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Abstract 

 

Understanding the characteristics of radio wave propagation is a very important task for 

ensuring the required signal coverage for indoor wireless communication systems. The 

received signal strengths are highly affected when blocked by obstacles such as human 

occupants, doors, walls, windows, etc. This thesis investigated the E-field distributions 

inside a Victorian terraced house. Many scenarios are presented to investigate some 

important elements that have a significant effect on E-field distributions, such as opening 

and closing doors, the movement and number of human occupants and the location of the 

transmitter. These are considered for indoor signal propagation at various frequencies, 

specifically 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz. The distribution of the E- field 

strength within the building has been obtained using the FEKO simulation suite. The 

methods used in the simulation are geometrical optics and the uniform theory of 

diffraction. The results demonstrate that when the transmitter is located near to a wall, 

then the field distributions within the Victorian house are attenuated due to more 

reflections and multipath effects. Also, the results show that the door’s status and human 

occupancy effect on the electric field coverage at 5.8 GHz and 2.4 GHz is more significant 

than at 868 MHz and 433 MHz. The practical results demonstrate that the radio signals 

can penetrate through several adjacent walls within the same floor, however they became 

very weak when they go through different floors. This indicates that the deployment and 

positioning of smart meters in domestic properties has to be carefully considered. Our 

results clearly prove that extensive E-field measurements should be performed prior to the 

deployment of wireless communication system within the building.   
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Chapter 1– Introduction 

 

1.1 Background 

In the last decade there has been widespread deployment of indoor wireless 

communication which has resulted in an increased demand for various wireless services 

supporting data, voice, and video which require better quality of service (QoS).  For 

example, between 2014 and 2018, global Wi-Fi hotspot numbers will grow to more than 

340 million, equivalent to one Wi-Fi hotspot for every 20 people in world [1]. Wireless 

communication system users usually experience significant performance and reliability 

issues. The deployment of these free space systems is considered more complicated than 

wired network deployment due to the use of radio frequency (RF) links. Each location has 

its own RF characteristics and thus unexpected signal propagation issues have to be 

mitigated. In general, in order to deploy a wireless communication system, five key issues 

need to be addressed:  coverage, capacity, security, mobility and QoS [2]. Improving the 

performance of wireless systems is becoming a very crucial element especially inside 

buildings.  The signal coverage is one of the key elements that has received attention by 

researchers to improve the performance of wireless systems inside and outside the 

buildings [3]. Many parameters can affect RF signal propagation inside the buildings. 

Among them are the  building structure, the type of  materials used in construction and 

the incident angle of a wave into the wall, windows or any other obstacles [4].  Other 

parameters can have also a great effect on the signal propagation such as doors open or 

closed and the presence of occupants inside the building. These parameters cause 

reflection,  diffraction,  scattering, absorption  and  multipath on the received signals [5].  

Many research studies have focused on improving the performance of the wireless 

communication systems inside a building in the context of signal coverage. There is 

growing interest in developing techniques to predict and control radio propagation within 

buildings. Understanding  and modeling  the radio wave propagation characteristics is a 

very important factor for ensuring QoS and reliable RF links for indoor wireless 
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communication systems [6]. This motivated many researchers to develop more accurate 

models of the propagated signals for wireless communication systems inside the buildings 

[7] [8] [9] [10]. 

 

1.2 Motivation 

Indoor wireless systems provide a low-cost wireless connectivity in homes and offices 

and have become very popular recently [6]. High date rate devices are deployed in nearly 

every home to provide Internet access to unlimited users [1]. Efficient evaluation of radio 

wave propagation inside the building is a key element in the deployment of indoor wireless 

communication systems [11]. Effective design, evaluation and installation of a wireless 

communication system in an indoor environment require an accurate characterization of 

the propagation signals [12]. Predicting the propagation of the radio waves is a very 

challenging and complicated task as it is affected by many factors in the environment and 

the multipath propagation makes the prediction even more complicated [13]. This is very 

clear in the indoor environment where signals are received via more than one path, 

especially when there is no  direct line of sight between the transmitter and the receiver as 

the signal is highly affected by reflection, diffraction and scattering [14]. Many methods 

have been used to characterize the signal propagation inside buildings. For example, the 

Finite- Difference Time-Domain ( FDTD) method has been used to model the propagation 

in a multi-floor building at 1.0 GHz [6]. Artificial Neural Networks (ANN) have been 

used to predict the body shadowing and furniture effects in indoor radio wave propagation 

[15]. Site-specific ray-tracing methods such as Geometric optics (GO) and Uniform 

Theory of Diffraction (UTD) have been used to model the propagation inside the buildings 

[10]. Also, the method of moments (MoM) is used when the building is small or just for 

when one or two rooms are modeled [16].  These methods were used to investigate many 

factors that have a significant impact on the propagation such as human occupants, doors, 

walls, windows, etc [17].  

The vast majority of existing studies as discussed in the literature review in chapter 2 have 

investigated the signal propagation using the above-mentioned methods and at different 
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frequencies. It is clear that there is a great deal of interest to study the signal propagation 

which motivated us to investigate the signal propagation using a simulation tool called 

FEKO  across many different frequencies (433 MHz, 868 MHz, 2.4 GHz and 5.8 GHz) 

within a Victorian house. FEKO is an acronym derived from the German phrase 

“FEldberechnung bei Körpern mit beliebiger Oberfläche”[18]. This translated to English 

as Field computations involving bodies of arbitrary shape. More details about FEKO are 

presented in section 3.3. The parameters that were investigated are related to the 

environment inside the building which are doors open or closed and the presence of 

occupants inside the building. The reasons for choosing to study the effect of the doors 

and people on the propagated signals are that these factors are not stationary in the building 

whereas the wall and the furniture are considered to be very stationary [19] [14]. 

 

1.3 Thesis Objectives  

In this thesis, the primary aim is to model the propagation of radio signals within a 

Victorian house using the FEKO simulation suite. The Geometrical Optics (GO) method 

with Uniform Theory of Diffraction (UTD) that is available in the FEKO is used to model 

and evaluate the E-Field distribution inside the house.  The GO is used for large structures, 

which suits our model. Furthermore this method often requires much less computation 

time  and memory than other methods such as in [20] where the author showed the results 

using FDTD require a huge time and large memory compared to GO especially when the 

targeted area is large. 

The E-field distribution was investigated at the following frequencies: 433 MHz, 868 

MHz, 2.4 GHz and 5.8 GHz. These are unlicensed band close to existing mobile system 

and the propagation effects can be considered representative not differ significantly. These 

frequencies are used in indoor wireless communication for the following applications: at 

433 MHz – just above the Trans-European Trunk Radio (TETRA) at 400 MHz which is 

close to the free band at 433 MHz, and used for the emergency services radio 

communications. At 868 MHz – just below the 900 MHz cellular band the ISM medical 

transmission band used for data telemetry, mobile communication (GSM) at 890-960 
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MHz; at 2.4 GHz - sensor networks (Zigbee), medical ISM band and Wi-Fi, respectively; 

at 5.8 GHz – Wi-Fi predominantly. 

The overall goal of this study is to model the E-Field distribution within a Victorian house 

across the different frequencies for many different scenarios which can be used to 

determine the signal coverage and capacity at each frequency which means the QoS may 

be assessed. A small terraced house was chosen as a case study to investigate how the 

various wireless systems performed and to keep the simulations within reasonable 

computer memory and power demands. One aspect was to study where a smart meter 

might be placed within the house and still be able to communicate with a base node at the 

consumer meters.  Due to the low transmitter power, the position of the device and other 

factors such as open and closed doors, human occupancy etc. have a significant effect on 

the E-field even in a small terraced house.  The E-field distribution was simulated in a 

horizontal plane on the ground floor and in a vertical plane between floors. In order to 

achieve this major goal, five measurable objectives, listed below, have been identified: 

1- Model the statistical significance of human occupancy and the effects of opening 

and closing doors on the electric field distribution across the above-mentioned 

frequencies within the Victorian house. 

2-  The parameters stated in 1 were investigated in the horizontal plane with respect 

to a transmitter in the ground floor and the position of the antenna was at the corner 

of the kitchen. 

3-  As in (2) but with the antenna positioned opposite the door of the kitchen. 

4-  As in (3) but when the receivers are at vertical plane with respect to transmitter in 

the multi floors (basement, ground floor and first floor). 

5- The amplitude probability and the cumulative probability distributions of the E-

field distribution have been used to analyses the results and a comprehensive 

comparison between all the scenarios were obtained. 
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1.4 Areas of Novelty and Originality 

In this thesis, the propagation of radio signals within a Victorian house was modeled using 

the FEKO simulation suite at different frequencies. The GO method with UTD was used 

to evaluate the E-Field distribution inside the house for all studied frequencies. Three 

significant variable factors that affect the radio signal propagation were investigated. 

These factors are the human occupancy, door status and the position of the transmitter. A 

comprehensive comparison between the studied frequencies was provided. To conclude 

this chapter, the areas of original work within this research are listed below:  

1. New results that showed the changes in the electric field strength of wave 

propagation within the ground floor of a Victorian house at 5.8 GHz, 2.4 GHz, 868 

MHz and 433 MHz.  

2. New results that showed the effect of changing the position of the transmitter on 

the electric field strength of wave propagation within the ground floor of a 

Victorian house at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz. 

3. New results that showed the distribution of the E-field strength within the 

basement, ground floor and first floor in the Victorian house at 5.8 GHz, 2.4 GHz, 

868 MHz and 433 MHz. 

4. The results confirm that at low frequencies the effect of doors and human in 

propagation study can be neglected while at high frequencies should be taken into 

account. 

5. The results clearly demonstrate that location of transmitter is vital at both high and 

low frequencies in the propagation study. 

6. The results indicate that if the number of people increased a more attention in 

propagation study required as the effect may become significant. 

 

 

1.5 Thesis Outline  

This section provides an overview of the content of the thesis. In chapter 2, a literature 

review of the relevant research was provided. This includes the indoor and outdoor radio 
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wave propagations at different frequencies with the effect of many parameters. This 

chapter emphasises the necessity of the research done in this thesis.  

Chapter 3 investigates the wave propagation within the ground floor of a Victorian house 

where the antenna was placed in the middle of the open door. The investigations were 

carried out at different frequencies with the effect of human occupancy and open and 

closed doors. Chapter 4 investigates the wave propagation on the three floors (basement, 

ground floor and first floor) and the antenna was placed at the middle of the open door. 

