the signal received by Rx is the superposition of signals with different time delays

through different paths, there may be interference between different symbols at this time.

This interference caused by the delay spread of the multipath effect is called ISI. In order to

avoid ISI, the symbol duration needs to be positively correlated with the delay extension, so

the symbol rate is negatively correlated with DS. It has been proved that the performance

of wireless systems with multipath effects is susceptible to RMS-DS [25, 26]. Studies in

[27, 28] demonstrated that the maximum transmission data rate in an indoor wireless system

is linearly dependent on τ−1
rms.
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In addition, RMS-DS directly affects the channel’s coherence bandwidth in the fre-

quency domain. When the coherence bandwidth BC of the channel is greater than the signal

bandwidth BS, the signal will not be distorted in the frequency domain after transmission.

However, when the coherence bandwidth of the channel is too narrow, i.e., BC < BS, the re-

ceived signal via the channel will selectively fade in the frequency domain, that is, distortion.

The coherence bandwidth for a healthy channel is linear to the τ−1
rms of the channel.

The ISI in the time domain and the frequency selective distortion in the frequency domain

are two aspects of the relationship, both becoming serious with the increase of RMS-DS.

If the influence of RMS-DS is not considered in signal transmission, the reliability of

the communication system will be seriously affected. Considering the effect of RMS-DS,

the signal bandwidth needs to be reduced, which affects the system capacity. Therefore,

the RMS-DS of wireless systems must be addressed considering the system capacity and

reliability.

In OFDM systems, delay spread also introduces challenges. OFDM relies on frequency-

domain equalization to compensate for frequency-selective fading caused by multipath

channels. However, delay spread results in time variations of the multipath channel frequency

response, requiring more frequent equalization updates to maintain the desired performance.

This can increase computational complexity and introduce additional overhead in the system.

Moreover, delay spread may cause overlapping of multipath replicas with neighbouring

OFDM frames, resulting in inter-frame interference. This requires additional interference

mitigation techniques at the receiver to mitigate the effects of inter-frame interference,

potentially impacting system reliability [77].

A large number of measurements demonstrate that RMS-DS is correlated with transceiver

distance d and path loss. In [78], researchers measured the RMS-DS of the stairwell scenario

in the frequency band of 5 GHz but did not obtain the relationship between RMS-DS and

distance. In [79], researchers measured the RMS-DS of Ultra Wide Band (UWB) indoor

channels in office buildings. The relationship between RMS-DS and frequency was analysed

by comparing the differences between RMS-DS in 54−59 GHz and 61−64 GHz. In [80],

RMS-DS of LOS links were measured in three buildings and found to be positively correlated
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with distance. In [81], after analysing the transmission data collected in two office buildings,

the researchers discovered that RMS-DS was highly correlated with both transceiver distance

and path loss.

The multipath effect of different sending and receiving locations will lead to the random-

ness of the RMS-DS, which is ignored in the above study. The researchers argued in [34]

that RMS-DS should be described as a random variable related to transceiver distance and

path loss. RMS-DS can be expressed as:

τrms = kL(d)+B+Xz, (2.5)

where Xz is a normally distributed random variable with the mean value µ = 0 and standard

deviation σ . L(d) is the path loss which can be described as:

L(d) = L(d0)+10nlog10(d/d0)+C+Xs, (2.6)

where L(d0) is the reference path loss in decibel (d0 = 1 m), Xs is a normally distributed

random variable with the mean value µ = 0 and standard deviation σs. Values of parameters k,

B, σ , n, C and σs vary according to the propagation environment, such as blockage conditions

and room types. In [34], researchers tested LOS and NLOS links in offices, corridors and

stairwells at 2.595 GHz, and fitted parameter values of k, B, σ , n, C and σs at different

propagation environments.

2.3.2 Channel Hardening Ratio

Massive MIMO has been introduced into indoor wireless communication systems as a key 5G

technology. In [82], researchers studied indoor channel simulation modelling based on the

ray launching of massive MIMO and presented a statistical model for convenient calculation.

In [83], three indoor massive MIMO systems with different cooperation levels were simulated

to investigate the effect of massive MIMO suppression of inter-cell interference on system

capacity enhancement under different cooperation modes. In [29], the millimetre wave
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(mmWave) and massive MIMO were combined to achieve greater system capacity and higher

transmission rates. The indoor massive MIMO channels with 64-array and 128-array at

26ghz were characterised. Similarly, the throughput of massive MIMO systems using Hybrid

Beamforming (HBF) algorithms at 38 GHz and 65 GHz was experimentally tested in [84].

In [85–87], researchers proposed to combine the network cooperation principle of cell-free

MIMO with Massive MIMO to improve the fairness of regional user data rates.

These studies simplify the precoding strategy due to the channel hardening phenomenon

specific to massive MIMO. However, in practice, the channel hardening is not completed.

Study [88] proved that both antenna numbers and density would affect the channel hardening

effect. Researchers in [89] proposed the channel hardening indicator: the channel hardening

ratio. Further, researchers in [89] demonstrated that once the degree of channel hardening

is inadequate, the massive MIMO system’s stability degrades. As a result, in the channel

evaluation of massive MIMO systems, the degreeof channel hardening should be defined and

calculated. Study in [90] proposed a basic mathematical model of channel hardening ratio in

different propagation environments.

When evaluating channel hardening, the researchers in [87, 89] simply assumed the

channel as a space-independent Rayleigh fading channel. However, the spatial correlation of

antennas in the massive MIMO system cannot be ignored [91]. In addition, Rayleigh fading

channels cannot accurately describe communication links in short-range propagation due

to the presence of LOS components. [30] gives a comprehensive channel hardening model

considering the spatial correlation of the antenna and the LOS component when the link is

not blocked, as shown below.

When a base station consisting of a M×1 Uniform Linear Array (ULA) transmits signals

to a single-antenna user, the channel vector is represented by h, which can be expressed as:

h = β

[
1,e jπsinφ , ...,e j(M−1)πsinφ

]T
, (2.7)

where φ is the Angle of Arrival (AOA) of the antenna and β is the large-scale propagation

losses of the evaluated Tx-Rx link.
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For a channel, the channel is considered hardened when:

Var{∥h∥2}
E{∥h∥2}2 → 0, as M → ∞. (2.8)

Normally, the number of antennas M is finite, so this incomplete channel hardening can be

measured by the channel hardening ratio:

ξ =
Var{∥h∥2}
E{∥h∥2}2 . (2.9)

When the channel hardening ratio is high, the channel hardening is damaged and the system

reliability is threatened.

When considering the spatial correlation of antennas, R as a positive semi-definite matrix

is used to describe the spatial correlation between different antennas, the closer the antennas

are, the stronger the spatial correlation is. And R follows Tr(R) = M [92].

The channel is considered as a Ricean fading channel when the Tx-Rx path is LOS.

The Ricean fading can be considered as adding the LOS component to the Rayleigh fading

component of a NLOS link. K-factor is a parameter for describing the proportion of LOS

component in the Ricean fading channel.

Therefore, according to [30], for a perfect Channel State Information (CSI) case, when

spatial correlation and Ricean fading channel are considered, the channel hardening ratio can

be expressed as:

ξ =
2KhHRh+Tr(R2)

M2(1+K)2 , (2.10)

where h is the normalised channel vector, expressed as:

h =
[
1,e jπsinφ , ...,e j(M−1)πsinφ

]T
. (2.11)



2.4 Research Challenges 39

2.4 Research Challenges

Establishing a BWP evaluation system is very important for improving indoor wireless

performance. The current BWP metrics IG and PG have been proposed to evaluate the

impact of building structure on indoor wireless system capacity. However, there are still

some challenges in current BWP research.

First, for facilitating architects to weigh and optimise building designs in multiple dimen-

sions, including but not limited to wireless network performance, BWP evaluation metrics

should be more intuitive. It is necessary to describe the impact of the whole building design

on one wireless performance indicator with one BWP metric. The current BWP metrics are

still receiver location dependent, while a BWP evaluation system independent of receiver

and transmitter locations needs to be established.

Second, the current BWP evaluation is limited to two wireless performance indicators:

interference and received signal power. In contrast, more indicators are left to be considered

in a bid to help improve the capacity and reliability of wireless systems. In the evaluation, the

influence of the building structure on different indicators also needs to be carefully discussed.

Third, the desired BWP evaluation system should have high scalability to adapt to

more new indicators being included in the BWP evaluation. On this basis, computational

complexity should be limited to achievable conditions.

The building structure significantly influences the channel multipath effect, including

signal reflection and diffraction. These effects will lead to signal strength fading, inter-

symbol interference (ISI), delay expansion and other problems, thus affecting the capacity

and stability of wireless systems. Multipath effects affect the capacity and stability of wireless

systems, so it is essential to evaluate the impact of architecture on multipath effects. In order

to evaluate the multipath effect, it is necessary to select a suitable performance indicator

to measure its impact degree. General wireless performance indicators that can assess the

multi-path effect are delay spread, coherence time, Rician K-factor, Doppler spread and error

vector magnitude. Table 2.4 lists these performance indicators and there descriptions.

Delay spread is often considered as a good starting point due to its direct relevance to

signal dispersion and coherence bandwidth. Moreover, delay spread is relatively easy to



40 State-of-the-Art and Research Challenges

Table 2.4 Performance indicators describing the multi-path effect

Performance Indicator Description

Delay Spread
Measuring the spread or difference in arrival times
of multipath components

Coherence Time
Representing the duration over which a channel remains
relatively unchanged

Rician K-factor
Quantifying the strength of the LOS component
relative to scattered multipath

Doppler Spread
Measuring the spread or difference in Doppler
frequencies of multipath components

Channel Capacity
Representing the maximum data rate that can be reliably
transmitted over a given channel

Error Vector Magnitude
Quantifying the distortion and deviation of
the received signal from the ideal signal

measure and interpret compared to other indicators, making it a practical choice for channel

characterisation.

In massive MIMO systems, the channel hardening can reflect the multipath effects. Chan-

nel hardening refers to the phenomenon where the time variation of the channel response is

reduced. When multipath effects are weak, i.e., when there are fewer paths, and their strength

is low, the channel response remains relatively stable without frequent changes. In this case,

the channel is considered to be hardened. Conversely, when multipath effects are strong,

i.e., when there are multiple paths with significant strength, the channel response undergoes

frequent changes, leading to significant variations in the time-domain and frequency-domain

characteristics of the signal. In this case, the channel is considered to be softened. Therefore,

as a performance indicator to measure the channel hardening effect, the channel hardening

ratio is worth studying in the BWP evaluation of massive MIMO systems.



Chapter 3

Wireless Channel Delay Spread

Performance Evaluation of a Building

Layout

Overview
A new approach for wireless communications in building design is proposed for evaluating

a building’s wireless performance throughout the building design stage. The earliest BWP

evaluation theory, concentrating on the DS channel, is proposed in this chapter. The following

are the novel contributions of this chapter. 1) The first metric for assessing the channel DS

performance of a building under design is defined, named DS gap. 2) To rapidly and precisely

calculate the metric, an analytical model is derived. 3) Monte-Carlo simulations performed in

typical interior environments are used to validate the proposed scheme. According to numeri-

cal results, the RMS-DS are clearly impacted by building design. In the future, architects

should carefully consider a building’s DS gap during the building design process. Otherwise,

because of an excessively high DS gap, wireless systems within it will experience severe ISI.
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3.1 Introduction

3.1.1 Background and Motivations

The BWP has to be considered in the building design process [31–33, 76]. The performance

of the densely deployed indoor wireless devices is upper bounded by the building design

regardless of specific network deployment and configuration. With the evolution of wireless

reliability-dependent use case scenarios such as augmented reality, virtual reality, smart

building, smart factories, etc.[93–96], the wireless performance demand, e.g., throughput,

latency, and reliability, increases continuously and will eventually hit the upper bound.

Currently, RF engineers improve the performance of indoor wireless systems by optimis-

ing their deployment. Since the performance of an indoor wireless communication network

is upper-bounded by the building itself, in some cases, RF engineers find that no matter how

they deploy the wireless network, the indoor wireless system cannot meet the performance

requirements for indoor wireless services. Therefore, costly and time-consuming building

retrofits may become a last resort to meet wireless performance requirements in these sce-

narios. As a result, BWP metrics, which can assist architects in avoiding employing room

layouts with bad wireless performance, are essential in the building design stages.