Chapter 5 provides similar investigations scenarios except the antenna was placed in the 

corner of the kitchen. Chapter 6 provides a case study of measurements to assess the 

suitability of using Zigbee within domestic properties for smart metering applications. 

Finally, in chapter 7 a summary of the work covered in this thesis is presented and the 

main conclusions are provided. This chapter also outlines some potential areas for future 

work based on the results provided in the thesis. 
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2 Chapter 2 – Literature Review 

2.1 Propagation Models 

 

This chapter describes prior work which has been done in the field of radio wave 

propagation modelling in three different environments. Before starting the literature 

review some analysing methods that used to model the wave propagation are presented. 

The main methods used are Finite-difference time-domain (FDTD) and geometric optics 

GO. The main types of deterministic models are: Ray-optical models and Finite-difference 

time-domain (FDTD) models. Moreover, Ray-optical modes can be further divided into 

two subtypes: the ray launching model and the ray tracing model.  

2.1.1 FDTD Model 

 The FDTD method is a time domain solution of the Maxwell’s equations described in 

differential form and due to its simplicity is widely used in circuit analysis. Maxwell’s 

equations provide an accurate description of the propagation of electromagnetic wave, 

however, their form of partial differential equations make them too difficult to solve. In 

1966, Kane Yee proposed a set of finite-difference equations (through central-difference 

approximations of the space and time partial derivatives) to replace Maxwell’s partial 

differential equations [21]. Maxwell’s equations in an isotropic medium are [22]: 

∇ × � = − ��
��                                2.1 

∇ × 	 = − �

�� + �            2.2 

 = �	                                         2.3 

D = ϵE                                           2.4 

Where E is the electric field intensity(V/m), H is the magnetic field intensity(A/m),  is 

the magnetic flux density(W/��), D is the electric flux density (D/��) and J, ε and � are 

assumed to be given functions of space and time. The finite-difference equations were 

further investigated by Allen Taflove into the FDTD method [13]. Allen in his model takes 

all the propagation phenomena into account, which results in a high modelling accuracy. 
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As a result, numerical solutions it divides the investigated space into finite grid elements 

upon which a time and space approximation of the electrical and magnetic field strength 

is performed. The Yee algorithm [23] is used to replace a set of  partial differential 

equations with  a set of finite difference equations as shown in Figure 2.1 [24]. The E-

field components are orthogonal to H-field components and are also interleaved in time. 

The interleaving means if the H-field is calculated at discrete time instance t  then the E-

field is calculated at t+0.5, followed by the calculation of H field at t+1  and E-field at 

t+1.5 and so on until the required transient or steady state E-field behaviour is obtained. 

At each time step, the E-field components are updated using the equations. This technique 

requires the computer storage and running time must be proportional to the electrical size 

of the volume being modelled as well as the mesh grid cell size. The size of the mesh grid 

can be set to any fraction of a wavelength. The mesh grid cell size should satisfy the 

Courant-Friedrichs-Levy (CFL) stability condition [25]: 

 

∆� ≤ 	 �� √��
�� �∆ !

"#	� �∆$!
"#� �∆%!

"             2.5 

 

 

Where ∆&, ∆(	)*+	∆,	)-.	the cell grid size in the X, Y and Z 

directions,/	is	the	permittivity, �	is	the	permability	and c is the speed of light. When 

the cell grid is uniform in all directions, the equation can be reduced to equation: 

 

∆� ≤ 	 ∆
�√=	                                   2.6 

 

The biggest dimensions of the cell should normally be >  
>?@A
�B  . One of the weakness of 

the FDTD method is that it needs a full discretization of the electric and magnetic fields 

throughout the entire volume domain [26]. The disadvantages of FDTD are that the upper 

points on time step and space steps results in huge memory requirements and the 
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simulation consumes a significant time. Therefore, FDTD is usually used for modelling 

the radio wave propagation in small environments  [20]. 

 

Figure 2.1: Basic Element of FDTD Yee Grid [21]. 

 

2.1.2 Geometry Models 

Radio wave propagation can be modelled using geometry rays, which interact with the 

environment during the passing through different media. The rays may be reflected, 

diffracted, scattered, or pass through obstructions before reaching their final destination. 

The signal strength of a ray is decreased along the propagation path, and the total received 

signal strength is obtained from all the rays arriving at the destination point and their phase 

shifts. Geometry models determine the multi-path components (MPCs) between the 

transmitter and receiver based  on path searching algorithms, and are also referred to as 

ray-based (or ray optical) models. The received signal strength modelled by geometry 

models are expressed as follows: 

 

C- = C� − ∑ EFGH	, IJK, +HLM + N� + N-OH=1        2.7 

 

IJK, +QL = RJK, +QL + ∑ ∅JTQ, �QLUQV�                    2.8 
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Where CW is the received signal power in dBm, C� is the transmit power level in dBm,	N�  
And NW are the antenna gains in dBi of the transmitter and the receiver, respectively, N is 

the number of MPCs arriving at the receiver, GQ is the delay of the ith MPC, E sums up 

the power carried by the MPCs, IJK, +QL is the path loss of the ith MPC, +Q is the distance 

that the ith MPC propagates along its path, K is the carrier frequency, RJK, +QL is the path 

loss as a function of +Q and K, ∅JTQ, �QL and  is the interaction loss as a function of TQ and 

�Q, which denote the material type and the type of interaction (e.g., reflection or diffraction) 

of the ith MPC, respectively. Geometry model can be divided into ray launching model 

and ray tracing model.                   

The ray launching model [27] is based on the Geometrical Optics (GO) which simulates 

the propagation of a radio wave according to physical phenomenon, such as reflections, 

refractions and diffractions. The ray launching model launches a number of rays from the 

transmitter end as shown in Figure 2.2. A small angle separates these rays, so each of them 

has a different transmit direction. After  the rays have been launched they interact with the 

objects in the propagation environment according to the physical phenomenon, the 

propagation of a ray vanishes either when its power falls below a specified threshold or 

when the number of interactions with objects reaches a predefined number or the received 

power at the receiver. Ray launching is usually called the ‘brute force’ method since it  

launches many rays with very similar angles [28].  

 

 
 

Figure 2.2: Ray Launching. 

Tx 

∆Ø 
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The ray tracing model traces rays backwards which is different from the ray launching 

model which traces rays forwards. The ray tracing is an image-based model that assumes 

all objects in the concerned environments are potential reflectors as shown in Figure 2.3. 

In implementation, the ray tracing model uses the images of the transmitter relative to all 

the reflectors. However, ray tracing takes into account only the paths which really exist 

between the transmitter and the receiver. The drawback of this method is that its 

computational time grows exponentially with the order of calculated reflections. Both in 

the ray launching and ray tracing models, the strengths of reflected rays and refracted rays 

are computed according to the geometrical optics. The ray tracing models are suitable for 

point to point field strength computation, but not suitable for coverage prediction due to 

the computational complexity. The diffracted rays are computed according to e.g. the 

UTD  theory [21].  

 

 

 

 

 
 

Figure 2.3: Ray Tracing. 

 

 

Geometrical optics fails to estimate a certain optical phenomena called diffraction. 

However, an extension of geometrical optics, which makes account for these phenomena 

is described below and it is called the geometrical theory of diffraction (GTD). 

 

�NXY = 	�Z[ + �+                           2.9 

Tx 

Xx] 

Xx]] 
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Diffraction occurs at the edge of an object when the radius of curvature of the edge is 

significantly smaller than the radio wavelength which results in the radio wave bypassing 

the obstruction causing many secondary rays in new directions [21]. GTD was first 

proposed to estimate the electromagnetic near field of diffraction and determine 

diffraction coefficients. The GTD analyses diffracted rays. The presence of these rays can 

be represented using Fermat's principle, with the one dimensional constraint bounded to 

the edge. This issue appears in Keller's cone [29], where an infinite number of rays on this 

cone can pass into the shadow region, where the GO rays cannot penetrate. Keller's GTD 

predicts wrong results at and near the incident and reflected shadow boundaries. 

Therefore, the GTD was later extended and developed into UTD to solve this problem. 

The UTD is introduced to remedy the singularity issue in GTD by modifying the diffracted 

field as described in [29].  

The reason behind introducing the most common methods that are used for  simulating 

the radio wave propagation to discuss the limitations of each method which enables us to 

find the most suitable method for our modelling. Based on this discussion the GO – ray 

launching – with UTD method was selected for our model. Also introducing these 

methods is for the benefit of the reader as most of the discussed studied in the literature 

review are based on one of them. 

After introducing the common methods used for simulating the radio wave propagation, 

the research that was carried out in the area of RF propagation in three different 

environments is discussed. 

2.2 Outdoor Propagation 

 Firstly, we started reviewing the previous works in the area of outdoor propagation 

environments. The outdoor propagation is mainly considered in three types of areas: 

urban, suburban, and rural areas. In order to characterize the outdoor RF propagation, the 

terrain profile of the area has to be taken into account. The terrain profile is highly 

dependent on the type of the area and may vary from a simple, curved earth to a highly 

mountainous region. There are other factors which affect the outdoor propagation such as 

trees, buildings, moving cars, and other obstacles also should be taken into account. The 
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received signal is usually combination of the direct path, reflections from the ground and 

buildings and diffraction from the corners and roofs of buildings [17].  

In recent years, the path loss propagation models have received significant attention by 

researchers. The path loss is a strength reduction in the signal when it propagates from the 

transmitter to the receiver. The general classification of modeling the path loss includes 

deterministic, statistical and empirical. The deterministic uses Maxwell’s equations while 

the statistical models use probability analysis by finding the probability density function. 

The empirical models use equations derived from extensive measurements efforts. These 

empirical models provide accurate results but need complex computational techniques 

[30].  

Reflection, diffraction and scattering are the three basic propagation mechanism that have 

an impact on the propagation in wireless communication systems. The multipath is due to 

the joint impact of reflection, diffraction, and scattering together. The received signals 

may attenuated extremely due to the destructive combination of the multipath composite 

[5].  

The deterministic model is hardly used  as the data for the outdoor environment is usually 

not available and the computational effort is very high whereas  the  empirical models are 

widely used for path loss outdoor propagation due to their simplicity [31]. The Okumura 

model was simplified by Masaharu Hata in 1980 [21]. It is valid for frequencies in the 

range from 150 MHz to 1920 MHz and the distance of 1 km to 100 km and the base 

station’s antenna height from 30 m to 100 m. The Hata model is an empirical formulation 

produced by Okumura and is valid for frequencies from 150 MHz to 1500 MHz. The Hata 

model was extended and enhanced by COST 231Hata [32]. It is valid for frequencies from 

1500 MHz to 2000 MHz.  

The Bertoni-Walfisch model is suitable for signal propagation through buildings in urban 

areas [33]. The model assumed all the heights of buildings are the same and the distance 

between them is equal. The propagation is calculated by the process of multiple diffraction 

past these rows of buildings. In [33] the authors  carried out a comparison study between  

studied  Hata, Cost-231 and Bertoni-Walfish at 900 MHz. Their results showed that the 

average mean error for 8 different base stations is 16.6 dB, 14.8 dB and 9.6 dB for Hata, 
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Cost-231 and Bertoni-Walfish, respectively.  This result indicated that the Bertoni-

Walfish model provide better performance than the other two models. In [34], the authors 

also carried out a comparison study between  Okumura model, Hata model and Lee model 

in urban area  using Matlab simulation at 900 MHz. The results in [34] concluded that the 

performance of Okumura model is better than other models. In [35], the received signal 

strength for three types of path loss model are calculated using Matlab simulation in urban, 

suburban and rural areas. These models are Hata model, COST231 Walfisch-Ikegami and 

Lee model. The results showed that the highest received signal strength in urban area was 

by using COST231 Walfisch-Ikegami and in suburban and rural areas was by using Hata 

model. Therefore, the suitable model for urban area is COST231 Walfisch-Ikegami and 

the suitable model for suburban and rural areas is Hata model.  

The Stanford University Interim (SUI) model was developed by Stanford University and 

is an extension of the Hata model with correction parameters for frequencies above 1900 

MHz. The SUI model is proposed as a solution for planning the WiMAX network at the 

3.5 GHz band. The SUI model can be used for the base station antenna height from 10 m 

to 80 m, the receiving antenna height between 2 m and 10 m and the cell radius between 

0.1 km and 8 km [36]. Another study in [30] compared the performance of the following 

models: Hata model, SUI model Okumura model, COST231 and ECC-33 model ,which 

is developed by Electronic Communication Committee(ECC), in urban, suburban and 

rural areas at 900 MHz and 1800 MHz. The results showed that the ECC-33 and SUI 

model provide the best path loss model in urban area. In suburban area, ECC-33, SUI and 

COST-231 are the best. Also, in rural area, Hata and log distance models give the better 

results. The results indicated that the Okumara model provided better results in urban and 

suburban areas. In [37] the authors compared the three different path loss models which 

are the SUI model, COST-231 model and ECC-33 model at 3.5 GHz for fixed wireless 

access (FWA) system in urban, suburban and rural areas. The authors concluded that the 

ECC-33 model is recommended for urban area whereas in suburban and rural areas. The 

ECC-33 and COST-231 have the lowest errors in suburban area while the SUI in urban 

area has the lowest error. Another study for comparing four path loss models at 3.5 GHz 

in urban and suburban was investigated in [38]. The models obtained in this study are SUI 
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model, COST-231, Hata model, Macro model and Model 999. The measurements were 

carried out in two separate locations, line of sight (LOS) and non-line of sight (NLOS).  

By comparing the measurements for the four models, in the case of NLOS the best path 

loss model was SUI model whereas in the case of LOS the SUI provided high error 

prediction. The Macro model and Model 999 have a better performance in the case of LOS 

than the other two models [38].     

2.3 Outdoor to Indoor Propagation      

Secondly, we move on to review the outdoor to indoor propagation modelling. Outdoor 

to indoor propagation occurs when the transmitter is located outside the building and 

receiver placed inside the building. One example of outdoor to indoor application is the 

smart metering, the meter located inside the building and the repeaters or data collector 

located on street lamps or rooftops [39]. Also in mobile system the base station positioned 

outside the building and the user may be positioned inside the building. The modeling of 

outdoor to indoor propagation is more complicated than the outdoor propagation [40]. 

This is due to the fact that the outdoor to indoor propagation is dependent on the building 

structure, the different types of construction materials, the size and the number of 

windows, floor height, internal layout, the location of the receiver inside the building and 

the nature of perimeter buildings [41].  

In order to predict the performance of field strength between the transmitter outside the 

building and the receiver inside the building, the building penetration loss (BPL) was used. 

BPL is defined as the difference between the received signals strength in building and the 

received signals strength outside the building measured in dB [42] [43]. 

Many researchers have studied the relation between the different frequencies and the 

penetration loss [44-48]. In [44], the authors studied the penetration loss at 441 MHz, 900 

MHz and 1400 MHz. They found that the average penetration loss was decreased when 

the transmission frequencies were increased. When the frequency changed from 441 MHz 

to 900 MHz, the average penetration loss decreased by 1.5 dB and decreased by 4.3 dB 

when the frequency changed from 441 MHz to 1400 MHz.  Also in [45], the researchers 

studied the penetration loss at 900 MHz, 1800 MHz and 2300 MHz. The results showed 
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that the penetration loss was decreased when the frequency was increased. At 900 MHz, 

1800 MHz and 2300 MHz the penetration loss was 14.2 dB, 13.4 dB and 12.8 dB, 

respectively. Also, the results illustrated that the penetration loss at 900 MHz, 1800 MHz 

and 2300 MHz were -1.4 dB per floor and for higher than six floors the loss decreased to 

-0.4 per floor. In [47], the propagation of the signals into three different types of buildings 

at 1.9 GHz and 3.5 GHz was measured. The authors found that the penetration loss at 3.5 

GHz is higher than at 1.9 GHz by 5 dB. Also, the attenuation of external wall for modern 

buildings is higher than for old building by 10 dB. In case of shop building, the attenuation 

at 3.5 GHz is higher than at 1.9 GHz by 3 dB. The old building has the least attenuation 

among the buildings due to the difference in materials types and the thicknesses.  

Many researchers have studied the effect of the height of the building on penetration loss 

[41]  [49-55]. In [49] [41] [52] [53] [55], the studies concluded that the penetration loss is 

decreased when the height of building is increased at frequencies from 400 MHz to 2300 

MHz. In [49] the penetration loss was -1.2 dB per floor at 880 MHz and was -2.4 dB per 

floor at 1922 MHz and the floor higher than the fifth floor tend to be level off. Also in 

[54], at 1800 MHz the penetration loss was 34 dB at floor below the ground whereas was 

-17 dB at the highest floor which  a floor gain was 7 dB per floor. It can be seen that from 

the same study, the penetration loss at 950 MHz is lower than 1800 MHz by 2 to 4 dB on 

lower floor whereas on the higher floor it was equal or higher than at 1800 MHz. On the 

contrary, some research has reported that at 1700 MHz [50] [51] the penetration loss 

neither decreases nor increases as a function of increasing floor level. This is due to the 

fact that when the number of levels in the building increased, the reflecting, the scattering 

and multipath loss increases. In [56], the penetration loss from mobile stations to the 

mobile nodes inside different types of buildings and rooms at 900 MHz, 1800 MHz and 

2100 MHz are obtained. The results showed that the average attenuation is decreased with 

higher floors by 0.8 dB and for floors above the sixth it decreases by 0.4 dB per floor. 

Also, the difference in penetration loss between 900 MHz and 1800 MHz was 0.8 dB and 

between 900 MHz and 2300 MHz was 1.4 dB.  

The characterization of the outdoor-to-indoor propagation at 169 MHz (used for smart 

metering applications) has been described in [57]. The measurements were carried out for 
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two different buildings, central urban areas and suburban residential areas of many 

European cities. Windows with metallic bars were present in the ground floors only. 

Different reception modes for the smart meter (namely, “open air,” “double pot,” and 

“metal grid”) were considered.  A Gaussian distribution can be approximately assumed 

for BPL, with mean value and standard deviation found equal to about 7.5 and 4.5 dB, 

respectively. The authors in [57] found that outdoor-to-indoor signal penetration slightly 

benefits from the presence of windows. Also their results showed that underground 

placement and (partly) metallic housing represent a rather serious effect, with a mean 

installation loss (IL) equal to 7.75 and 13.5 dB in case of “metal grid” reception mode and 

meter placement in the building basement, respectively. Finally, they suggested that a 

cost-effective deployment of wireless smart metering systems in the 169-MHz band could 

be based on a large reuse of the existing infrastructure of cellular wireless systems. 

It has been noticed that another important factors affecting the penetration and the overall 

path loss are the number and size of windows that exist at the illuminated building. These 

windows can provide a relatively low loss propagation path as shown in [40, 41, 52, 53, 

55, 58].   

2.4 Indoor Propagation 

Finally, having reviewed the outdoor and the outdoor to indoor propagations, our main area 

of interest which is the indoor propagations is reviewed in detail. There is exponential 

growth in the deployment of wireless communication systems within buildings, such as 

Wi-Fi, Bluetooth, Femto cells and wireless sensor networks. The deployment of these 

systems requires a characterisation of indoor radio channel. Understanding of such radio 

environments leads to the optimization of the communication network design, which 

results in best possible signal coverage and quality for multi-user applications. The ray-

tracing approach for indoor channel characterisation has been a hot topic of research [1-8] 

in recent years.  

Improving the performance of wireless systems is becoming a very important element 

especially inside buildings. For a wireless friendly building, improving the signal 

coverage is one of the main elements studied in the literature [3, 8, 9, 16, 59-61]. There 
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are many parameters that can affect RF signal's propagation inside the buildings such as 

the structure of building, the type of  materials and the incident angle of wave into the 

wall, windows or any other obstacles [4]. Obstacles such as human occupants, doors, walls 

and windows cause multipath and shadowing effects, which reduce the received signal 

strength. As new materials are used to develop  more energy efficient buildings they raise 

new challenges for deploying the wireless communication systems inside the buildings 

[62].  

A large diversity of values of conductivity and permittivity for different types of building 

construction are used for frequencies of 900 MHz to 2.44 GHz in [9, 16, 59]. The effects 

of various building dielectric parameters and structures of internal wall on the 

performance of wideband channels have been investigated in [8, 61, 63]. In [8], the effects 

of permittivity, dielectric loss tangent and thickness of the internal wall on the indoor 

signal propagation characteristics was investigated using the FDTD method. The results 

showed that the path loss due to the obstruction increases linearly with any of the three 

internal wall parameters increasing. The results also showed the root mean square (RMS) 

delay spread is sensitive to the dielectric loss tangent and the thickness of the internal wall.  

In [61], the authors investigated the effect of wall materials and different wall thicknesses 

on the propagated signals at 433 MHz, 868 MHz, 2.4 GHz and 5.0 GHz. The wall 

materials used are wood, concrete and plaster board with wall thickness of 0.2 m, 0.25 m, 

0.3 m and 0.4 m. The results illustrated that effects of the wooden wall are sensitive to the 

operating frequency not to the thickness of wall due to low conductivity of the wood. 