The BWP evaluation must take DS as a crucial channel indicator into account. As the

delay spread increases, the multipath signals arrive at the receiver with larger time differences,

causing them to interfere with the current symbol being received. This interference leads to

higher levels of ISI and an increased probability of symbol errors. A larger delay spread can

also result in stronger constructive or destructive interference between the multipath signals.

This increased interference power within the channel leads to higher interference, potentially

degrading the system’s performance. In turn, ISI and interference caused by delay spread can

increase the BER by distorting and overlapping symbols, making it difficult for the receiver

to detect and decode the transmitted information accurately [97, 98].

A strong ISI could happen if a building is poorly designed, considering its impact on

channel DS, and leading to a narrower coherence bandwidth [99–101]. Poor building design

can decrease the reliability of indoor wireless networks and lower the upper bound of
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indoor transmitted signal bandwidth because selective fading in the channel occurs when the

transmitted signal bandwidth is wider than the coherence bandwidth [102, 103]. On the other

hand, the broader the coherence bandwidth is, the more accurate the channel estimation in

the wider frequency band and the easier the pilot design is. As a result, the building’s inner

layout will also affect the complexity and effectiveness of the pilot design [104].

However, how to evaluate BWP considering channel DS is still unknown. Most existing

studies on channel DS lie in the perspective of channel modelling rather than BWP evaluation

[78–81, 34, 105–111]. Whereas in the field of BWP, the impact of building layout on channel

DS has never been considered before [31, 32, 76]. In [79, 80, 107–110], the RMS-DS of

indoor channels was measured and modelled in the Ultra-High Frequency (UHF) band, UWB

and visible light communication system. In [78, 34, 107, 111], multiple room configurations,

including offices, corridors, and staircases, were adopted for RMS-DS modelling. The results

demonstrated that RMS-DS modelling in various propagation environments frequently

exhibits similar patterns: the RMS-DS of a link presents a linear correlation with the path

loss. Specifically, according to [79, 34, 106, 111, 108], RMS-DS in indoor scenarios has a

stronger association with distance, or, more precisely, with path loss than they do in outdoor

environments. Particularly, the results of [34] demonstrate that indoor scenarios with a

variety of room types and LOS or NLOS conditions can exhibit a wide variety of probability

density distributions of the RMS-DS. Nevertheless, how to avoid strong DS when designing

buildings has never been considered, which could make the building a bottleneck limiting

the performance of 5G and 6G reliability-demand services.

3.1.2 Contributions in This Chapter

To bridge the gap between the BWP evaluation and channel DS modelling, this chapter

proposes the earliest systematic BWP evaluation approach dedicated to RMS-DS. More

specifically, this chapter defines a metric, namely DS gap, to capture the impact of a building

on the RMS-DS of wireless connections in it. Then, this chapter proposes an analytical

model of the RMS-DS to facilitate quick DS gap evaluation given a building layout.
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3.2 Definition of Metric to Evaluate Building Channel DS

Performance

We define the metric, the DS gap Gτ , to evaluate the building wireless performance for

RMS-DS:

Gτ = E[τI]−E[τO], (3.1)

where τI and τO are the realisation of random variable RMS-DS in indoor and in open space

environments, and E[τI] denotes the expectation value of RMS-DS for the assessed indoor

environment in the distance and time domain, and E[τO] denotes the expectation of RMS-DS

for an open space with the same occupied area in the distance domain. The indicator Gτ

represents a building’s inherent wireless performance characteristic. It indicates the effective

varying in RMS-DS levels when the network covers a building as opposed to open space.

Physically, more complicated building structures result in more severe multi-path effects,

leading to greater RMS-DS and ISI, and finally results in narrower coherence bandwidth.

According to measurements in [79, 80, 107–110], τI is a random variable in any given

indoor scenario, and the distribution of RMS-DS for a specific link depends on the distance

between the Tx and the Rx, denoted by d. Therefore, E[τI] must be found with the given

Probability Density Function (PDF) of τ and d, as:

E[τI] =
∫ +∞

0
τI

∫ +∞

0
f (τI|d)pι ,χ(d)dddτI, (3.2)

where f (τI|d) denotes the indoor RMS-DS distribution function that varies with d, ι denotes

the event that Tx is in the BUD, and χ denotes the event that Rx is in the BUD, and pι ,χ(d)

denotes the PDF of the distance between Tx and Rx when they randomly locate in the

BUD. As a contrast, given the same area compared with the indoor scenario, τO as the

RMS-DS value in the open space, only depends on d, i.e., given a definite d, the value of τO

is determined. As the result, E[τO] can be found with the given PDF of d, as:

E[τO] =
∫ +∞

0
τO(d)pι ,χ(d)dd, (3.3)
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where τO(d) denotes the open-space RMS-DS function of d.

Moreover, whether the transmission is LOS or NLOS impacts the distribution of RMS-DS

substantially in an indoor environment. Measurement results also show that different room

types, e.g., offices and corridors lead to different distributions of RMS-DS [34]. Therefore,

the distribution of τI depends on i) the distribution of the transmission condition between

Tx and Rx, in terms of the blockage effect and the room type, ii) the distribution of Tx-Rx

distance d, and iii) the distribution of RMS-DS for a link given d and definite transmission

conditions. Similarly, the distribution of τO depends on i) the distribution of Tx-Rx distance

d, and ii) the RMS-DS in open space for a link given d.

To decouple the intrinsic property of the building and the specific deployment of indoor

wireless devices, we need to assume that the Txs and the Rxs are randomly deployed in the

building under consideration in the building design stage. Under this situation, d is a random

variable, too.

In a complex building environment, Gτ needs to be quantified in the building design

stage, considering both the random position of transceivers and the blockage effect.

3.3 Analytical Model of the DS gap

To quickly and accurately compute the DS gap, in this section, the detailed procedure for

deriving Gτ is provided, and the final analytic expression of Gτ is given. Table 3.1 describes

the main notations that appear in this chapter.

E[τI] and E[τO] are derived in the following subsections III-A and III-B.

3.3.1 Derivation of E[τI]

Within a BUD, f (τI|d) can be calculated as:

f (τI|d) =
∫

r
∑
κ

∑
υ

fτI,χ|d,κ,υ ,rT(τI)P(υ)P(κ|d)grT(r)dr, (3.4)
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Table 3.1 Notation definition for Chapter 3

Notation Description
Gτ DS gap
τ RMS-DS
τI Instantaneous value of RMS-DS indoors
τO Instantaneous value of RMS-DS in the open space
d Distance between Tx and Rx

f (τI) Indoor RMS-DS distribution function that varies with d
P Probability of an event
p PDF of d
ι The event that the TX is in the BUD
χ The event that the Rx is in the BUD
κ The set of blockage situation
υ The set of room types that Tx is located

grT PDF of Tx locating at a position
rA Aspect ratio
r The coordinates
Nr The amount of rooms in the BUD
S The size of a room
n The room number of a room in the BUD
V The size of the BUD
m The long edge of a room
l The short edge of a room
X The long edge of the BUD
Y The short edge of the BUD
C The set of coordinates

Lκ,υ Path loss of indoor transmission with definite
transmission conditions

µ Expectation
µκn,υ ,τ Expectation value of RMS-DS indoors with definite

transmission conditions
Gτ,sim The simulation result of Gτ

Gτ,ana The analytic result of Gτ

σ The reliability of the model
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where P(·) denotes the probability of an event, κ ∈ {LOS,NLOS} denotes the blockage

effect, υ ∈ {office,hall,corridor,staircase, ...} denotes the type of the room where the Tx

locates, rT = (xT,yT) denotes the position of the Tx whose PDF is grT(r), fτI,χ|d,κ,υ ,rT(τI) is

the PDF of RMS-DS with given scenario υ and blockage condition κ . Since fτI,χ|d,κ,υ ,rT(τI)

denotes the PDF of τ , it requires specific distribution assumptions of τ to be further deter-

mined. Given that the BUD is composed of Nr rooms, and the n-th room is with type υn and

an area of Sn. Then the total area of the entire building is calculated by

V =
Nr

∑
n=1

Sn. (3.5)

Then E[τI] can be calculated as

E[τI] =
∫ +∞

0
τI

Nr

∑
n=1

∫ +∞

0
pι ,χ(d)∫

r
∑
κ

∑
υ

fτI,χ|d,κ,υn,rT(τ)Pυ(rT)Pυn,d(κ|χ)grT|υn(r)P(υn)drdddτI. (3.6)

The aim of this section is to provide an analytical evaluation of the DS gap for a BUD.

To facilitate the derivation, we make the following assumptions.

• All rooms in the BUD are assumed to be rectangular. The size of the n-th room Sn can

be calculated by mn× ln, where mn denotes the long edge and ln denotes the short edge

of the n-th room. The BUD is assumed to be rectangular as well, with a size of X ×Y ,

where X denotes the long edge of the BUD, and Y denotes its short edge. We set the

coordinate system on BUD, with origin at the left bottom. With this assumption, V can

be expressed as:

V =
Nr

∑
n=1

Sn = XY. (3.7)
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• Both the Tx and the Rx are assumed to be distributed in the BUD uniformly with

heights hT and hR. Therefore,

grT(r) =

 1
V rT ∈ CB,

0, else,
(3.8)

and

P(υn) =
Sn

V
, (3.9)

where CB is defined as the set of coordinates occupied by the BUD. Similarly, we define

the set of coordinates occupied by the n-th room as Cn. Therefore, the conditional PDF

of rT when Tx is located in the n-th room is defined as grT|υn(r) :

grT|υn(r) =

 1
Sn

rT ∈ Cn,

0, else.
(3.10)

• We assume that two possible types of rooms, which are offices and corridors, consist

of the BUD, i.e., υ = {office,corridor}. We define the sum size of offices as Soffi and

corridors as Scorr, and define the set of coordinates occupied by the offices as Coffi and

the corridors as Ccorr. Therefore,

Pυ(rT) =


Soffi
V rT ∈ Coffi,

Scorr
V rT ∈ Ccorr,

0 else

(3.11)

• We assume that RMS-DS has a linear relationship with path loss in indoor environments

according to measurement results in [34]. Therefore, in this study, the communication

environment of the rooms in the evaluated building is assumed to be consistent with
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the empirical model in [34]. More specifically, RMS-DS can be expressed as follows:

τκ,υ ,d,I = kκ,υLκ,υ ,I(d)+Bκ,υ +Xκ,υ ,z, (3.12)

where Xκ,υ ,z is a normally distributed random variable with the mean value µκ,υ = 0

and standard deviation σκ,υ . Lκ,υ ,I(d) is the path loss which can be described as:

Lκ,υ ,I(d)[dB] = L(d0)+10ακ,υ log10(d/d0)+Cκ,υ +Xκ,υ ,s, (3.13)

where L(d0) is the reference path loss in decibel (d0 = 1 m and the test band is centred

at 2.595 GHz), which is 40.7 dB according to [34]. Xκ,υ ,s is a normally distributed

random variable with the mean value µκ,υ ,s = 0 and standard deviation σκ,υ ,s. Values

of parameters kκ,υ , Bκ,υ , σκ,υ , ακ,υ , Cκ,υ and σκ,υ ,s vary according to the κ and υ .

In this chapter, to validate the RMS-DS expectation model, the parameter values for

different κ and υ in [34] are employed, as shown in Table 3.2. The model suggested

in this chapter is still valid for the room types not mentioned, as long as the necessary

experimental data is supplied. In addition, in this chapter, the RMS-DS in open space

is calculated using a two-ray model.

Table 3.2 Parameters of the RMS-DS model

υ κ k B σ α C σs

Office
LOS 0.40 -3.43 2.34 2.55 0.37 3.76

NLOS 0.40 -4.77 3.30 2.40 10.73 3.62

Corridor
LOS 0.38 -5.72 2.40 1.81 0.32 2.69

NLOS 0.39 -8.04 2.97 1.82 5.56 2.73

By combining Eqs. (3.12) and (3.13), for Tx locating at the n-th room, the RMS-DS

of the indoor channel can be represented as a normal distributed random variable with

the expectation value:

µκ,υn,τI(d) = kκ,υnL(d0)+10kκ,υnακ,υnlog10(d/d0)+ kκ,υnCκ,υn +Bκ,υn, (3.14)
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and the standard deviation:

σκ,υn,τI =
√

σ2
κ,υn + k2

κ,υnσ2
κ,υn,s. (3.15)

Therefore, fτI,χ|d,κ,υn,rT(τI) is given by

fτI,χ|d,κ,υn,rT(τI) =

exp
(
−1

2

(
τI−µκn,υ ,τI(d)

σκn,υ ,τI

)2
)

√
2πσκn,υ ,τI

(3.16)

under this assumption.