However, the effects of concrete and plasterboard are sensitive to both the frequency and 

the thickness of wall and the concrete wall attenuated the signals more than the rest. In 

our models the same parameters are investigated in a different environment which is a 

Victorian house using different simulation tools. In [60], the effect of the different types 

of wall on the propagated signals inside the building at 900 MHz and 2.4 GHz had been 

investigated by using the brute-force ray tracing method. The materials used are cement, 

wood and iron with refractive index 1.8, 4 and 14, respectively. It has been found that the 

received power inside the building using iron material wall was attenuated by 5 dB 

compared to wooden material. The effect of metal door status (open or closed) on indoor 
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radio channel at 900 MHz, 2.4 GHz and 5.2 GHz by using FDTD method has been studied 

in [64]. The results depicted that the variation of the received signal strength between open 

and closed metal door at 900 MHz, 2.4 GHz and 5.2 GHz are 20 dB, 24 dB and 26 dB, 

respectively. Also, it has been found that the decrease in the received signal strength was 

higher on the receiver near to the metal door whereas the effect of the door at the receivers 

which were located far away from the door was small.  The authors in [14] studied the 

effect of the doors when they are open or closed on the E-field propagation for cases, line 

of sight (LOS) and non-line of sight (NLOS) using finite element method (FEM) at 

2.4GHz. Their results showed that the door status has a more significant effect on the 

signal strength in the case of the LOS scenario than for the NLOS scenario. Based on the 

guiding effects of hallways authors in [65] presented a new model for UHF (850-950 

MHz) propagation in large buildings. By comparing the power levels in hallways and 

rooms in an office building, the importance of the guiding mechanism was very clear.  The 

results also showed that the power levels in hallways were higher in most cases, even 

when the hallway was further from the transmitter than the rooms.  

The effect of the human body on wireless signals in an indoor environment has been 

investigated by many researchers [19, 66-72]. In [66], it was shown that the attenuation 

behind a wall becomes lower than the attenuation behind human and the reflection waves 

in front of people are very high. Also, the influence of human movement on wireless 

sensor networks in indoor radio propagation has been studied in [19, 67, 68].  It was 

concluded that the electric field is significantly affected by the number of people and their 

mobility in the rooms. The signal level was decreased in case of slow speed movement 

but the trends at slow and medium speeds have the same effect as the number of people 

was increased [67].  

In [69] the effect of 4 people movement on indoor propagation at 2.45 GHz using ray 

tracing and UTD method were investigated. When there was no people, the average 

received power level was -51.7 dBm, but when the pedestrians were moving around, the 

average received power level was -52.6 dBm. Although the difference in received power 

was small, severe fading when the pedestrians were moving was present and the received 

power fluctuated between -80 dBm and -40 dBm. In [70] the authors used the same 
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environment as in [69] to investigate the excess loss values caused by human body for 

LOS at 2.45 GHz, 5.7 GHz and 62 GHz using. It has been found that the excess loss for 

human body increased when the frequency is increased. The excess losses for human body 

are 12.3 dB, 16 dB, 26.5 dB at 2.45 GHz, 5.7 GHz and 62 GHz, respectively. Another 

investigation was carried out in [71] to measure the effect of the number of human bodies 

on the received signals in rectangular office for LOS at 5.2 GHz.  Four different scenarios 

were investigated: empty room, one human obstructed the LOS, tow human 

simultaneously obstructed the LOS and three human obstructed the LOS. The results 

showed that the human body movement in the room caused significant variations on the 

received power. The attenuation of body shadowing effect in these scenarios was up to 10 

dB. The effect of people movement on channel capacity for LOS at 5.2 GHz in 

unfurnished room was investigated in [72]. By using cumulative distribution function 

(CDF) for the measurements, the results showed that the received power decreased when 

the number of people was increased.  

The effect of multiple floors on the signal propagation inside the building has been 

investigated in [73] [6] by using FDTD method at 1.0 GHz. The floor is made of concrete 

with relative permittivity of 4.0. It has been found that the received power was attenuated 

linearly by 10 to 15 dB per floor. Also the author in [6]  investigated the signal reflections 

and scattering from furniture and fittings at 1.0 GHz. By comparing the FDTD simulated 

path loss on the same floor with and without clutter, it has been found that the averaged 

path loss with clutter was higher than without clutter by up to 15 dB. In [74] the authors 

extended the investigation in [6] by studying the interference of propagated signals 

between two adjacent buildings with the same number of floors (six floors).The results 

illustrated that the scattering from nearby buildings can cause co-channel interference to 

access points on distant floors and that significant energy levels can arise due to the 

propagation paths between buildings especially floors with  approximately similar height. 

The indoor coverage at 1700 MHz and 900 MHz in a modern multistory office was studied 

in [75]. The results showed that the attenuation caused by a floor at 1700 MHz is higher 

than at 900 MHz by 11 dB and if the number of floors is increased, the attenuation 

increased by 6 dB per floor. In [76] the effects of surrounding buildings on the multi floor 
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signal propagations using FDTD method at 4.5 GHz was investigated. In order to study 

this effect, two buildings were modeled: the first building was surrounded by two 

multistory buildings whereas the second building is isolated on all surfaces. The results 

showed that the received signal in adjacent floors is increased by 9.7 dB due to the 

reflections from nearby buildings.  

In [77] [78] the indoor propagation path loss at 900 MHz, 2.5 GHz and 60 GHz has been 

measured. The results showed that the signals at 60 GHz may cover a single room whereas 

the signals at 900 MHz and 2.5 GHz could cover several rooms. This makes 60 GHz 

suitable for small rooms with small obstacles between transmitter and receiver.  

The researchers in [79] investigated the electromagnetic wave propagation in industrial 

environments at 433 MHz, 868 MHz and 2.4 GHz. The common materials used in 

industrial environments are steel, iron and metals which are different from a residential 

environment such as wood, brick and glass. The simulation results showed that the signals 

coverage at low frequencies was higher than at high frequencies. The received signal level 

at 2.4 GHz is lower than at 868 MHz and 433 MHz by 30 dB.  

This chapter reviewed the propagation models for the outdoor, the outdoor to indoor and 

the indoor environments. It is obvious that there is a significant work was done for outdoor 

propagation modelling. The statistical models that developed with measurements allow to 

make estimation in complex environment which is a very difficult to compute. However, 

the indoor propagation models are much newer and they can be done computationally. 

Although outdoor and outdoor to indoor modelling are important in the built environment 

only indoor propagation is considered in this thesis. The effects of some parameters (such 

as doors, walls, properties of materials and human) at different frequencies in indoor 

environments have been described above. As mentioned in the literature, the effects of 

doors and human occupancy on the E-field coverage were investigated at single or two 

frequencies. However, these studies did not consider most of the frequencies that could 

be used for wireless devices inside the buildings. Therefore, this thesis investigates the 

effect of door's status and human occupancy - which are unstationary - on the E-field 

coverage at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz which are used for wireless devices 

inside the buildings.  
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3 Chapter 3 – Analysis of E-Field Distributions on Horizontal 

Plane for Configuration A in Single Floor within House  

This chapter investigates the distribution of the E-fields in configuration A in a horizontal 

plane. Configuration A defined as follows, the dipole antenna transmitter is placed in the 

middle of the kitchen opposite the door to the front living room at ground floor level in a 

Victorian house at four frequencies. 

 

3.1 Introduction 

In order to perform effective network planning inside the Victorian house, the electric 

field distributions should be carefully studied. In this chapter, the door status and the 

occupants which are the two main factors that affect the electric field (E-field) strength of 

a vertically polarized dipole antenna transmitter have been investigated. The transmitter 

power in the simulation was 50 mW, and the investigations were carried out at a selected 

range of frequencies 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz which represents the used 

wireless devices in the houses. The distribution of Electric Field strength within the 

building has been calculated using the FEKO simulation suite [18]. Several scenarios have 

been considered to investigate the effect of human occupancy and the effect of opening 

doors on the electric field distribution of the ground floor, comprising a kitchen and front 

room. In this chapter, the transmitter was located in the middle of the kitchen 1.2 m above 

the ground, 1.3 m from middle wall and 2.1 m from external wall facing exactly the centre 

of the kitchen door to the living area as shown in Figure 3.5. The received fields are in a 

horizontal plane with respect to the transmitter on the ground floor. The methodology that 

used is described in the next section. In section 3.3 Simulation of the E-Field Distributions 

on the Horizontal Plane with the transmitter antenna is on the middle of the door in the 

kitchen at 5.8 GHz is presented while in section 3.4 2.4 GHz is investigated, 868 MHz in 

section 3.5 and 433 MHz in section 3.6 . A further discussion of the results and other 

parameters are summarized in section 3.7, section 3.8 and section 3.9. Section 3.10 

concludes this chapter. 
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3.2 Methodology 

In the following sections the methodology that was used in our investigations is described. 

3.2.1 Simulation Software (FEKO) 

FEKO is a software Suite designed to analyses a wide range of electromagnetic problems. 

Applications include EMC analysis, antenna design, microstrip antennas and circuits, 

dielectric media, scattering analysis, cable modelling and many more. FEKO has graphical 

user interfaces called CADFEKO as shown in Figure 3.1 and POSTFEKO as shown in 

Figure 3.2 which make use of the ribbon user interface. CADFEKO allow users to create 

the geometrical and the numerical analysis techniques and also the calculation needed by 

the user. POSTFEKO allow users to read and display results obtained from the FEKO 

solver. 

 

Figure 3.1: CADFEKO Interface [18] 
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Figure 3.2:  POSTFEKO Interface [18]. 

  

The numerical analysis techniques in FEKO used in the simulation were GO and UTD. 

GO is suitable for solving a large model and inhomogeneous structures [18]. Thin 

Dielectric Sheet (TDS) is used to model the walls and rooms of the building. In such cases, 

the walls are modeled with one surface and the real thickness defined in a layered 

structure. In TDS, the thickness in 3D cannot be modeled while FEKO computes the 

equivalent real thickness of the wall and rooms. Determining the direction of the thickness 

sheet in TDS properties in FEKO suite can be done by changing the geometry of the model 

using the element normal function in FEKO by choosing the required colour. The green 

color means that the normal points towards the observer while the brown colour means 

the other way around. After creating the walls and the room with their properties, the 

geometry should be joined using union function FEKO and the required frequency for the 

modeling should be selected. The solver sitting function in FEKO enables us to select the 

method of simulation technique and their properties. The types of material for each wall 
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can selected from the face properties. FEKO solver runs the model and the results are 

displayed in POSTFEKO. The POSTFEKO display has two main purposes: the first 

purpose is to validate the geometry and the second purpose is to analyses the results. 