From (3.6), we can see that with given (3.9), (3.10), (3.11), and (3.16), as long as we

have the analytical expression of Pυn,d(κ|χ) and pι ,χ(d), E[τI] can be derived analytically.

Pυn,d(κ|χ) and pι ,χ(d) are given by the following Lemma 1 and Lemma 2, respectively.

Lemma 1.

Pυn,d(κ|χ) =


Z(d,ln,mn)
Z(d,Y,X) , LOS,

1− Z(d,ln,mn)
Z(d,Y,X) , NLOS,

(3.17)

where Z(d,a,b),(a < b) is defined as

Z(d,a,b) =



d2−2d(a+b)+abπ

abπ
, 0 < d ≤ a,

−a2+2db(
√

1− l2

d2 −1)+2abarcsin a
d

abπ
, a < d ≤ b,

−
d2+a2+b2−2d(b

√
1− a2

d2 +a
√

1− b2

d2 )+2ab(arccos a
d +arccos b

d −
π

2 )

abπ
, b < d ≤

√
a2 +b2,

0,
√

a2 +b2 < d.

(3.18)

Proof. The function Z(d,a,b) is defined for: In the promise that a point A is in a rectangle

with the size a×b,(a < b), the probability that a point B at a distance d from the point A is

also in the rectangle is calculated by Z(d,a,b) [67, Eq. (3)].

Referring the function Z(d,a,b), we define that when Tx is in the n-th room and the

Tx-Rx distance is d, the probability that the Tx-Rx link is LOS is Pυn,d(LOS). Similarly,
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Pυn,d(χ) denotes the probability that Rx is located in the BUD when Tx is in the n-th room,

and the distance between Tx and RX is d. According to the definition of Z(d,a,b), we can

derive:

Pυn,d(LOS) = Z(d, ln,mn), (3.19)

and

Pυn,d(χ) = Z(d,Y,X), (3.20)

When the Tx-Rx link is LOS and Tx is located in BUD, then Rx is always located in

BUD. Therefore, we can derive:

Pυn,d(LOS|χ) =
Pυn,d(LOS,χ)

Pυn|d(χ)

=
Pυn,d(LOS)
Pυn|d(χ)

=
Z(d, ln,mn)

Z(d,Y,X)
,

(3.21)

and therefore

Pυn,d(NLOS|χ) = 1−Pυn,χ(LOS|χ)

= 1− Z(d, ln,mn)

Z(d,Y,X)
.

(3.22)

Lemma 2.

pι ,χ(d) =
2πdZ(d,Y,X)

XY
, (3.23)

where Z(d) is defined as (3.18) as well.

Proof. As Fig. 3.1 shows, for Tx locating at rT in the building, all possible positions of

receiver Rx which is d far from Tx, can form a circle with the centre of rT = (xT,yT) and
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Tx

Rx

d

Y

X

 !T
(")

Fig. 3.1 For a transmitter Tx at any position in the building, when the distance between it and
the receiver Rx is d, Rx is located on an arc of radius d with Tx as the centre of the circle.

radius of d, whose circumference is 2πd. Rx that locates on the arc of the circle in the

building can communicate with Tx in LOS condition. We define the length of the arc inside

the building as ArT(d). Under this premise, when Rx is randomly located at any position in

an infinitely extended plane, the probability that it locates on ArT(d) is defined as Parc,rT(d).

Similarly, we define the probability that an Rx locates in the BUD as Pχ,rT(d).

Therefore, for any Rx in the building, the probability that its distance from Tx locating at

rT is d can be defined as PrT(d|χ), which can be calculated as:

PrT(d|χ) =
Parc,rT(d)
Pχ,rT(d)

=
ArT(d)dd/Φ

XY/Φ

=
ArT(d)dd

XY
, (3.24)

where Φ denotes the size of the infinitely extended plane.

We define the probability that distance between an Rx with Tx locating at rT is d as

PrT(d). With given Tx locating at rT, the probability that an Rx is inside the building when
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it is d far from Tx can be defined as PrT(χ|d), which can be calculated as:

PrT(χ|d) =
Parc,rT(d)
PrT(d)

=
ArT(d)

2πd
. (3.25)

Combining Eq. (3.24) and (3.25), we can derive:

PrT(d|χ) =
2πdPrT(χ|d)dd

XY
. (3.26)

For Tx at all possible positions in the BUD, the probability that the randomly located Rx

is d far from Tx is in the building is:

P(χ|d) =
∫ Y

0

∫ X

0
PrT(χ|d)dxTdyT. (3.27)

Based on the definition of Z(d,a,b) that has been explained in Lemma 1, (3.27) can be

expressed as:

P(χ|d) = Z(d,Y,X). (3.28)

Combining (3.26), (3.27) and (3.28), for any randomly located Rx in the building, the

probability that its distance from Tx located at rT is d can be derived as:

pι ,χ(d) =
∫ Y

0

∫ X

0
PrT(d|χ)dxTdyT

=
∫ Y

0

∫ X

0

2πdPrT(χ|d)
XY

dxTdyT

=
2πdP(χ|d)

XY

=
2πdZ(d,Y,X)

XY
.

(3.29)

Theorem 3.1. The E[τI] can be derived as an analytical expression as:
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E[τI] =
Nr

∑
i

Sn

V

∫ +∞

0

2πd
XY

[
Z(d, ln,mn)

(
σLOS,υn,τI√

2π
exp

(
−1

2

(
µLOS,υn,τI(d)

σLOS,υn,τI

)2
)

+
µLOS,υn,τI(d)

2
erfc

(
−

µLOS,υn,τI(d)√
2σLOS,υn,τI

))

+(Z (d,Y,X)−Z (d, ln,mn))

(
σNLOS,υn,τI√

2π
exp

(
−1

2

(
µNLOS,υn,τI(d)

σNLOS,υn,τI

)2
)

+
µNLOS,υn,τI(d)

2
erfc

(
−

µNLOS,υn,τI(d)√
2σNLOS,υn,τI

))]
dd. (3.30)

Proof. By substituting (3.9), (3.10), (3.11), (3.16), (3.17), and (3.23) into (3.6), we have an

analytical expression of E[τI] as:

E[τI] =
∫ +∞

1
τI

∫ +∞

0

Nr

∑
n

Sn

V
2πd
XY

[
Z(d, ln,mn)√
2πσLOS,υn,τI

exp

(
−1

2

(
τI −µLOS,υn,τI(d)

σLOS,υn,τI

)2
)

+
Z(d,Y,X)−Z(d, ln,mn)√

2πσNLOS,υn,τI

exp

(
−1

2

(
τI −µNLOS,υn,τI(d)

σNLOS,υn,τI

)2
)]

dddτI. (3.31)

After exchanging the integral order and some straight forward derivation, we can obtain a

more computationally tractable analytical solution as (3.30).

3.3.2 Derivation of E[τO]

With the same assumption in subsection III-A, E[τO] can be calculated in the open space

whose range is the same as the BUD as:

E[τO] =
∫ +∞

0
pι ,χ(d)

∫
r
τO,χ|rT(d)grT(r)drdd. (3.32)

where τO,χ|rT(d) denotes the RMS-DS in the open space when the transmission distance is d.

Given (3.9), (3.10), and (3.23), as long as we have the analytical expression of τO,χ|rT(d),

we can derive E[τO]. τO,χ|rT(d) is given in Lemma 3.
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Lemma 3. τO,χ|rT(d) can be derived in a closed-form expression as

τO,χ|rT(d) =
dDdR(dR −dD)

c(d2
D +d2

R)
, (3.33)

=

√
d2 +(hT −hR)2

(√
d2h2

R
(hR+hT)2 +h2

R +

√
d2h2

T
(hR+hT)2 +h2

T

)

c

(√ d2h2
R

(hR+hT)2 +h2
R +

√
d2h2

T
(hR+hT)2 +h2

T

)2

+d2 +(hT −hR)2


×

√ d2h2
R

(hR +hT)2 +h2
R +

√
d2h2

T
(hR +hT)2 +h2

T −
√

d2 +(hT −hR)2

 , (3.34)

where c denotes the light speed.

Proof. In this chapter, we have assumed that the RMS-DS in the open space is calculated

using a two-ray model. It assumes that in an open environment, the signal will travel through

two paths: a direct path and a reflected path through the ground, as fig. 3.2 shows [112]. As

introduced in Chapter 3 (2.3) and (2.4), in the two-ray model, the RMS-DS is given by the

weighted root mean square of the delay of the directive path and the delay of the reflective

path as (3.33). Therefore, τO,χ|rT(d) can be derived as (3.34), where c denotes the light

speed.

Theorem 3.2. The E[τO] can be derived in an analytical expression as:

E[τO] =
∫ +∞

0

2πdZ(d,Y,X)

XY c

√
d2 +(hT −hR)2

(√
d2h2

R
(hR+hT)2 +h2

R +

√
d2h2

T
(hR+hT)2 +h2

T

)
(√ d2h2

R
(hR+hT)2 +h2

R +

√
d2h2

T
(hR+hT)2 +h2

T

)2

+d2 +(hT −hR)2


×

√ d2h2
R

(hR +hT)2 +h2
R +

√
d2h2

T
(hR +hT)2 +h2

T −
√

d2 +(hT −hR)2

dd. (3.35)
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Directive path dD

Rx

Tx

Reflective path dR

hT hR

Tx-Rx distance d

Fig. 3.2 Two ray model.

Proof. By substituting (3.9), (3.10), (3.23), and (3.34) into (3.32), the analytical expression

of E[τO] can be obtained as (3.35) via straightforward derivations.

(a) 2 by 3 (b) 3 by 3 (c) 3 by 4

Fig. 3.3 The N by M rooms layouts.

3.3.3 Derivation of Gτ

Based on Theorems 1 and 2, we can derive the analytic expression of Gτ as follows.

By substituting (3.30) and (3.35) into (3.3), and only consider the far-field conditions, we

finally obtain the analytical expression of Gτ as:
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Gτ =
Nr

∑
n

Sn

V

∫ +∞

1

2πd
XY

[
Z(d, ln,mn)σLOS,υn,τI√

2π
exp

(
−1

2

(
µLOS,υn,τI(d)

σLOS,υn,τI

)2
)

+
Z(d, ln,mn)µLOS,υn,τI(d)

2
erfc

(
−

µLOS,υn,τI(d)√
2σLOS,υn,τI

)

+
(Z(d,Y,X)−Z(d, ln,mn))σNLOS,υn,τI√

2π
exp

(
−1

2

(
µNLOS,υn,τI(d)

σNLOS,υn,τI

)2
)

+
(Z(d,Y,X)−Z(d, ln,mn))µNLOS,υn,τI(d)

2
erfc

(
−

µNLOS,υn,τI(d)√
2σNLOS,υn,τI

)]
dd

−
∫ +∞

0

2πdZ(d,Y,X)

XY c

√
d2 +(hT −hR)2

(√
d2h2

R
(hR+hT)2 +h2

R +

√
d2h2

T
(hR+hT)2 +h2

T

)
(√ d2h2

R
(hR+hT)2 +h2

R +

√
d2h2

T
(hR+hT)2 +h2

T

)2

+d2 +(hT −hR)2


×

√ d2h2
R

(hR +hT)2 +h2
R +

√
d2h2

T
(hR +hT)2 +h2

T −
√

d2 +(hT −hR)2

dd. (3.36)

3.4 Numerical Results

For validating the model’s reliability, the Monte-Carlo simulations are first performed in room

layouts of 3 by 2 and 3 by 3. In Monte Carlo simulation, all propagation environments in

evaluated buildings are assumed to be consistent with the propagation environment measured

in [34]. When assessing a building consisting of a single type of room, the room is assumed

to be consistent with the communication environment of the office in [34]. Fig. 3.3 illustrates

the naming conventions for a single type of room layout, e.g., N by M denotes a room layout

consisting of N rows and M columns. ht is set as 4 m and hr is set as 3 m for all scenarios.

The model is then verified step by step. In every Monte-Carlo simulation, we randomly pick

10000 positions in the scene to position transmitters and receivers, respectively, and then

established one-to-one communication links for them.
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(a) CDFs of τI in a 3 by 2 scenario.
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(b) CDFs of τI in a 3 by 3 scenario.

Fig. 3.4 CDF of τ with different d in 3 by 2 and 3 by 3 scenarios.

The Cumulative Distribution Functions (CDFs) of RMS-DS for 3 by 2 and 3 by 3 room

layouts at various transceiver distances (d = 5 m, 15 m, and 25 m) are compared to the

analytical values determined by (3.16) in Fig. 3.4. As can be observed, the statistical results

closely correspond to the simulated values in different layouts. The images demonstrate that

the expectation value of τI, denoted as µτI , grows as the transceiver distance d increases and

the increase is more pronounced with a shorter d.



3.4 Numerical Results 59

0 5 10 15 20 25 30 35 40

0

0.01

0.02

0.03

0.04

0.05

0.06

(a) PDF of d in a 3 by 2 scenario.

0 5 10 15 20 25 30 35 40
0

0.01

0.02

0.03

0.04

0.05

Simulated

Analytic

(b) PDF of d in a 3 by 3 scenario.

Fig. 3.5 PDF of d in 3 by 2 and 3 by 3 scenarios.

Fig. 3.5 illustrates the PDFs of d in 3 by 2 and 3 by 3 room layouts when the transmit-

ter and receiver positions are randomly chosen. The statistical values are accurate when

compared to the simulated results.

The τI values for all links simulated using the Monte-Carlo method are shown in Fig.

3.6 in comparison to the analytic solution of fτI(d). Fig. 3.6 also shows the expectation

value of simulation results in τ-dimension with the interval of 2 m, represented by markers

‘△’. Additionally, in Fig. 3.6, we display the fτI(d) values for these distances in an open

environment. This picture confirms the accuracy of the proposed model and cross-validates
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(a) Comparisons in a 3 by 2 scenario.
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(b) Comparisons in a 3 by 3 scenario.

Fig. 3.6 The simulated values of τI are compared with the analytic value and the τO values
for corresponding two-ray models.

the relationship between fτI(d) and distance d combined with Fig. 3.4. At shorter d, fτI(d)

increases with d faster. This may be because the increase in d at this stage dramatically

increases the complexity of the communication environment, i.e., a small increase in distance

may cause the link to transform from LOS to NLOS. Furthermore, when d is excessively

long, fτI(d) increases slowly with d. This is because the communication environment is

already harsh: increasing the distance between nodes will merely result in path loss growth

and will have little effect on the LOS/NLOS conditions. By contrast, the value of τO in an
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Fig. 3.7 Comparison of Gτ with different aspect ratio rA in different scenarios.

ideal open area diminishes with increasing d because the distance gap between direct and

reflected paths becomes less apparent.

Following that, we placed the single-type rooms in a number of layouts to demonstrate

the model’s universality and to make a preliminary summary of the effect of room layout on

channel DS performance. The Figs. 3.7a and 3.7b illustrate the effect of room aspect ratios

to Gτ when the unit rooms areas are fixed. In Fig. 3.7a, the same layouts of 10 by 6 rooms

are employed, and the Gτ of identical aspect ratio rA rooms with varying room sizes are also
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Fig. 3.8 Comparison of Gτ with different room layouts in different scenarios.

compared longitudinally. As shown, when the unit room area is fixed, Gτ increases as rA

grows. Additionally, when the rA is fixed, the larger unit room area results in a larger Gτ .

In Fig. 3.7b, 60 same 9 m2 rooms is employed, and the Gτ of identical aspect ratio

rA rooms with varying room layouts (15 by 4, 12 by 5 and 10 by 6) are also compared

longitudinally. As shown, when both unit area and total area remain unchanged, room layouts

will also affect Gτ , i.e., the floor with a bigger aspect ratio can cause a greater Gτ . What these

two phenomena have in common is that a higher aspect ratio with the same room area or a

larger room area with the same room layout can lead to a longer communication link within



3.4 Numerical Results 63

1 2 3 4 5 6 7 8 9 10

28

28.5

29

29.5

30

30.5

31

31.5

(a) Comparison in a floor with N by N room layouts.

1 2 3 4 5 6 7 8 9 10

29

29.5

30

30.5

31

31.5

(b) Comparison in a floor with N by 2N room layouts.

Fig. 3.9 Comparison of Gτ with different room layouts within the same-sized floor

the building. Because the longer the distance, the bigger the RMS-DS, and hence the greater

the RMS-DS expectation of the building in these instances. Fig.3.7b also demonstrates that

as rooms are placed to make the building longer and narrower, the Gτ increases. This is also

because a narrower building with the same area has a higher probability of having a longer

transmission distance.

Similar influences apply to Fig. 3.8a. Fig. 3.8a illustrates the changes in Gτ induced

by similar room arrangements with the varying number of rooms and vertically compares

Gτ with the same room layouts but different unit room areas. Similarly, with a constant
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(c) The mean value of the path loss in different d in the BUD

Fig. 3.10 The simulated values of τI are compared with the analytic value of the Winner II
A1 scenario and the τO values for corresponding two-ray models.
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room area, adding more rooms increases Gτ substantially. On the one hand, the increase in

room number, along with the increase in building area, results in an increase in the possible

transmission distance. On the other hand, more rooms result in a greater probability of NLOS

transmissions. Vertically comparing, increasing the room areas increases Gτ in this figure,

which is also related to the increased maximum transceiver distance.

To shield the effect of varying maximum potential propagation lengths on Gτ , we fixed

the diagonal lengths of the unit rooms and compared Gτ again, as shown in Fig. 3.8b. It

shows that under the condition that the diagonal length, namely the maximum communication

distance, is fixed, Gτ will still be affected by the building area – the smaller the building area,

the better the building’s wireless performance on Gτ .

Finally, we partitioned a fix-sized building into N by N and N by 2N same-sized rooms

and compared their Gτ , as seen in Fig. 3.9a and Fig. 3.9b respectively. When a building

follows a set contour, adding rooms results in a larger Gτ . This effect is more noticeable

when there are fewer rooms and less noticeable when there are enough rooms because the

majority of the building’s links are NLOS at this stage, and thus adding rooms has little

influence on the RMS-DS.

Combined with the above analysis, we discover that the maximum potential transceiver

distance in a BUD and the area of the building are the primary determinants of the assessed

building’s Gτ . When a building has a longer diagonal length or a larger area, it will have a

greater Gτ . When there are fewer rooms, the increase of walls substantially raises Gτ , but

this element becomes insignificant when there are more rooms.

Finally, we validated the model by comparing the simulated and analytic values of Gτ

for a real indoor scenario. This scenario is a 50 m×100 m indoor scenario referred from

Winner II A1 scenario [35], which consists of 40 identical 10 m× 10 m offices and two

5 m×100 m corridors. The simulated result is Gτ,sim = 27.7866 ns, and the analytical result

is Gτ,ana = 27.7435 ns. Detailed simulation results are shown in Fig. 3.10b. These results

demonstrate that the proposed model can also accurately and quickly evaluate the actual

complex building structures. Fig. 3.10c shows the average path loss for a randomly simulated

transceiver link in the building and its relationship to distance. It presents a linear correlation
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with in-building RMS-DS compared with Fig. 3.10b. When the transceiver link is too long,

it is difficult for the link to realise effective communication with a significant path loss, and

the RMS-DS of the transceiver link is also larger. Therefore, the proposed DS gap can also

indirectly reflect the communication realisability of indoor wireless systems in the BUD.

3.5 Conclusions

In this chapter, the metric of DS gap was defined to build the BWP evaluation scheme

of channel DS. The DS gap, Gτ , is the metric that is defined by comparing the expected

RMS-DS within a building to the RMS-DS in an open space with the same topography.

Firstly, the analytical probability distribution model of the RMS-DS of the entire building

with the transceiver distance was derived by integrating the RMS-DS model of a single

room with the room arrangement of a building. Then, the PDF of the transceiver distance

within the building and the analytical solution for calculating Gτ were derived. A metric σ

was also defined and derived to assess model reliability. Finally, Gτ values were obtained

in various room layouts through simulation and were compared to those of the analytical

model, demonstrating that the proposed model could accurately evaluate the channel DS

performance of a building under design. The work in this chapter provides the channel

DS evaluation guidelines for future building design, which is a critical aspect of the BWP

evaluation framework. As the RMS-DS has a profound impact on wireless system design, the

work is very relevant to future generations of wireless systems that need to support services

with extreme requirements on latency, reliability and capacity.



Chapter 4

BWP Evaluation of Channel Hardening

for Massive MIMO Systems

Overview
This chapter proposes the first building wireless performance evaluation scheme considering

channel hardening for an indoor massive MIMO system. Firstly, a metric, CHO, is defined to

describe the average channel hardening ratio of a BUD. Then, the analytic model and the

approximation closed-form expression are derived for the defined metric. Finally, Monte-

Carlo simulations are carried out to validate the proposed scheme under various indoor

scenarios, indicating the correlation between the CHO and BUD’s room layouts. The

proposed evaluation scheme can be used to design new or retrofit existing buildings with

adequate massive MIMO performance.

4.1 Introduction

4.1.1 Background and Motivations

In the 5G and 6G eras, more than 80% of wireless traffic is generated indoors [7]. For

meeting the explosive indoor traffic demand, the massive MIMO system has become an

important technology to improve the spectral efficiency of indoor wireless systems.
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In a massive MIMO system, the channel gain becomes more stable to its mean with the

BSs’ antenna amounts increasing, which is called channel hardening [87]. Stable channels

can guarantee the reliability of a communication system [30]. Channel hardening improves

the signal quality by reducing the influence of the multipath effect. This enables the system

to achieve higher data transfer rates in complex channel environments and provide more

reliable communication. In addition, channel hardening can also extend the coverage of the

system. Due to channel hardening, the system can achieve reliable transmission over a longer

distance and improve the system’s coverage. Therefore, the greater the degree of channel

hardening, the higher the reliability of massive MIMO systems [113]. This phenomenon

enables the system to provide more reliable and efficient wireless communication services in

complex communication environments.

The complete convergence of channel hardening in the massive MIMO system with

uncorrelated Rayleigh fading was proven in [114]. On this basis, researchers in [90] proposed

the model of the channel hardening ratio of the Rayleigh channel in different communication

scenarios, yet the spatial correlation has not been included. Then in [30], the authors

presented a comprehensive model of channel hardening ratio for Ricean fading channels with

LOS and NLOS components, including the spatial correlation.

The structure of a building has a significant impact on the channel hardening property of

a massive MIMO system in the building. For example, in a Ricean channel, for different K

factors, the same Tx and Rx configuration will lead to a different degree of channel hardening

effect [30]. As a result, it is necessary to study how building structures affect the channel

hardening of massive MIMO networks, which has been neglected by all existing research on

massive MIMO channel hardening.

4.1.2 Contributions in This Chapter

In order to bridge the gap between the BWP evaluation and the channel hardening modelling

of massive MIMO networks, this chapter proposes a new system-level evaluation method for

channel hardening in indoor massive MIMO systems. Specifically, a novel BWP evaluation

metric, CHO, is proposed to evaluate the influence of a BUD on channel hardening ratio. The



4.2 Definition of the Metric to Evaluate Channel Hardening Ratio in BWP 69

analytic model of the proposed evaluation metric is also given in detail to assist architects in

quickly quantifying the impact of an architectural design on the performance of an indoor

wireless network in terms of channel hardening.

4.2 Definition of the Metric to Evaluate Channel Hardening

Ratio in BWP

Mathematically, defining h as the M×1 channel vector between the M-antenna Tx and the

single-antenna Rx in the massive MIMO system, the channel h hardens when

Var{∥h∥2}
E{∥h∥2}2 → 0, as M → ∞. (4.1)

As described in the preceding sections, the higher the degree of channel hardening, the

higher the system reliability. Researchers in [30, 89] defined the channel hardening ratio ξ

to describe this proximity between channel h and the perfect channel hardening states:

ξ =
Var{∥h∥2}
E{∥h∥2}2 . (4.2)

The smaller the ξ , the higher the degree of channel hardening of h, resulting in better network

reliability.