Validation of the geometry modelling enables the users to confirm the accuracy of their 

models before starting their simulation. Once the model has been run, POSTFEKO can be 

used to display and review the results. Different tools are available to assist in visualizing 

the data in a constructive manner [18]. The data results can be extracted from the 

POSTFEKO and can be analyzed in other programs such as Matlab or Excel.    

  

3.2.2 Experiment setup and House specifications 

The simulations were implemented in a typical Victorian terrace house of three levels as 

shown in Figure 3.3 and Figure 3.4. The simulated house includes a basement, ground 

floor and first floor. The first floor has two bedrooms and the ground floor includes the 

front room and kitchen. The kitchen is 3.5 m wide and 3.2 m long, while the front room 

is 3.5 m wide and 3.8 m long. The materials and dimensions of house are listed in 

Table 3.1. 

.                     

Figure 3.3:  Victorian terrace house used in this work. 
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Figure 3.4:  Floor plane inside Victorian house. 

 

Table 3.1: Materials and dimension of house construction. 

No Object Material Dimension 

1 External wall Brick 20 cm 

2 Internal wall Brick 10 cm 

3 Floor Wood 10 cm 

4 Ceiling Wood 10 cm 

6 Door Wood 5 cm 

 

 

Simulations were performed using a dipole antenna to generate the E-fields and was 

positioned in the kitchen 1.2 m above the ground, 1.3 m from middle wall and 2.1 m from 

external wall. The properties of materials used in the simulation for the house at the 

investigated four frequencies are shown in Table 3.2.  
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Table 3.2: Dielectric properties showing the Permittivity (ε) and Loss tangent (tan δ) of typical 

building materials at different frequencies.  

 5.8 GHz 2.4 GHz 868 MHz 433 MHz 

Materials  Ε  tan δ ε tan δ ε tan δ ε tan δ 

Brick 4.29 0.809 3.8 0.55 3.73 0.38 3.73 0.38 

Wood 2.1 0.29 2.1 0.23 2.24 0.198 2.24 0.198 

Glass 6.47 0.29 6.39 0.129 6.35 0.04 6.35 0.04 

Plasterboard 2.14 0.005 2.41 0.09 2.26 0.005 2.26 0.005 

 

 

Different occupancy scenarios were analyzed in the following section. 

 

3.2.3 Simulation Scenarios 

Ten different scenarios were designed (A to J) to investigate the statistical significance of 

human occupancy and the effects of opening doors and the presence of humans on the 

electric field distribution in the rooms. These scenarios are defined in Table 3.3. Figure 3.5 

illustrates the layout of the ground floor of the house and shows the locations of the 

occupants, the door and the transmitting antenna.  

These scenarios were designed based on the fact that the house consists of two bedrooms, 

a kitchen and front room. The estimated number of people who may live in this kind of 

house is expected to be four. People are expected to be anywhere in the house; however, 

we assume that people spend most of their time in the kitchen or the front room. Usually 

the sofa's location in front room is placed near to the door and the TV is located in the 

corner side of the front room, for these reasons the effect of orientation of human on 

electric field distribution within house is taken into account as seen in location 5 in 

Figure 3.5. In these scenarios, the effect due to furniture and other equipment existing 

inside the house was neglected. The geometry of the human used in the scenarios was as 

follows: height = 170 cm, the width = 35 cm and the thickness = 15 cm. 
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Table 3.3: Scenarios used for statistical analysis. 

 

Occupied 
Door 

Open 
Location Rotation 

A No Yes - - 

B No No - - 

C Yes (x1) Yes 1 - 

D Yes (x1) No 1 - 

E Yes (x1) Yes 3 - 

F Yes (x1) No 3 - 

G Yes (x1) Yes 5 90° 

H Yes (x1) No 5 90° 

I Yes (x4) Yes 1,2,3 and 4 - 

J Yes (x4) No 1,2,3 and 4 - 

 

 

Figure 3.5: Relative positions of occupants for configuration A.  
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3.3 Simulation of the E-field distributions on horizontal plane 

for configuration A at 5.8 GHz 

The FEKO simulation suite was used to calculate the distribution of Electric Field strength 

within the building on the ground floor. Angular resolutions for the transmitting rays of 

^ = 0.08° and Ø = 0.03° have been carefully selected for this simulation based on a trial 

and error mechanism. The angular resolutions have been chosen after many trials of until 

the required accuracy values are obtained. TDS is used to model the walls and rooms of 

the building.  

Simulations were performed using a 5.8 GHz half wavelength dipole antenna to generate 

the E-fields. The dipole antenna has a length of 23.26 mm and a wire segment radius of 

0.5 mm. It was positioned as described in section 3.2.2 as shown in Figure 3.5.  

Analysis was performed for different occupancy scenarios as described in the 

section 3.2.3. The dielectric properties of the human body at 5.8 GHz have been chosen 

as described in [80], where the whole body relative permittivity is eW = 48.2 and 

conductivityh = 6	j/�. 

The results of the E-field amplitude distributions for the ground floor of the Victorian 

house are presented. Results were sampled in a plane 1.2 m above the ground, at the same 

height as the source antenna. 840 samples of the E-field amplitude were obtained from the 

simulations in both the kitchen and front room. The amplitude probability and the 

cumulative probability distributions of the E-field distribution have been used for analysis 

purposes. The methods used to analysis the results are: 

Method A – E-field Distribution Calculations. 

Method B – E-field Distribution Difference Calculations. 

Method C – E-field Amplitude and Cumulative Probability Distribution.  
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3.3.1 Method A results 

The E-field amplitude distribution within Victorian house in the kitchen and the front 

room for the ten scenarios at 5.8 GHz are shown in Figure 3.6. In the case of open door 

and no occupants exist in the ground floor, high E-field levels are observed in the kitchen 

and the area near to the door in the front room ranged between 0 dBV/m to 3 dBV/m 

which represented by the colour ’orange’ as shown in Figure 3.6 (a). This is due to the 

transmitter was located in the middle of the kitchen facing exactly the middle of door in 

the kitchen which caused high signals propagated through the door to the front room. The 

results also show that the closed door has a significant effect on the E-field distributions 

within the front room. The propagated signals coming through the closed door is 

attenuated by approximately 21 dBV/m compared to the propagated signals when the door 

was open as shown again in Figure 3.6 (a) and Figure 3.6 (b), respectively. When there 

was one human in the kitchen, the signals behind the human are attenuated by 

approximately 3 dBV/m. While the presence of one occupant in the front room caused 

attenuation to the E-field by 6 dBV/m. When the number of occupants was increased to 

four, the E-field levels behind the occupants in the kitchen are attenuated by 9 dBV/m. It 

is clear from the figures that when the doors are open and there is no human the E-field 

strength is highest whereas in the other scenarios the E-field decreases and this explains 

disappearance of the color orange in the figures.  
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Figure 3.6: Simulated E-field (dBV/m) distributed on the Ground Floor for configuration A at 

5.8GHz: 

 (a) Scenario A  (b) Scenario B  (c) Scenario C  (d) Scenario D  (e) Scenario E  (f) Scenario F  

(g) Scenario G  (h) Scenario H  (i) Scenario I  (j) Scenario J. 

 

3.3.2 Method B results 

E-field distribution difference plots are used to give a general overview of the spot regions 

of high or low field levels within the Victorian house. E-field distribution difference plots 

for a given frequency∆E	JfL, was generated using Equation 3.1.  

                         ∆m	JnL = mJnLo	 − mJnLpqn                              (3.1)            

Whereby E (f)
ref

 is the E-field distribution of the reference scenario (typically A), and 

E(f)
n 

 is the E-field distribution of the scenario of interest. These results can be used to 
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visualize and quantify the differences in E-field strength between the ten scenarios 

described in Section 3.2.3. 

Figure 3.7 shows the simulated results for the E-field difference plot between scenarios A 

(unoccupied, open door) and other scenarios at 5.8 GHz. The E-field strength is shown in 

dBV/m and the positive values (shown as yellow to red) in figure represent areas with a 

higher E-field when compared to the reference scenario (A). The negative values (shown 

as green and blues) in figure represent a weaker E-field when compared to the reference 

scenario. 

When a human occupant was at position 1 and/or 2 within the kitchen, the attenuation 

various between 3 to 9 dB as shown in Figure 3.7 (b) to Figure 3.7 (i). Figure 5.4 (h) show 

that the E-field strength is increased at the small area located between the middle wall and 

the occupant within the front room also varying from 3 dB to 9 dB. This is due to the 

presence of the occupants in the front room and the middle wall which caused multipath 

effect. The results of all scenarios clearly demonstrate that the doors status (open or 

closed) has a significant effect on the E-field coverage in the front room. It can be seen 

that the orientation of the occupant in the front room has a very limited effect on the signal 

propagation within the front room as shown in Figure 3.7 (d) and Figure 3.7 (f). When the 

number of occupants increased from one to four, the E-field distributions in some areas in 

the front room are increased up to 9 dB.  
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Figure 3.7: Simulated E-field (dB) difference between scenarios for configuration A at 5.8 GHz: 

 (a) Scenario A & B  (b) Scenario A & C  (c) Scenario A & D  (d) Scenario A & E  (e) Scenario 

A & F  (f) Scenario A & G  (g) Scenario A & H  (h) Scenario A & I  (i) Scenario A & J. 

 

3.3.3 Method C results 

For method C, the amplitude and cumulative probability distributions are used to provide 

a comparison between different scenarios of the E-field values within the Victorian house 

at 5.8 GHz. Figure 3.8 (a) and Figure 3.8 (b) show the results of E-field amplitude and 

cumulative probability distributions from scenario A to scenario J, respectively within the 

kitchen and front room. The x-axis represents the distribution of the E-field levels while 

y-axis represents its probability percentage. The results demonstrate that there is no 

noticeable difference in the E-field distribution in the kitchen for all scenarios. However, 
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the E-field distributions in the front room have significant variations between the 

scenarios. It was clear that the closed door has reduced the average value of the E-field by 

12 dBV/m attenuation due to the change of the door status from open to closed door. The 

presence of one occupant in the kitchen or in the front room has a very little effect on the 

E-field distribution. However, when the number of occupants was increased to four within 

the ground floor, the E-field distributions are attenuated by 3 dBV/m. It can be seen that 

from Figure 3.8 (a) the lowest amplitude of the E-field in the kitchen is in case of open 

door with two occupants in kitchen and two occupants in the front room scenario with an 

amplitude probability distribution of 16 % at 3 dBV/m. This is due to the presence of four 

occupants in the ground floor which cause some signals are absorbed and some are 

reflected. 