According to the concept of ξ , we define a BWP evaluation metric, CHO, as OCH, to

describe the ratio of the expectation value of ξ in the BUD and the expectation value of ξ in

the same-sized open space of the BUD as:

OCH =
E[ξI]

E[ξO]
, (4.3)

where ξI is the channel hardening ratio for any possible channel in the BUD, ξO is the channel

hardening ratio for any possible channel in the open space within the same size of the BUD,

E[ξI] denotes the expectation value of the channel hardening ratio for the assessed indoor
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environment, and E[ξO] denotes the expectation value of the channel hardening ratio for an

open space with the same occupied area.

For a BUD, the larger the CHO, the more difficult it is to achieve channel hardening for

the indoor massive MIMO system, and the worse the system’s reliability will achieve.

According to [30], ξ depends on i) the distribution of the blockage condition κ between

Tx and Rx, ii) antenna number M of the BS, iii) the function ξ (d) of the distance d for a

given Tx-Rx link with definite propagation conditions.

To decouple the BUD’s inherent properties from specific deployments of indoor wireless

devices, we assume that Tx and Rx are randomly distributed in the building, and thus the

Tx-Rx distance d follows a specific random distribution, denoted as p(d).

4.3 Analytical Model of the CHO

To quickly and accurately compute the CHO, this section provides the detailed deriving

procedure and the final closed-form expression of OCH. E[ξI] and E[ξO] are derived in the

following subsections III-A and III-B. Table 4.1 describes the main notations that appear in

this chapter.

4.3.1 Derivation of E[ξI]

Given the positions of BSs (denoted as Tx) and MUs (denoted as Rxs) in the BUD, the

channel hardening ratios’ sum of any Tx-Rx link is denoted as ξI. According to the definition

of E[ξI], the expectation value of all possible ξI can be expressed as:

E[ξI] =
∫ +∞

0
p(d)ξI(d)dd

=
Nr

∑
n

∫ +∞

0
p(d)ξI,n(d)dd.

(4.4)
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Table 4.1 Notation definition for Chapter 4

Notation Description
h Channel vector
ξ Channel hardening ratio

OCH Channel hardening obstruction
ξI Channel hardening ratio sum for any possible channel in the BUD
ξO Channel hardening ratio sum for any possible channel in the open space
d Distance between Tx and Rx
P Probability of an event
p PDF of d
κ The set of blockage situation
υn The event that the Tx is located at the n-th room
r The coordinates
rT The coordinates of Tx location
rR The coordinates of Rx location
grT PDF of Tx locating at a position
grR PDF of Rx locating at a position
Nr The amount of rooms in the BUD
S The size of a room
n The room number of rooms in the BUD
V The size of the BUD
m The long edge of a room
l The short edge of a room
X The long edge of the BUD
Y The short edge of the BUD
M The number of antenna
φ The angle of arrival
K The K-factor of the Ricean fading channel
R The spatial correlation matrix
δ The correlation coefficient of R
C The set of coordinates

J0(z) The Bessel function of the first kind with zero order.
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Within a BUD, ξI(d) can be calculated as:

ξI(d) =
∫

r
∑
κ

ξrT(κ)PrT(κ|d)gT(rT)drT, (4.5)

where P(·) denotes the probability of an event, κ ∈ {LOS,NLOS} denotes the blockage

condition of the Tx-Rx link, Tx locates at rT = (xT,yT), r denotes all possible locations in

the BUD, gT(rT) denotes the probability that Tx is located at rT.

Given that the BUD is composed of Nr rooms, and the n-th room is with an area of Sn.

Then the total area of the entire building is denoted by V as

V =
Nr

∑
n=1

Sn. (4.6)

This chapter aims to provide an analytical evaluation of the CHO for a BUD. To facilitate

the derivation, we make the following assumptions:

• All rooms in the BUD are assumed to be rectangular. The size of the n-th room Sn can

be calculated by mn× ln, where mn denotes the long edge and ln denotes the short edge

of the n-th room. The BUD is also assumed to be rectangular, with a size of X ×Y ,

where X denotes the long edge of the BUD, and Y denotes its short edge. We set the

coordinate system on BUD, with the origin at the bottom left.

The channel hardening ratio of the channel emanated from the n-th room can thus be

expressed as ξI,n(d), that can be derived from (4.5) and expressed as

ξI,n(d) =
∫
Cn

∑
κ

ξυn(κ)Pυn(κ|d)gT|υn(rT)P(υn)drT, (4.7)

where Cn denotes the set of coordinates occupied by the n-th room, and υn denotes the

event that Tx is located at the n-th room.

• The Txs and the Rxs are assumed to be distributed uniformly in the BUD. Therefore,

P(υn) =
Sn

V
. (4.8)
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Similarly, the conditional PDF of rT when Tx is located in the n-th room is defined as

gT|υn(rT) :

gT|υn(rT) =

 1
Sn

rT ∈ Cn,

0, else.
(4.9)

Substituting (4.8) and (4.9) into (4.7), ξI,n(d) could be simplified as

ξI,n(d) =
Sn

V
ξυn(κ)Pυn(κ|d). (4.10)

By substituting (4.10) into (4.4), E[ξI] can be derived as

E[ξI] =
Nr

∑
n

Sn

V

∫ +∞

0
p(d)ξυn(κ)Pυn(κ|d)dd. (4.11)

• We assume the Tx is a ULA MIMO system with an M-antenna BS, while Rx is a

single-antenna user. In the wireless system, the AOA is denoted by φ . We assume that

the AOA between any Tx and Rx is random and the system is in perfect CSI case. We

define R as a positive semi-definite matrix that denotes the spatial correlation between

antennas, subjecting to Tr(R) = M [92]. The coefficient between the i-th and the j-th

antennas are defined as e−
|i− j|

δ (i ̸= j, i ∈ M, j ∈ M), where δ denotes the correlation

coefficient. For any channel h, we characterise it as a Ricean fading channel with the

K-factor, K, consisting of a LOS component on top of an NLOS Rayleigh distributed

component.

According to [30], the hardening ratio of the Tx-Rx channel can be expressed as

ξυn,φ (κ) =
2Kυn(κ)h

HRh+Tr(R2)

M2(1+Kυn(κ))
2 , (4.12)

where Kυn(κ)≥ 0 (Kυn = 0 only when κ = NLOS) and

h =
[
1,e jπsinφ , ...,e j(M−1)πsinφ

]T
. (4.13)
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According to the practical experiment of the indoor scenario A1 from WINNER II [35],

we assume that in the indoor scenario, Kυi is a constant KI in the case of κ = LOS, i.e.:

Kυi(κ) =

 KI, LOS,

0, NLOS.
(4.14)

Then E[ξI] can be further derived as

E[ξI] =
Nr

∑
n

Sn

V

∫ +∞

0

∫ 2π

0

1
2π

p(d)ξυn,φ (κ)Pυn(κ|d)dφdd. (4.15)

As illustrated from (4.15), the analytical solution of E[ξI] can be obtained as long as we

obtain p(d), ξυn,φ (κ) and Pυn(κ|d), where ξυn,φ (κ) has been expressed as (4.12).

According to the previous work in Chapter 3, Pυn,χ(κ|d) can be calculated as

Pυn,χ(κ|d) =


Z(d,ln,mn)
Z(d,Y,X) , LOS,

1− Z(d,ln,mn)
Z(d,Y,X) , NLOS,

(4.16)

where Z(d,a,b),(0 < a ≤ b) is

Z(d,a,b)=



d2−2d(a+b)+abπ

abπ
, 0 < d ≤ a,

−a2+2db(
√

1− a2

d2 −1)+2abarcsin a
d

abπ
, a < d ≤ b,

−
d2+a2+b2−2d(b

√
1− a2

d2 +a
√

1− b2

d2 )+2ab(arccos a
d +arccos b

d −
π

2 )

abπ
, b < d ≤

√
a2 +b2,

0,
√

a2 +b2 < d.
(4.17)

According to the previous work in Chapter 3, p(d) can be calculated as

p(d) =
2πdZ(d,Y,X)

XY
, (4.18)

where Z(d) is shown in (4.17) as well.
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Theorem 4.1. The E[ξI] can be derived as an analytical expression as:

E[ξI] =
Nr

∑
n

Sn

X2Y 2

∫ 2π

0

[
2KυnhHRh+Tr(R2)

M2(1+Kυn)
2 W (ln,mn)

+
Tr(R2)

M2 (W (Y,X)−W (ln,mn))

]
dφ , (4.19)

where h is expressed as (4.13) shows, and W (a,b),(0 < a < b) is

W (a,b) =
1

2π

(
ab−b2

π +2b2 arccos
a
b
−2(a2 +b2)arccos

a√
a2 +b2

+2b2 arcsin
a
b
+
(
2a2 +2b2)arcsin

b√
a2 +b2

)
. (4.20)

Proof. By substituting (4.12), (4.16) and (4.18) into (4.15), we have an analytical expression

of E[ξI] as:

E[ξI] =
Nr

∑
n

Sn

X2Y 2

∫ +∞

0

∫ 2π

0

[
2KυnhHRh+Tr(R2)

M2(1+Kυn)
2 dZ (d, ln,mn)

+
Tr(R2)

M2 (dZ (d,Y,X)−dZ (d, ln,mn))

]
dφdd. (4.21)

After exchanging the integral order and straightforward derivation, a more computationally

tractable analytical solution can be obtained as (4.19) expresses.

4.3.2 Derivation of E[ξO]

With the same assumption in subsection 4.3.1, the channel hardening ratio of a channel in

open space can be denoted as ξO. Similar to (4.12), ξO can be derived as

ξO,φ (κ) =
2KO(κ)h

HRh+Tr(R2)

M2(1+KO(κ))2 , (4.22)

where κ = LOS is always true in open space. According to the practical experiment of the

outdoor scenario B5a from WINNER II, which can be approximated as the measurement of
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a scenario in open space [35], we assume that in the open space, KO(LOS) = KO is constant

in all cases. Thus, ξO,φ (κ) can be simplified to ξO,φ as

ξO,φ =
2KOhHRh+Tr(R2)

M2(1+KO)2 . (4.23)

As ξO varies with φ , E[ξO] can be further derived as

E[ξO] =
∫ 2π

0

1
2π

ξO,φ (κ)dφ . (4.24)

Theorem 4.2. The E[ξO] can be derived as an analytical expression as

E[ξO] =
1

2π

∫ 2π

0

2KOhHRh+Tr(R2)

M2(1+KO)2 dφ . (4.25)

Proof. By substituting (4.23) into (4.24), we have an analytical expression of E[ξO] as (4.25)

via straightforward derivations.

4.3.3 Derivation of OCH

Based on Theorems 1 and 2, we can derive the analytic expression of OCH as follows.

By substituting (4.19) and (4.25) into (4.3), OCH can be expressed as:

OCH =

∑
Nr
n

Sn
X2Y 2

∫ 2π

0

[
2Kυn hHRh+Tr(R2)

M2(1+Kυi)
2 W (ln,mn)+

Tr(R2)
M2 (W (Y,X)−W (ln,mn))

]
dφ

1
2π

∫ 2π

0
2KOhHRh+Tr(R2)

M2(1+KO)2 dφ

.

(4.26)

After some straightforward derivation, we obtain the closed-form expression of OCH as:

OCH =
(1+KO)

2

2KO f̂ +1

Nr

∑
n

Sn2π

X2Y 2

[
W (ln,mn)

(1+Kυn)
2 (2Kυn f̂ +1)+(W (Y,X)−W (ln,mn))

]
, (4.27)
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where W (a,b),(0 < a < b) is expressed as(4.20), and f̂ is a function of M and δ :

f̂ =
M+∑

M−1
a=1

(
2(M−a)e−

a
δ J0(aπ)

)
M+∑

M−1
a=1 2ae−

2(M−a)
δ

, (4.28)

where J0(z) denotes the Bessel function of the first kind with zero order.

This chapter aims to evaluate the BUD’s inherent properties, so the expression of the

evaluation metric OCH decoupled from the antenna number M is needed. Since we are

studying the effect of the building on the Massive MIMO system, in some cases, M can be

regarded as approaching infinity, then the expression of OCH can still be expressed as (4.27),

but with f̂ decoupled from M as:

f̂ →
1+∑

+∞

a=1 2e−
a
δ J0(aπ)

coth 1
δ

,as M → ∞. (4.29)

4.4 Numerical Results

For validating the model’s reliability, the Monte-Carlo simulations are first performed in the

single-type room layouts of Nm by Nl , where Nm by Nl denotes a room layout consisting of

Nm rows and Nl columns. According to the measurement in WINNER II, KI is set as 5 and

KO is set as 10 in all simulations and analytic calculations [35]. When spatial correlation

is included, δ is set as 1, otherwise, δ is set as 0. The model is then verified in different

scenarios with different parameters varying.

In every Monte-Carlo simulation, we randomly picked 10000 positions in the scene to

position Txs and Rxs, respectively, and then established one-to-one communication links for

them.

Fig. 4.1 shows the OCH values which are associated with the number of antennas M (solid

lines) and which with M tending to infinity (dashed lines), respectively, and compares them

with the simulated values (scattered points) with corresponding parameter configurations.
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Fig. 4.1 Comparison of OCH in different number of antennas M.

Firstly, the simulated values perfectly match the M-associated closed-form results. Secondly,

the OCH is independent of M without the inclusion of spatial correlation, regardless M

taking any value. In contrast, with the inclusion of spatial correlation, the M-associated OCH

increases with M and begins to converge toward the M-decoupled OCH value as M exceeds

150.

Figs.4.2 - 4.5 display OCH in BUDs with different room layouts to verify the model in

different building structures and observe the impact rule of building structures on CHO. In

these simulations, the Tx antenna number M is set at 16 and 64 for comparing the relationship

between M-associated OCH of the different massive MIMO systems with the M-decoupled

OCH results.

In Fig. 4.2, the unit room shape and size are fixed (i.e., m and l are fixed as m = 10 m and

l = 10 m), and the OCH of BUDs with different room numbers are compared. It is obvious

that when unit rooms are fixed, the number of rooms will significantly increase the OCH of

the BUD, and this effect is more dramatic when the spatial correlation is considered. The

increase in the number of rooms significantly intensifies the NLOS probability of the channel

within the BUD, so the probability that the channel behaves Rayleigh fading significantly

increases, which greatly increases the randomness of the channel. In addition, the inclusion
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(a) Comparison of OCH in scenarios with same unit room but different Nm.
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(b) Comparison of OCH in scenarios with same unit room but different Nm.

Fig. 4.2 Comparison of OCH in BUDs with the same unit room but different room layouts
and different number of antennas M.

of spatial correlation also increases the uncertainty of the channel. Rayleigh fading channel

intensifies the channel gain uncertainty caused by spatial correlation, thus making the CHO

of multi-room buildings affected by the spatial correlation. Noting that different Nm and Nl

may constitute the same room amounts. When comparing OCH of the BUD consisting of the
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Fig. 4.3 Comparison of OCH in BUDs with the same room layout but different shapes and
different number of antennas M.

same number of unit rooms in different arrangements in Figs. 4.2a and 4.2b, the same OCH

results indicate that the room amount’s influence on the CHO is not affected by the room

arrangement when the unit room is fixed.

Fig. 4.3, compares CHO of scenarios with more room layout possibilities. We set the

room column number Nm = 5, and the long side of the building X = 100 m. By changing the

short side of the building Y , we can observe whether the shape and size of the unit rooms

have an effect on the CHO when the room amount is unchanged. In Fig. 4.3, different

Y leads to the same OCH when other parameters remain constant. This indicates that in a

single-room type building, CHO is not affected by the size and shape of the unit room, and

correspondingly, BUD’s size and shape, when the room arrangement (i.e., Nm and Nl) is

unchanged. Figs. 4.2 and 4.3 together confirm that no matter whether the shape of the BUD

changes or not, its CHO follows the changing rule with the room amount.

To explore whether the above rules can be extended to buildings with multi-type rooms,

we apply the model to an indoor scenario in WINNER II A1 channel measurement and adjust

the shape and size of different types of rooms. As shown in Fig. 4.4, there are two room

types in the building. There are 40 rooms of type 1, whose long side is defined as m1 and
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• Conclusion

为了设计⽹络友好型智能建筑，本⽂搭建了建筑内多径增⻓模型并定义评价指标gt⽤来评估建筑对⽆线⽹络rmsds的影响⽔平。Gt是⼀个通过⽐较建筑内rmsds的期望和相同地形的开放空间rmsds得出的标称值。通过结合单个房间的rmsds模型和单层建筑的房间排布，
我们给出了整体建筑rmsds随收发距离的概率分布模型。进⼀步地吗，我们给出了建筑内收发距离的概率分布，并最终给出了计算gt的解析解。通过仿真多种房间布局得到gt值，并与给出的解析解进⾏⽐较，验证了提出的模型能有效评估多房间构成的单层建筑对
rmsds的影响。这也为将来的建筑设计指明了改进⽅向。
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Fig. 4.4 Room layout in WINNER II indoor scenario.

the short side is defined as l1, and 2 rooms of type 2, with the long side, defined as m2 and

the short side defined as l2. The room arrangement mode is fixed, i.e., m2 = 10m1 is always

true. In Fig. 4.5a, we fixed the length of l1 and l2, and compared the CHO of the building

with different m1. The figure shows that different m1 does not affect CHO. In Figs. 4.5b

and 4.5c, m1 is fixed, and l1 and l2 are varying. CHO decreases with the increased l2, but

increases with the increase of l1. Since m2 constantly changes with m1, different m1 lead to

the number and area ratio of type 1 and 2 rooms remaining unchanged, so CHO does not

change. When m1 is fixed and l1 and l2 change, the area ratio of type 1 and 2 rooms changes.

Since the number of type 1 rooms is larger, CHO increases when the area proportion of type

1 rooms is larger (i.e., l1 increases). Conversely, since there are fewer type 2 rooms, CHO

decreases as type 2 rooms take up a larger area proportion (i.e., l2 increases).

The number of antennas in current practical indoor massive MIMO systems is often

limited to 4 to 128 [115]. The evaluation index CHO proposed in this chapter can evaluate

the influence of buildings on the channel hardening degree of massive MIMO systems with

different numbers of antennas M. In Figs.4.2 - 4.5, both M-associated OCH and M-decoupled

OCH were calculated and compared. It can be observed that when M = 64, the M-associated

OCH values are close to the M-decoupled OCH values, when M = 16, the M-associated OCH

values are lower, which is consistent with the pattern found in Fig. 4.1. Nevertheless, the

numerical results in Figs.4.2 - 4.5 show that the channel hardening influence of buildings on
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(b) Comparison of ξ in WINNER II room layout but with different l1.
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(c) Comparison of ξ in WINNER II room layout but with different l2.

Fig. 4.5 Comparison of OCH in WINNER II indoor scenarios with different number of
antennas M.
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massive MIMO systems with different antenna numbers shows a consistent trend. Therefore,

for quickly assessing the impact of buildings on channel hardening, the M-decoupled OCH

expressions are more recommended in the practical application. Moreover, M-decoupled

OCH expressions can better reflect the BUD’s inherent properties since the number of antenna

M is no longer an influence factor.

Combined with the above analysis, we discover that when the building is made up of

different rooms, occupying a larger floor area by the room types with fewer amounts allows

the building to obtain a smaller CHO.

4.5 Conclusions

In this chapter, a novel BWP metric, CHO, was defined to help architects assess the friendli-

ness of BUD to the channel hardening of indoor massive MIMO systems. The metric, CHO,

is determined by the ratio of the average channel hardening ratios of all possible channels in

the BUD, and the average channel hardening ratios of all possible channels in the same-sized

open space. The analytic expression and approximation closed-form expression of the CHO

were derived. The model was verified in buildings with different room arrangements. During

the verification, the characteristics of building designs that are more conducive to channel

hardening were summarised. The proposed BWP metric CHO will help architects design

wireless-friendly buildings to enhance the reliability of the future indoor massive MIMO

systems.





Chapter 5

A General BWP Evaluation Scheme for

Buildings with Complex Structures

Overview
The building’s interior structure is becoming the bottleneck of indoor wireless system

performance as indoor wireless demand continuously increases. Quantitatively expressing

how a building’s interior structure impacts indoor wireless performance is vital for improving

the performance of indoor wireless systems in the future. This chapter systematically presents

a general BWP evaluation scheme for evaluating the influence of a building’s interior layout

on various wireless performance indicators. For any wireless performance indicator related

to propagation distance and environment, this chapter proposes mathematical models of

statistical analysis in the BUD and the same-sized open space, respectively. Furthermore,

this chapter presents a fitting method for batch evaluation of buildings with irregular room

shapes. The accuracy and effectiveness of the proposed scheme for different performance

indicators are verified in a complex building structure. With the proposed scheme’s help,

architects can quickly quantify the wireless performance of their architectural designs at the

designing stage, and finally, indoor wireless performance can be further improved from the

perspective of architectural design.
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5.1 Introduction

5.1.1 Background and Motivations

As the demand for indoor communication increases in the 5G and coming 6G era, more

wireless communication technologies are introduced into indoor wireless systems to increase

their capacity and reliability [7, 116–118]. However, even with the introduction of new

technologies, indoor wireless performance will always be limited by other factors, among

which the building structure plays a major role.

Building structures limit both the capacity and reliability of a wireless system. Compared

to the outdoor wireless system, a more complex propagation environment affects signal

propagation in an indoor wireless system due to the building structure [23, 67, 68, 119].

On the one hand, more blockages brought by the built environment greatly aggravate the

attenuation in the signal propagation, thus reducing the SINR and the system capacity. On

the other hand, indoor communications are impacted by more serious multi-path effects,

resulting in larger channel DS, and leading to the reduction of coherence bandwidth and

the increase of ISI, which has a negative impact on both the capacity and reliability of the

wireless communication system [31, 34, 100].

The BWP evaluation has the potential to further improve indoor wireless systems’ perfor-

mance. The current indoor wireless system design is independent of building design, only

improving the wireless system’s performance in the constructed buildings [9, 31]. However,

adjusting the building structure to make it more friendly to the indoor wireless system is

ignored by wireless communication researchers. An intuitive and novice-friendly BWP

evaluation method is urgently needed to help architects quickly assess the building design’s

impact on the wireless system performance at the building design stage.

5.1.2 Contributions in This Chapter

The performance indicators can affect the performance of wireless systems from various

aspects but have some common characteristics, i.e., the channel hardening ratio is affected

by the blockage conditions, the RSS is affected by the distance and blockage conditions



5.2 General BWP Evaluation Scheme 87

between Tx and Rx, and RMS-DS is affected not only by distance and blockage conditions,

but also by the multi-path effect caused by the propagation environment.

In this chapter, the characteristics of the above performance indicators are integrated, and

a more general evaluation scheme is provided for various wireless performance indicators.

The proposed evaluation scheme can evaluate the BWP of building designs in terms of

various wireless performance indicators. Moreover, the proposed scheme can be applied

to complex building structures with rooms in irregular shapes, which is different from the

assumption in the previous works in Chapters 3 and 4 that both buildings and rooms are

rectangular.

5.2 General BWP Evaluation Scheme

In this section, we propose a numerical metric that can visually quantify the influence of a

building structure on any performance indicator of an indoor wireless system, as long as the

assessed indicator is related to Tx-Rx communication distance and propagation environments.

Table 5.1 describes the main notations in this chapter.

We define the assessed indoor wireless performance indicator as x, the Tx-Rx communi-

cation distance as d, and assume that the propagation environments can be sorted into the

link blockage condition as κ and the propagation condition that varies with Tx-Rx locations

as η .

In order to evaluate the impact of the BUD on indicator x, we need to calculate the

change of expectation value of x in the target area before and after the building is constructed.