 

 

Figure 3.8: E-field amplitude and cumulative probability distribution for configuration A at 5.8 

GHz for all scenarios from A to J.  

(Key: K = kitchen, F = front room, O = open door, C = closed door, 2HK = two occupants in the kitchen, 

2HF= two occupants in the front room, 1HF=one occupant in front room and 1HFr=one occupant rotated 

in front room). 
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3.4 Simulation of the E-Field Distributions on Horizontal 

Plane for configuration A at 2.4 GHz 

A dipole antenna resonated at 2.4 GHz frequency was used in the simulation to generate 

the E-field. The maximum angular resolutions used in the GO calculations were ̂ = 0.15° 
andØ = 0.08°. The dielectric properties of the  human body at 2.4 GHz have been  chosen 

as described in [80], where the whole body relative permittivity is eW = 52.7 and 

conductivity h = 1.95	j/�. The length of the dipole antenna is 57.46 mm. The wire 

segment radius of the dipole antenna is 2 mm.  

E-field amplitude distributions were calculated for the ground floor of the Victorian house. 

Results were sampled in a plane at the same height as the source antenna (1.2 m above the 

ground). Amplitude probability and the cumulative probability distributions of the E-field 

distributions have been used for the analysis purposes as described in [81] and [82]. 

Results obtained from scenario A to scenario J are presented in this section. The same 

three methods (A, B and C) are used in this section. 

 

3.4.1 Method A Results 

The E-field distributions results are presented for the ten scenarios as shown from 

Figure 3.9 (a) to Figure 3.9 (j). In case of open door and no occupants exist in the ground 

floor, it can be seen that high E-field levels are obtained in the kitchen and the area near 

to the door in the front room ranged between 0 dBV/m and 6 dBV/m. However, low E-

field levels are obtained in most area in the front room ranged between -21 dBV/m and -

9 dBV/m. This is due to the high distance between the transmitter and the receiver which 

is more than 3 m and also the middle wall has attenuated the propagated signals by 12 

dBV/m. Comparing Figure 3.9 (a) and Figure 3.9 (b), the closed door has attenuated the 

E-field levels in the front room by 12 dBV/m. The presence of one occupant in the kitchen 

or in the front room has decreased the E-field levels behind it by 3 dBV/m. However, 

when the number of occupants was increased to four (two occupants exist in the kitchen 

and two occupants in the front room), low E-field levels are obtained in the large area 
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behind the nearest occupant in the kitchen ranged between -12 dBV/m and 0 dBV/m. 

While in the front room, high E-field levels are obtained at the middle of the front room 

whereas low E-field levels are obtained near to the exterior wall in the front room. The 

presence of the occupant in the kitchen near to the transmitter caused strong reflection 

from the occupant passing through to the front room as shown in Figure 3.9 (i). 

 

 

 

Figure 3.9: Simulated E-field (dBV/m) distributed on the Ground Floor for configuration A at 

2.4GHz: 

 (a) Scenario A  (b) Scenario B  (c) Scenario C  (d) Scenario D  (e) Scenario E  (f) Scenario F  

(g) Scenario G  (h) Scenario H  (i) Scenario I   (j) Scenario J. 
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3.4.2 Method B Results 

Figure 3.10 illustrates the E-field level differences between scenario A and the other nine 

scenarios at 2.4 GHz. It can be seen that the E-field levels in the whole front room is been 

attenuated by 15 dB due to the closed door between the kitchen and the front room as 

shown in Figure 3.10 (a). While the presence of one occupant in the kitchen or front room 

has a gradual effect on the E-field distribution in the ground floor. The E-field strength 

within ground floor is decreased in range between 3 to 6 dB due to the presence of one 

occupant in the kitchen or the front room. As the number of the occupants was increased 

to four and the door was closed, the E-field distributions within the ground floor is 

attenuated significantly ranged between -6 dB to -18 dB. The occupant in the kitchen 

which was located 0.5 m away from transmitter decreases the E-field distribution by 18 

dB. 
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Figure 3.10: Simulated E-field (dB) difference between scenarios for configuration A at 2.4GHz: 

 (a) Scenario A & B (b) Scenario A & C  (c) Scenario A & D  (d) Scenario A & E  (e) Scenario 

A & F (f) Scenario A & G  (g) Scenario A & H  (h) Scenario A & I  (i) Scenario A & J. 

 

3.4.3 Method C Results 

The amplitude and cumulative probability distributions are used to analysis the E-field 

values for the ten scenarios within the Victorian house at 2.4 GHz as shown in Figure 3.11. 

The results show that there are very little variations in the E-field distribution values 

between these scenarios in the kitchen. However, the E-field distributions in the front 

room have significant variations between scenarios. The results of the cumulative 

probability distribution show that the average value of the signal in case of the open door 

in the front room is -9 dBV/m whereas the average value in case of closed door in the 
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front room is -18 dBV/m, a 9 dBV/m. This attenuation is due to the change of the door 

status from open to closed door. The presence of one occupant in the kitchen or in the 

front room has a very little effect on the E-field distribution. However, when the number 

of occupants was increased to four within the ground floor, the E-field distributions is 

attenuated by 3 dBV/m. Figure 3.11 shows that the lowest amplitude of the E-field in the 

kitchen was in case of open door with two occupants in kitchen and two occupants in the 

front room scenario with an amplitude probability distribution of 14 % at 9 dBV/m. This 

is due to the presence of four occupants in the ground floor as explained before.  

 

Figure 3.11: E-field amplitude and cumulative probability distribution for configuration A at 2.4 

GHz for all scenarios from A to J.  

 

3.5 Simulation of the E-field distributions on Horizontal 

Plane for configuration A at 868 MHz 

Simulations were carried out using 868 MHz dipole antenna to generate the E-fields. The 

antenna was located at the same place as described in section 3.4. The locations of 

transmitter and receivers also located in FEKO simulations at the same place described in 

section 3.4. In order to select the values of the angular resolutions, many trials were carried 

out and the final values that selected for this simulation of GO calculations are ^ = 0.2° 
andØ = 0.2°. The dielectric properties of the human body at 868 MHz were selected based 

on the characteristics presented in [10].  In this case, the body relative permittivity is eW =
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55.1 and conductivityh = 0.9	j/�	. The dipole antenna has been configured for the 868 

MHz with length of 158.88 mm. For these configurations the wire segment radius of the 

dipole antenna is 2 mm. The same ten scenarios (A to J) described in the previous section 

are also investigated in this section. 

The same parameters that used in the previous section are used in following simulation 

scenarios. The samples are selected for a plane of 1.2 m above the ground. Around 840 

samples of E-field amplitude in both the kitchen and front room were simulated. The 

amplitude probability and the cumulative probability distributions are used to analysis the 

E-field distributions. This section presents the results obtained from the scenarios 

described in section 3.2.3. The same three methods (A, B and C) are also used for analysis. 

 

3.5.1 Method A Results 

The E-field amplitude distribution results are calculated for the ten scenarios at 868 MHz 

as shown in Figure 3.12. High E-field levels were obtained in the kitchen and some area 

in the front room ranged between -6 dBV/m to 6 dBV/m for the case of open door and no 

occupant exist in the ground floor. The results illustrates that when the door was closed 

the E-field strength is reduced by approximately 3 dBV/m. This is due to the low 

frequency used in the transmitter results in high coverage as shown in Figure 3.12 (b).  

When one human was in the kitchen or the front room, the signal behind the human is 

attenuated by approximately 6 dBV/m. While the propagated signals which are far from 

the occupant in the kitchen or the front room has not been affected. Figure 3.12 (i) shows 

that a large area behind the nearest occupant to the transmitter in the kitchen have been 

attenuated by 6 dBV/m when the number of occupants was increased to four. 
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Figure 3.12: Simulated E-field (dBV/m) distributed on the Ground Floor for configuration A at 

868 MHz: 

  (a) Scenario A  (b) Scenario B  (c) Scenario C  (d) Scenario D  (e) Scenario E  (f) Scenario F 

(g) Scenario G  (h) Scenario H  (i) Scenario I  (j) Scenario J. 

3.5.2 Method B Results 

Figure 3.13 shows the simulated results for the E-field difference between scenarios A 

(unoccupied, open door) and other scenarios at 868 MHz. It can be seen that the door 

between kitchen and front room attenuated the signals by 6 dB. However, there is a net 

increase in the E-field strength at some locations within the front room of 6 dB due to the 

multipath signals. The presence of one occupant in the kitchen or the front room has 

attenuated the signals by 6 dB. As the number of the occupants was increased to four and 

the door was open, the E-field distributions in most areas in the kitchen have been 
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attenuated by 3 to 9 dB. However, the area near to the occupants and the wall in the front 

room the E-field distributions have been decreased by 6 dB. 

 

 

Figure 3.13: Simulated E-field (dB) difference between scenarios for configuration A at 868 

MHz: 

 (a) Scenario A & B  (b) Scenario A & C  (c) Scenario A & D  (d) Scenario A & E (e) Scenario 

A & F  (f) Scenario A & G  (g) Scenario A & H  (h) Scenario A & I  (i) Scenario A & J. 

 

3.5.3 Method C Results 

The amplitude and cumulative probability distributions are used to analysis the E-field 

values for the ten scenarios within Victorian house at 868 MHz as shown in Figure 3.14 

. The results show that there are very little variations in the E-field distribution values 

between the scenarios in the kitchen. 
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Figure 3.14 (a) illustrates that the lowest amplitude of the E-field in the kitchen was in 

case of open door with two occupants in kitchen and two occupants in the front room 

scenario with an amplitude probability distribution of     14 % at 9 dBV/m. This is due to 

the presence of four occupants in the ground floor which cause some signals are absorbed 

and some reflected. It can be seen from cumulative probability distribution that the 

average values of the signals for all scenarios in the front room are within 3 dBV/m and 

ranged between -9 dBV/m and -6 dBV/m.   

 

 

Figure 3.14: E-field amplitude and cumulative probability distribution for middle antenna at 868 

MHz for all scenarios from A to J.  

 

3.6 Simulation of the E-Field Distributions on Horizontal 

Plane for configuration A at 433 MHz 

The E-field was generated using 433 MHz dipole antenna in the following simulations. 