Therefore, the BWP evaluation metric of the evaluated performance indicator x can be

expressed mathematically as:

X = f (E[xI],E[xO]), (5.1)

where xI is the x value for any possible Tx-Rx link in the BUD, xO is the x value for

any possible Tx-Rx link in the open space within the same size of the BUD, and X is

the proposed BWP evaluation metric that describe the impact of a BUD on the wireless

performance indicator x. The function f (·) is adjustable according to the indicators. When
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Table 5.1 Notation definition for Chapter 5

Notation Description
x The evaluated performance indicator
xI The value of x for any possible Tx-Rx link in the BUD
xO The value of x for any possible Tx-Rx link in the open space
X The BWP evaluation metric describing the impact of a BUD

on the indicator x
P The RSS
PI The value of P for any possible Tx-Rx link in the BUD
PO The value of P for any possible Tx-Rx link in the open space
GP The BWP evaluation metric PG describing the impact of a BUD

on the indicator P
τ The RMS-DS
τI The value of τ for any possible Tx-Rx link in the BUD
τO The value of τ for any possible Tx-Rx link in the open space
Gτ The BWP evaluation metric DS gap describing the impact of a BUD

on the indicator τ

ξ The channel hardening ratio
ξI Channel hardening ratio for any possible channel in the BUD
ξO Channel hardening ratio for any possible channel in the open space

OCH The BWP evaluation metric CHO describing the impact of a BUD
on the indicator ξ

d Distance between Tx and Rx
P Probability of an event
p PDF of d
pL The LOS probability of any Tx-Rx link when Tx is in the assessed

region
ps The same-building probability of any Tx-Rx link when Tx is in the

assessed region
κ The set of blockage situation
η The Tx-Rx propagation condition
υn The event that the Tx is located at the n-th room
Nr The amount of rooms in the BUD
S The size of a room
n The room number of rooms in the BUD
V The size of the BUD
M The number of antenna
φ The angle of arrival
h Channel vector
K The K-factor of the Ricean fading channel
R The spatial correlation matrix
δ The correlation coefficient of R
C The set of coordinates
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evaluating the RSS P of the BWP, the X is defined as the power gain, GP, as [31] expressed:

GP =
E[PI]

E[PO]
. (5.2)

When evaluating the RMS-DS of the BWP, the X is defined as the DS gap, Gτ , as Chapter 3

expressed:

Gτ = E[τI]−E[τO]. (5.3)

When evaluating the channel hardening ratio of the BWP, the X is defined as the CHO, OCH,

as Chapter 4 expressed:

OCH =
E[ξI]

E[ξO]
. (5.4)

Considering the versatility of the proposed scheme, x depends on i) the distribution of

the propagation environment between Tx and Rx, in terms of the blockage effect κ and the

Tx-Rx propagation condition η , ii) the function x(d) of the distance d for a given Tx-Rx link

with definite channel conditions, and iii) the distribution of Tx-Rx distance d in the target

area.

To decouple the BUD’s inherent properties from specific deployments of indoor wireless

devices, we assume that Tx and Rx are randomly distributed in the building, and thus the

Tx-Rx distance d follows a specific random distribution, denoted as p(d). Moreover, we

assume that the propagation condition η of any Tx-Rx link only depends on the type of room

in which the Tx is located, denoted as υ .

5.2.1 Mathematical Model for E[xI]

According to the previous works in Chapters 3 and 4, E[xI] can be expressed as

E[xI] =
Nr

∑
n

Sn

V ∑
κ

∫ +∞

0
p(d)xυn,κ(d)Pυn(κ|d)dd, (5.5)
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where P(·) denotes the probability of an event, κ ∈ {LOS,NLOS} denotes the blockage

condition, υn denotes the room type of the n-th room that Tx locates in the BUD, Sn denotes

the area of the n-th room in the BUD and V denotes the total area of the BUD.

For different wireless performance indicator x, we can obtain different expressions of

xυn,κ(d). As illustrated from (5.5), the analytical solution of E[xI] can then be obtained as

long as we obtain of p(d) and Pυn(κ|d).

In the previous works in Chapters 3 and 4, Pυn,χ(κ|d) and p(d) have been derived in

the rectangular room and BUD, which will be extended to any arbitrary shape in this chapter.

For a room n whose floor projection is in arbitrary shape in a BUD whose floor projection is

another arbitrary shape, it has Pυn,d(κ|χ) as

Pυn,χ(κ|d) =


pL,n(d)

ps,BUD(d)
, LOS,

1− pL,n(d)
ps,BUD(d)

, NLOS,
(5.6)

where pL,n(d) denotes the LOS probability of any Tx-Rx link, when Tx is in the room n and

the Tx-Rx distance is d; and ps,BUD(d) denotes the same-building probability of any Tx-Rx

link, when Tx is in the BUD and the Tx-Rx distance is d.

For the BUD whose floor projection is any arbitrary shape, the Tx-Rx distance distribution

in the BUD p(d) can be calculated as

p(d) =
2πd ps,BUD(d)

V
. (5.7)

By substituting (5.6) and (5.7) into (5.5), the final analytical expression of E[xI] can be

derived as:

E[xI] =
Nr

∑
n

2πdSn

V 2

∫ +∞

0
(xυn,LOS(d)pL,n(d)+ xυn,NLOS(d)ps,BUD(d)− xυn,NLOS pL,n(d))dd.

(5.8)
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5.2.2 Mathematical Model for E[xO]

Similar to the derivation of E[xI], E[xO] can be expressed as

E[xO] =
∫ +∞

0
p(d)xO,LOS(d)dd. (5.9)

By substituting (3.23) into (5.9), the final analytical expression of E[xO] can be derived as

E[xO] =
2π

V

∫ +∞

0
d ps,BUD(d)xO,LOS(d)dd. (5.10)

30.0030.00

50
.0
0

50
.0
0

20.0020.00

30.0030.00

35
.0
0

35
.0
0

50
.0
0

50
.0
0

40
.0
0

40
.0
0

(a) A rectangular room A.
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(b) A corner room B.
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(c) A hexagonal star room C.

Fig. 5.1 Rooms with different irregular shapes (unit: m).

5.3 Approximation for Rooms and BUD in Arbitrary Shapes

For any arbitrary shape, we can find functions pL(d) or ps(d) of the room/BUD via the

polynomial fitting method. First, we use the Monte-Carlo method to simulate pL,0(d) and

ps,0(d) of different d for Tx at any random location in a reference room/BUD with the

target shape. pL(d) or ps(d) are in the range of [0,1], but using polynomial fitting does not

guarantee that the fitted function will always be no less than 0. Therefore, we polynomial fit

the logarithm of pL,0(d) and ps,0(d) to ensure the non-negative of the fitting function.

When using polynomial fitting, the higher the degree of the polynomial, the higher the

accuracy of the fitted function. As the degree increases, the RMSE decreases, while the time



92 A General BWP Evaluation Scheme for Buildings with Complex Structures

required for polynomial fitting does not significantly increase with higher degrees. Therefore,

using a higher number of terms for polynomial fitting can effectively ensure accuracy as long

as the polynomial coefficients can be stored. Consequently, this chapter uses the maximum

degree of 9 for polynomial fitting, for it is the maximum degree used in MATLAB’s fast

polynomial fitting function.

Therefore, pL,0(d) and ps,0(d) can be polynomially fitted as:

ln(pL,0(d)) =

 ∑
9
m=0 amdm, 0 < d ≤ dmax,

−∞, d > dmax,
(5.11)

and

ln(ps,0(d)) =

 ∑
9
m=0 bmdm, 0 < d ≤ dmax,

−∞, d > dmax,
(5.12)

where dmax denotes the maximum possible distance of the Tx-Rx link when Tx and Rx are

both located in the target room/BUD. Therefore, the fitting function of pL(d) or ps(d) can

be expressed as:

p̃L(d) =

 exp(∑9
m=0 amdm), 0 < d ≤ dmax,

0, d > dmax,
(5.13)

and

p̃s(d) =

 exp(∑9
m=0 bmdm), 0 < d ≤ dmax,

0, d > dmax.
(5.14)

In a room with a fully convex shape, the link between a randomly locating Tx and a

randomly locating Rx is always LOS, i.e.,

pL(d) = ps(d). (5.15)
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To further simplify the computation, we simplify the derivation of pL(d) and ps(d)

functions for rooms with the same shape but different sizes. For a room n whose size and

shape are given and whose p̃L,n(d) or p̃s,n(d) has been derived, the p̃L,m(d) or p̃s,m(d) of a

room m whose shape is the same as the room n and room area is k times of the room n can

be directly expressed as:

p̃L,m(d) = p̃L,n(d
√

k), (5.16)

p̃s,m(d) = p̃s,n(d
√

k). (5.17)

5.4 Verification

In order to verify the accuracy of the polynomial fitting, pL(d) and ps(d) are simulated and

fitted in rooms with rectangular, corner, and hexagonal star shapes respectively. The shapes

and sizes of the target rooms are shown in Figs. 5.1a,5.1b, and 5.1c, and hereinafter the rooms

are referred to as room A, B and C, respectively. In the simulation, for any Tx-Rx distance

d, (d ∈ [0,dmax]), we randomly select a position in the room as Tx and randomly select an

angel θ , (θ ∈ [0,2π]), to locate the Rx that is d far from Tx via its polar coordination. The

fitting parameters of p̃L,R(d) and p̃s,R(d) (R ∈ {A,B,C}) for room A, B, and C are listed in

Tables 5.2 and 5.3.

In Fig. 5.2, we compare pL,R,0(d) and ps,R,0(d) and their fitting functions p̃L,R(d) and

p̃s,R(d) in the target rooms. Moreover, we simulate and fit p̃L,r(d) and p̃s,r(d) (r ∈ {a,b,c})

in rooms with the same shape but 0.25 times area of the original room A, B and C, denoted

as room a, b and c, and compare the difference between p̃L,R(d), p̃s,R(d), p̃L,r(d/2) and

p̃s,r(d/2).

It can be seen in Fig. 5.2a that for room A, as a convex rectangular room, the simulation

values of pL,A,0(d) and ps,A,0(d) are constantly equal. Moreover, the fitting function p̃L,A(d)

fits the simulation value pL,A,0(d) perfectly, and shows no different from the analytical Z

function that referred from [67]. This figure shows that the accuracy of the fitting functions

derived by the polynomial fitting method is sufficient for the analytical solutions. Moreover,
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(a) Comparison of pL and ps and Z(d,50,30) in room A.
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(c) Comparison of pL and ps in room C.

Fig. 5.2 Comparison of pL and ps in rooms with different shapes.
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Table 5.2 Fitting Parameters for pL

pL A B C

a9 2.33×10−13 7.15×10−13 8.31×10−12

a8 −5.25×10−11 −1.58×10−10 −1.88×10−9

a7 4.72×10−9 1.45×10−8 1.56×10−7

a6 −2.26×10−7 −7.23×10−7 −6.56×10−6

a5 6.36×10−6 2.11×10−5 1.55×10−4

a4 −1.09×10−4 −3.62×10−4 −2.11×10−3

a3 1.08×10−3 3.50×10−3 1.60×10−2

a2 −6.17×10−3 −1.82×10−2 −5.72×10−2

a1 −2.06×10−2 −6.10×10−3 −5.49×10−2

a0 −7.78×10−3 −1.94×10−2 −2.75×10−2

Table 5.3 Fitting Parameters for ps

ps A B C

b9 2.33×10−13 8.86×10−13 −1.74×10−11

b8 −5.25×10−11 −2.03×10−10 2.30×10−9

b7 4.72×10−9 1.94×10−8 −1.15×10−7

b6 −2.26×10−7 −1.00×10−6 2.39×10−6

b5 6.36×10−6 3.03×10−5 −5.48×10−6

b4 −1.09×10−4 −5.39×10−4 −5.92×10−4

b3 1.08×10−3 5.43×10−3 8.87×10−3

b2 −6.17×10−3 −2.91×10−2 −4.11×10−2

b1 −2.06×10−2 1.99×10−2 −6.11×10−2

b0 −7.78×10−3 −3.67×10−2 −3.03×10−2

the matching of p̃L,A(d) and p̃L,a(d/2) proves that by simple function transformation, we

can obtain the p̃L(d) of rooms with the same shape but different scaling ratio by simulating

and fitting one typical room.

In Fig. 5.2b and Fig. 5.2c, rooms B and C, whose shapes are irregular and analytical

solutions of pL(d) or ps(d) are hard to be derived, are simulated. Moreover, their fitting

functions of p̃L,R(d) and p̃s,R(d) are derived and compared with p̃L,r(d/2) and p̃s,r(d/2).