The parameters that used in these simulations are the same as described in section 3.5. 

The values of the angular resolutions in these simulations are ̂ = 0.2° andØ = 0.2°.  Also, 

in these simulations TDS is used. The dielectric properties of human body at 433 MHz 

were selected based on the characteristics described in [10].  In this case, the body relative 

permittivity is eW = 56.7 and conductivityh = 0.94	j/�	. The length of the dipole is 
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325.41 mm. For this design the wire segment radius of the dipole antenna is 2 mm. Based 

on the design described above, ten different scenarios were designed named as (A to J). 

As described in the previous section, the results focus on the E-field amplitude 

distributions for the ground floor of the Victorian house. The numbers of samples that 

were analysed in these results are also 480. Again, the E-field was analysed using the 

amplitude probability and the cumulative probability distributions. This section presents 

the results obtained from the scenarios described in section 3.2.3. 

 

3.6.1 Method A Results 

The E-field amplitude distribution within Victorian house in the kitchen and the front 

room for the described ten scenarios at 433 MHz are shown in Figure 3.15. In case of open 

door and no occupant exist in the ground floor, high E-field levels are obtained in the 

kitchen and most areas in the front room ranged between -9 dBV/m and 6 dBV/m. The 

low E-field distributions are observed in some small areas near to the exterior wall in the 

front room with value of -18 dBV/m. The results show that when the door is closed the E-

field distributions in the front room are reduced by approximately 3 dBV/m as shown in 

Figure 3.15 (b). When one human was in the kitchen or in the front room, the signal behind 

the human is attenuated approximately by 3 dBV/m whereas the signals in other areas in 

the kitchen and the whole front room have not been affected by the existence of human in 

the kitchen. Figure 3.15 (i) shows that the E-field levels are deceased between 3 to 6 

dBV/m in some areas in the kitchen when the number of people was increased to four.   
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Figure 3.15: Simulated E-field (dBV/m) distributed on the Ground Floor for middle antenna at 

433 MHz: 

 (a) Scenario A  (b) Scenario B  (c) Scenario C  (d) Scenario D  (e) Scenario E  (f) Scenario F  

(g) Scenario G  (h) Scenario H  (i) Scenario I  (j) Scenario J. 

 

3.6.2 Method B Results 

Similar investigations to those in the previous section were carried out in this section at 

433 MHz. The differences in the E-field distribution are plotted to show the E-field 

strength variations between the investigated scenarios. Figure 3.16 illustrates the E-field 

level differences between scenario A and other nine scenarios at 433 MHz. It can be seen 

that the door between kitchen and front room attenuates the signals in most area in the 

front room by 3 dB. While the presence of the occupants in the kitchen and front room 

has a different effect on the E-field distribution in the ground floor. The E-field strength 
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in some small area behind the occupant in the kitchen is decreased by 3 dB. However, the 

E-field in large area behind occupant in the front room is attenuated by 6 dB. This is due 

to the low frequency used in the transmitter which produces a high signal coverage.  As 

the number of the occupants increased to four in the ground floor, the E-field distributions 

in the ground floor is attenuated between 3 to 9 dB. The human in the Kitchen which 

located 0.5 m away from transmitter has a significant effect on the E-field distribution on 

the kitchen which attenuated approximately by 9 dB as shown in Figure 3.16 (h). 

 

 

 

Figure 3.16: Simulated E-field (dB) difference between scenarios for middle antenna at 433 

MHz: 

 (a) Scenario A & B (b) Scenario A & C  (c) Scenario A & D  (d) Scenario A & e  (e) Scenario A 

& F (f) Scenario A & G  (g) Scenario A & H  (h) Scenario A & I  (i) Scenario A & J. 

Kitchen

Front Room

Tx

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

Human

Human

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

Human

Human

Human

(m)

(m
)

 

 

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

     (a)                              (b)                              (c)                              (d) 

    (e)                            (f)                               (g)                              (h)                            (i) 



Chapter 3 – Analysis of E-field on Horizontal Plane for Configuration A  

 

  47  

 

3.6.3 Method C Results 

The amplitude and cumulative probability distributions are used to analysis the E-field 

values for the ten scenarios within Victorian house at 433 MHz as shown in Figure 3.17. 

The results show that there are very little variations in the E-field distribution values 

between the scenarios for both the kitchen and the front room. Figure 3.17 (a) illustrates 

that the lowest amplitude of the E-field in the kitchen is in case of open door with two 

occupants in kitchen and two occupants in the front room scenario with an amplitude 

probability distribution of 15 % at 8 dBV/m. This is due to the presence of four occupants 

in the ground floor which cause some signals are absorbed and some reflected. 

 

 

Figure 3.17: E-field amplitude and cumulative probability distribution for middle antenna at 433 

MHz for all scenarios from A to J.  
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3.7 Summary Analysis 

This section compares the results of the E-field distributions for the frequencies of 5.8 

GHz, 2.4 GHz, 868 MHz and 433 MHz. The transmitter for all the frequencies was placed 

in the same location in the kitchen as follows: 1.2 m above the ground, 1.3 m from middle 

wall and 2.1 m from external wall. The scale of the E-field levels that is used at the receiver 

ranges from -30 dBV/m to 6 dBV/m for all frequencies. The effect of the door status and 

presence of occupants within ground floor on the E-field distributions across the four 

frequencies and comparison between them are discussed in the following section. 

 

3.7.1  Analysis of E-field without Occupants 

The E-field amplitude distributions results are presented for open door and no occupants 

scenario within ground floor in the Victorian house for all four frequencies as shown in 

Figure 3.18. Based on these results, the high E-field coverage at the low frequencies (i.e. 

868 MHz and 433 MHz) is higher than at the high frequencies (i.e. 5.8 GHz and 2.4 GHz).  

The internal wall attenuates the signals coverage at high frequencies more than at the low 

frequencies. It can also be seen that the E-field levels at high frequencies with the internal 

wall are -15 dBV/m whereas at low frequencies are 6 dBV/m. The results demonstrate 

that the highest coverage signals within the front room across the four frequencies is at 

433 MHz and is ranged between 3 dBV/m and -15 dBV/m whereas the lowest coverage 

signals within the front room was at 2.4 GHz and is ranged between 0 dBV/m and -24 

dBV/m.    

The effect of closing the door on the E-field amplitude coverage at the four frequencies is 

shown in Figure 3.19. It is observed that closing the door attenuated the propagated signal 

with different levels among the four frequencies. The door status (opening or closing) has 

a significant effect on the E-field distributions within the front room at the high 

frequencies. The propagated signals are attenuated by approximately 12 dBV/m when 

passed through the closed door at high frequencies whereas at low frequencies they are 

attenuated only by 3 dBV/m. The results demonstrate that the internal wall has attenuated 

the E-field distributions more than the door for all the four frequencies. This is due that 
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the internal wall made of brick and the door made of wood and the loss tangent of brick 

is higher than the loss tangent of wood.   

 

Figure 3.18: Simulated E-field (dBV/m) results for open door and middle antenna at different 

frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz (d) 433MHz. 

 

Figure 3.19: Simulated E-field (dBV/m) results for closed door and middle antenna at different 

frequencies: 

 (a) 5.8 GHz (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 
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obstructions between the transmitted source and receiver probes.  It can be seen from 

cumulative probability distribution that there is no variation in the E-field distribution in 

the front room for open scenario at 5.8 GHz and 2.4 GHz. Comparing the high frequencies 

and low frequencies in the front room for open scenario, the results demonstrate that from 

0 % to 50 % of cumulative probability distribution for the low frequencies are higher than 

the high frequencies by 3 dBV/m. Figure 3.20 (a) shows the highest E-field amplitude 

probability distribution values are at 433 MHz and reached 23% at -3 dBV/m. The E-field 

amplitude and the E-field cumulative probabilities distributions of closed door scenario 

are obtained for the four frequencies within ground floor. It can be seen that from 

Figure 3.21 (b) the variations in the E-field amplitude probability distributions between 

the four frequencies in the kitchen are minimal for the case of closed door scenario. 

However, for the case of closed door scenario in the front room there are some noticeable 

variations in the E-field distribution between the different four frequencies. At low 

frequencies, the E-field distributions values in the front room for the case of closed door 

scenario are similar. The average E-field cumulative probability distributions in front 

room for closed door scenario at low frequencies have similar values which is 

approximately -9 dBV/m. The results also show that the average E-field cumulative 

probability distributions values in front room at 5.8 GHz and 2.4 GHz frequencies are -21 

dBV/m and -17 dBV/m, respectively.  The peak value of the E-field amplitude probability 

distribution at 868 MHz and reached 26% at -7 dBV/m while the peak for 2.4 GHz is 17 

% at -12 dBV/m as observed in Figure 3.21 (a).  
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Figure 3.20: E-field amplitude and cumulative probability distribution at 5.8 GHz, 2.4 GHz, 868 

MHz and 433 MHz for open door and middle Antenna scenario.  

(Key: K = kitchen, F = front room, O = open door). 

 

 

Figure 3.21: E-field amplitude and cumulative probability distribution at 5.8 GHz, 2.4 GHz, 868 

MHz and 433 MHz for closed door and middle antenna scenario.  

(Key: K = kitchen, F = front room, C = closed door). 
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than are at low frequencies. At 868 MHz and 433 MHz, the difference in E-field coverage 

between the open and the closed door scenarios in the front room are decreased by 6 

dBV/m. However, at 2.4 GHz, the difference in E-field coverage between these scenarios 

in the front room are attenuated by 18 dBV/m. Comparing the effect of door status on the 

E-field distributions between the four frequencies, the largest effects are observed at 5.8 

GHz. The E-field values at 5.8 GHz in the most of area in the front room have a very low 

E-field values which attenuated by -21 dBV/m. This is due to that the loss in the 

propagated signals at high frequencies source is higher than in the propagated signals at 

low frequencies.  

 

Figure 3.22: Simulated E-field (dBV/m) difference between open and closed door scenarios at 

different frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 

 

3.7.2 Analysis of E-field with Occupants 

The E-field amplitude distributions within Victorian house in the kitchen and in the front 

room for scenario (I) which includes two occupants in the kitchen and two occupants in 

the front room with the door is open at all four frequencies as illustrated in Figure 3.23.  

Comparing the results of the effect of presence of human in the kitchen across all the 

frequencies show that the E-field levels values behind occupant are about -12 dBV/m, -3 

dBV/m, -9 dBV/m and -3 dBV/m at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz, 

respectively. It can also be seen that when the number of the occupants was increased in 
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the kitchen, the coverage of signals in the kitchen behind the occupants are attenuated. 