These two figures show that for any arbitrary shape, the p̃L(d) and p̃s(d) derived via the

polynomial fitting method can perfectly match the simulation results. The difference between

p̃L(d) and p̃s(d) proves that for non-convex shaped rooms, p̃L(d) and p̃s(d) need to be
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Fig. 5.3 A BUD with rectangular offices (in green), a rectangular corridor and a corner
corridor (in blue) (unit: m).

derived separately, and p̃s(d) is never less than p̃s(d). The more concave the shape of a room

(such as room C), the greater the gap between p̃L(d) and p̃s(d). The perfect match between

p̃L,R(d) and p̃L,r(d/2), p̃s,R(d) and p̃s,r(d/2), shows that for any room shape, the p̃L(d) and

p̃s(d) of its scaled room can be quickly obtained via a simple function transformation.

To verify the universality of the evaluation system, we use the Monte-Carlo method to

simulate the RSS P, RMS-DS τrms and the channel hardening ratio ξ of Tx-Rx links in a

BUD of a room layout with an irregularly shaped room, and apply the proposed scheme for

quick calculation of GP, Gτrms and OCH as the corresponding BWP metrics.

Pυn,κ(d) and PO(d) can be modelled according to the practical measurements in WINNER

II [35] as

Pυn,κ(d) = 10
PT(dB)−Aυn,κ log10(d)−Bυn,κ−Cυn,κ log10(

fc(GHz
5 )−Xυn,κ

10 , (5.18)

PO(d) = 10
PT(dB)

10 −2log10(d)−4.64−2log10(
fc(GHz)

5 ), (5.19)

where fc denotes the carrier frequency, and values of parameters Aυn,κ , Bυn,κ , Cυn,κ and Xυn,κ

vary according to the κ and υn. In this chapter, the parameter values for different κ and υn in

[35] are employed. Then by substituting (5.19) an (5.18) as the target evaluation indicator xI
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and xO into (5.8), (5.10), and (5.2), the GP as the metric for evaluating the BWP in terms of

the received power strength of the whole BUD can be derived.

According to the previous work in Chapter 3, τυn,κ(d) show further randomness. There-

fore, we need to calculate the expectation values of RMS-DS of links with different distances

and transmission conditions as µτ,υn,κ , i.e.:

µτ,υn,κ(d) =
∫ +∞

0
τI

exp
(
−1

2

(
τI−µκn,υ ,τI(d)

σκn,υ ,τI

)2
)

√
2πσκn,υ ,τI

dτI, (5.20)

while the τO(d) calculated in the two-ray model does not exhibit this randomness, therefore

µτ,O(d) is the same as τO(d):

µτ,O(d) =τO(d) =

√
d2 +(hT −hR)2

(√
d2h2

R
(hR+hT)2 +h2

R +

√
d2h2

T
(hR+hT)2 +h2

T

)

c

(√ d2h2
R

(hR+hT)2 +h2
R +

√
d2h2

T
(hR+hT)2 +h2

T

)2

+d2 +(hT −hR)2


×

√ d2h2
R

(hR +hT)2 +h2
R +

√
d2h2

T
(hR +hT)2 +h2

T −
√

d2 +(hT −hR)2

 . (5.21)

Then by substituting µτ,υn,κ and µτ,O as the target evaluation indicator x to (5.8), (5.10) and

(5.3), the Gτ as the metric for evaluating the BWP in terms of the RMS-DS of the whole

BUD can be derived.

According to the previous work in Chapter 4, the channel hardening ratio varies with

the blockage condition and the propagation environment. Using the same configuration as

Chapter 4, the ξI(κ) and ξO can be calculated according to (4.12) and (4.22):

ξυn(κ) =
∫ 2π

0

2Kυn(κ)h
HRh+Tr(R2)

2πM2(1+Kυn(κ))
2 dφ , (5.22)

ξO =
∫ 2π

0

2KOhHRh+Tr(R2)

2πM2(1+KO)2 dφ , (5.23)
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Fig. 5.4 Examples for BWP evaluation of different indicators in a complex building structure.
The final simulation and analytic results of BWP metrics GP, Gτ and OCH are shown and
compared in the red box in each figure.
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where

h =
[
1,e jπsinφ , ...,e j(M−1)πsinφ

]T
, (5.24)

and the semi-definite matrix R and values of parameter Kυn(κ) and KO is set as the same as

in Chapter 4. Then by substituting (5.22) and (5.23) as the target evaluation indicator xI and

xO into (5.8), (5.10), and (5.4), the OCH as the metric for evaluating the BWP in terms of the

channel hardening ratio of the whole BUD can be derived.

Fig. 5.3 shows the layout and size of the simulated BUD. The simulated BUD has two

room types: office and corridor, marked in green and blue. The colours for different sizes

of rooms differ. One of the corridors has an irregular shape, whose shape and size are the

same as room B in Fig. 5.1b. Therefore, p̃L,B(d) is substituted as its fitting function of pL to

calculate the analytical result of GP, Gτ and OCH.

Fig. 5.4 compares the simulated and analytic results of target indicators in the BUD. In the

simulation, 20000 positions of Tx and Rx are randomly generated in the BUD and the same-

sized open space. Moreover, P, τ and ξ of every link are simulated individually, denoted as

Psim,I, τsim,I and ξsim,I for indoor scenarios, and Psim,O, τsim,O and ξsim,O for outdoor scenarios.

When simulating Psim,I and Psim,O, the transmitting power is set as −30 dBWm−2 and the

carrier frequency is set as 2.4 GHz.

In Fig. 5.4a, Psim,I is compared with the analytical results Pana,I. At the same time, the

variation of PO is plotted as the reference. The simulated result and the analytic result of GP

are also computed and shown in Fig. 5.4a.

In Fig. 5.4b, to summarise the statistical characteristics of τsim,I, the expectation value

of τsim,I at different d is statistically analysed, denoted as µτ,I and is compared with the

analytical results µτ,ana,I. In addition, a 2-ray model was utilised to evaluate the RMS-

DS performance of the open space as the reference, whose variation with distance d was

expressed by τO in Fig. 5.4b. Finally, the simulated result and the analytic result of Gτ are

also computed and shown in Fig. 5.4b.
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In Fig. 5.4c, ξsim,I is compared with the analytical results ξana,I. At the same time, the

variation of ξO is plotted as the reference. The simulated result and the analytic result of

OCH are also computed and shown in Fig. 5.4c.

In Fig. 5.4, the high consistency between the analytical results and the simulation results

of different BWP metrics validates the accuracy of the proposed BWP evaluation scheme.

Moreover, in the validation, obtaining GP,sim took 0.50 s, obtaining Gτ,sim took 0.43 s, and

obtaining OCH,sim took 0.35 s, while calculating GP,ana, Gτ,ana and OCH,ana only took 0.01 s

respectively. Comparing the simulation with analytical results, by simulating and function

fitting for a single irregular room, the wireless performance of a building can be evaluated

more quickly, and the random deviation caused by the Monte-Carlo method can also be

eliminated. At the same time, the fitted pL and ps functions of a single irregularly shaped

room can be reused without re-simulation, further simplifying the computational effort of

evaluating a large amount of complex BUD.

5.5 Conclusions

This chapter proposed a general BWP evaluation model for more complex architectural

structures to statistically evaluate building structures’ impact on various indoor wireless

systems’ performance indicators. Firstly, the general statistical functions of wireless system

performance indicators in a BUD and same-sized open space were derived, respectively,

and the mathematical models of BWP evaluation metrics were defined. Secondly, a fitting

method and fitting functions were proposed for the LOS probability and same-building

probability of Tx-Rx links in complex building structures with irregularly shaped rooms.

Finally, simulating the RSS, RMS-DS and channel hardening ratio as examples of different

performance indicators for an architectural design with irregular rooms verified the accuracy

and effectiveness of the proposed scheme. Introducing this scheme into construction practices

can effectively help architects quickly evaluate different wireless performance indicators of

building design to improve the performance of future indoor wireless systems.



Chapter 6

Conclusions and Future Works

6.1 Conclusions

This thesis focused on improving indoor wireless systems’ performance from the architectural

design perspective. This thesis considered the impact of building structures on indoor wireless

system performance and defines the impact on different wireless performance indicators

as different BWP metrics. To assist the architects in designing a multi-factorial balanced

building that considers but is not limited to wireless performance, the wireless performance

of the building should be described as statistically and intuitively as possible. Therefore,

this thesis aimed to establish a BWP evaluation system in which each defined BWP metric

can describe the statistical value of one wireless performance indicator of a building design.

Using this evaluation scheme, architects can determine the direction of improvement of their

building design based on simple changes in metric values without comprehending the actual

wireless system performance.

Complex indoor building structures can cause different multipath effects on communi-

cation links, thus affecting system capacity and stability, which has yet to be mentioned in

BWP studies. As performance indicators reflecting the multipath effect, the delay spread and

channel hardening are related to the actual wireless systems performance. A larger RMS-DS

will increase ISI and BER, while a higher channel hardening ratio can reduce ISI and improve

system reliability. Therefore, in the design of the indoor wireless system, factors such as
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delay spread and channel hardening should be considered comprehensively to optimise the

system’s performance.

This thesis selects RMS-DS and channel hardening ratio as the wireless performance

indicators to be evaluated. In Chapter 3 and Chapter 4, the influence of rectangular single-

storey buildings with rectangular rooms on the target wireless performance indicators is

discussed respectively. The corresponding BWP evaluation indexes DS gap and CHO are

proposed, and the corresponding evaluation methods are also detailed. Comparing the DS gap

and CHO values of different architectural designs proves that different architectural designs

have different wireless friendliness. The evaluation system is expanded and improved in

Chapter 5. The evaluation system can introduce any wireless performance indicator affected

by the communication environment. The buildings to be evaluated are also expanded from

rectangular buildings with rectangular rooms to single-storey buildings with arbitrary shapes.

The research in this thesis greatly expands the potential application scenarios of building

wireless performance evaluation. The research results and methods in this thesis provide

an essential foundation for architects and engineers to improve the performance of indoor

wireless systems in the next generation of intelligent buildings. Considering factors such as

the multipath effect and system reliability in BWP evaluation, the BWP evaluation system

developed in this thesis can help architects make wise decisions in building design. The

insights gained from this thesis contribute to the advancement of wireless communication

in indoor environments, helping to overcome the challenges posed by building structures

and improving the overall performance of wireless systems. This thesis sets the stage for

future developments in wireless communication. It lays a solid groundwork for designing

and optimising 6G smart buildings, leading to enhanced user experiences and seamless

connectivity in the era of advanced wireless technologies.
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6.2 Future Works

This thesis introduces a systematic BWP metric definition framework that can incorporate

wireless performance indicators into architectural design evaluation. Some open issues

remain in the proposed BWP evaluation system for future studies.

First, the current estimation of BWP metrics is based on a combination of empirical and

statistical models, which can help architects quickly determine the friendliness of building

structures to indoor wireless system performance. However, using these indicators to predict

the specific performance of indoor wireless communication systems remains to be realised.

In future work, specific indoor communication networks will be built in various building

structures to collect data on network performance indicators in these buildings, such as inter-

symbol interference (ISI), bit error rate (BER), signal strength, and throughput. The BWP

indicators of these building structures will also be evaluated. The relationship between the

corresponding BWP evaluation indicators and actual wireless performance will be mapped

and studied.

Second, the proposed BWP evaluation models in the thesis are for evaluating single-

layer BWP. It will be extended to a three-dimensional BWP evaluation model in the future,

taking the impact of floor on system performance into account. In addition, the effect of

multiple walls on wireless propagations will also be included in the evaluation scheme and

distinguished from the effect of the single wall. Further, the materials of the walls and floors

will also be introduced as variables in the BWP evaluation scheme.

Third, in addition to receiving signals from indoor wireless systems, indoor mobile

communication also relies on services from outdoor macrocell BSs, from which the signal

transmission is also affected by building structures. The current BWP evaluation gives

priority to how indoor wireless systems are influenced by building structures. Future BWP

evaluations require a similar evaluation framework to evaluate the architectural impact on

various indicators of indoor wireless performance generated by outdoor wireless networks.
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