Comparing the effect of the occupants on the E-field coverage in the front room across 

the four frequencies shows that the most significant effects are the high frequencies. Also, 

the low E-field distributions in the front room was occurred near to the exterior wall and 

behind the occupant at 5.8 GHz ranged between -15 dBV/m and -24 dBV/m.    

 

Figure 3.23: Simulated E-field (dBV/m) results for open door &4human at different frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 

 

A comparison between the results of the amplitude and cumulative probability 

distributions of the E- field for the scenario (I) at the difference four frequencies was 

carried out as shown in Figure 3.24. When comparing the E-field values in the kitchen for 

the all frequencies, it can be seen that there is no variations of the E-field values in the 

kitchen between the four frequencies which is due to presence of the transmitted source 

in the kitchen. In contrast, there are variations in the E-field levels between the four 

frequencies in the front room. At 433 MHz, the difference in the E-field cumulative 

probability distribution in the front room is between 0 % and 50 % with value of 33 

dBV/m. However, at 2.4 GHz the level difference is about 24 dBV/m. It can be seen that 

there is a small variations within the region between 30 % to 100 % of the E-field 

cumulative probability distribution in the front room which is approximately 3dBV/m. 

Figure 3.24 (a) shows that the highest amplitude of the E-field values in the front room 

was at 433 MHz with amplitude probability distribution of 21 % at -8 dBV/m. 
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Figure 3.24: E-field amplitude and cumulative probability distribution at 5.8 GHz, 2.4 GHz, 868 

MHz and 433 MHz for open door with two human in kitchen and two human in front room 

scenario.  

(Key: K = kitchen, F = front room, O = open door, 2HK = two occupants in the kitchen, 2HF= two 

occupants in the front room). 

 

Figure 3.25 illustrates the simulated results for the E-field difference between the open 

door scenario and scenario (I) at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz. It can be 

seen that the E-field coverage within kitchen are decreased when the number of the 

occupants in the kitchen are increased. The nearest occupant from the source transmitter 

in the kitchen has a biggest effect on the E-field distribution in the kitchen at 2.4 GHz 

which attenuated by -18 dBV/m. At 5.8 GHz and 2.4 GHz there is a net increase in the E-

field strength at some locations near to the occupants within the front room between 9 

dBV/m to 12 dBV/m. This is due to the constructive and the destructive reflections on the 

signals caused by the obstacles such as the wall, doors and human. However, these 

obstacles affect the field coverage levels in the most of the area within the kitchen and the 

front room at 433 MHz which attenuated the signal by -6 dBV/m to -15 dBV/m as shown 

in Figure 3.25 (d).  
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Figure 3.25: Simulated E-field (dBV/m) difference between open door and open door with two 

human in kitchen and two human in front room scenario at different frequencies: (a) 5.8 GHz. 

(b) 2.4 GHz. (c) 868 MHz. (d) 433MHz. 

 

3.7.3 The Average E-field Analysis for All Frequencies 

The average E-fields obtained for all ten scenarios in the front room and kitchen at 5.8 

GHz, 2.4 GHz, 868 MHz and 433 MHz are summarized in Table 3.4. The results show 

that the average E-field values at 868 MHz and 433 MHz in the front room are little 

affected by the presences of human or door status. The impact of the closed doors on the 
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approximately 12.2 dBV/m and 7.6 dBV/m, respectively. However, the variations in the 

average E-field values caused by closed door in the front room at 868 MHz and 433 MHz 

are less than 2 dBV/m. Also it can be seen that the presence of occupants within ground 

floor have no effect on the average E-field values in the front room for all the four 

frequencies as observed in scenario A, C, E, G and I. The average E-field values in the 

front room at the low frequencies are higher than at the high frequencies.  

The average E-field values in the kitchen are higher than the average E-field values in the 

front room. This is due that the transmitter source was placed in the kitchen. When 
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Kitchen

Front Room

Tx

Human

Human

Human

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

Human

Human

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

Human

Human

Human

(m)

(m
)

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

Kitchen

Front Room

Tx

Human

Human

Human

Human

(m)

(m
)

 

 

-3 -2 -1 0
-4

-3

-2

-1

0

1

2

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

(a)                              (b)                             (c)                            (d)                            



Chapter 3 – Analysis of E-field on Horizontal Plane for Configuration A  

 

  56  

 

frequencies, it can be observed that the average E-field values for all scenarios between 

the different four frequencies are similar. The door status has no effect on the average E-

field value within the kitchen for all four frequencies. It can be seen that there is no effect 

on the average E-field values in the kitchen due to the presence of one occupant in the 

front room or in the kitchen for all four frequencies. When the number of the occupants 

within ground floor was increased to four, the average E-field values are reduced to 

2dBV/m for all four frequencies as shown in scenarios I and J in Table 3.4.  

 

Table 3.4: The average electric fields for all scenarios within Front Room and Kitchen. 

Scenario 
Average Electric Field in Front Room (dBV/m)  Average Electric Field in Kitchen (dBV/m) 

5.8 GHz 2.4 GHz 868 MHz 433 MHz 5.8 GHz 2.4 GHz 868 MHz 433 MHz 

A -7.1 -7.5 -6.1 -5.7 5.1 5.3 5.3 5.2 

B -19.3 -15.1 -7.5 -7.1 5.1 5.3 5.4 5.4 

C -7.1 -7.5 -6.0 -5.6 5.1 5.2 5.2 5.2 

D -19.2 -15.1 -7.4 -7.0 5.1 5.2 5.3 5.4 

E -7.1 -7.4 -6.2 -5.9 5.1 5.3 5.4 5.1 

F -19.2 -15.1 -7.6 -7.4 5.1 5.3 5.4 5.4 

G -7.1 -7.4 -6.3 -5.8 5.1 5.3 5.3 5.2 

H -19.2 -15.0 -7.7 -7.3 5.1 5.3 5.4 5.4 

I -6.9 -6.9 -4.2 -6.1 4.1 3.9 4.2 3.7 

J -17.4 -13.1 -5.9 -7.9 4.0 3.9 4.3 4.0 

 

 

3.8  Other Parameters that Effect the E-Field Distributions 

This section investigates some other parameters that may affect the signal propagation 

within the building. The effect of other material properties such as the permittivity and the 

loss tangent on the signal propagation has been investigated. The permittivity and the loss 

tangent of the brick material were changed from our measured values (e =
5	)*+ tan v = 0.04	L and compared with the standard brick material values in FEKO 
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library (e = 3.8	)*+ tan v = 0.55	Lwhich were used throughout our main investigation. 

Four scenarios were designed to investigate the effect of changing the permittivity and 

loss tangent at 2.4 GHz. In the first scenario, the permittivity of brick was changed from 

3.8 to 5 and the loss tangent was fixed at 0.55. In the second scenario, the loss tangent was 

changed from 0.55 to 0.04 and the permittivity was fixed at 3.8. Then the permittivity and 

loss tangent were set to 5 and 0.04, respectively in third scenario. In the fourth scenario, 

the internal walls in the building were changed from brick to plasterboard material with 

permittivity of 2.41 and loss tangent of 0.09 as shown in Table 3.2.  

The amplitude and cumulative probability distributions were used to provide a comparison 

between the E-field values within the Victorian house at 2.4 GHz in the four scenarios. 

Figure 3.26 (a) and Figure 3.26 (b) show the results of E-field amplitude and cumulative 

probability distributions for the previous scenarios within the kitchen and front room. The 

results demonstrate that there is no noticeable difference in the E-field distribution in the 

kitchen for all scenarios. However, the E-field distributions in the front room have 

significant variations between the scenarios. It is clear from scenario 2 that changing the 

loss tangent from 0.55 to 0.04 increased the average value of the E-field by 3 dBV/m. 

Scenario 1 results show that changing the permittivity of material has very little effect on 

the E-field distribution as shown in Figure 3.26 (b). Scenario 3 results show that the loss 

tangent has a dominant effect on the E-field values where the average value of the E-field 

is increased by 3 dBV/m which is similar to the results in scenario 2. When the internal 

wall material was changed from brick to plasterboard, the E-field distributions are 

attenuated by 3 dBV/m.  Figure 3.26 (a) shows that the highest amplitude of the E-field in 

the front room is when the material with the permittivity of 3.8 and loss tangent of 0.04 

are used and the amplitude probability distribution is 18 % at -3 dBV/m. This is due to the 

decrease in the loss tangent. 
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(a)                                                                         (b) 

 Figure 3.26: E-field amplitude and cumulative probability distribution for material properties at 

2.4 GHz. 

The effect of internal wall thickness and the furniture such as sofa, TV and TV table placed 

in the front room on the E-field distribution in the kitchen and front room has been studied 

and compared with the results of scenario A in section 3.2.3 (no furniture and thickness 

of 10 cm). The sofa was placed near to the door in the front room and the TV and TV table 

were placed in the corner in the front room. The sofa is made of polyester (e =
1.6	)*+ tan v = 0.02	L	[83] with size of 1.2 m x 2 m. TV is made of glass (e =
6.39	)*+ tanv = 0.129	L	 with size of 42 inch and TV table is made of wood (e =
2.18	)*+ tanv = 0.23	L	with size of 1m x 0.5 m. The parameters of the TV and table were taken 

from FEKO library. In order to carry out these investigations three scenarios were 

designed as follows: scenario 1 some furniture was placed in the front room, scenario 2 

the thickness of internal wall was set to15 cm and in the third scenario the wall thickness 

was set to 20 cm. The amplitude and cumulative distributions function are used to analysis 

the E-field values for these scenarios within Victorian house at 2.4 GHz as shown in 

Figure 3.27. The word “original” in the legend of the figures refers to scenario A. By 

comparing the results of the three scenarios, it can be seen that there are very little 

variations in the E-field distribution values between the scenarios in both the kitchen and 

the front room as shown in Figure 3.27 (b). Figure 3.27 (a) illustrates that amplitude of the 
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E-field in the front room is the same for all the scenarios with an amplitude probability 

distribution of 17 % at -3 dBV/m.  

 

 

(a)                                                                         (b) 

Figure 3.27: E-field amplitude and cumulative probability distribution for wall thickness and the 

furniture at 2.4 GHz. 

 

In order to investigate the effect of human occupants on E-field distributions, scenario I 

in Table 3.3 (where two humans are present in the kitchen and two humans present in the 

front room) was chosen as a reference. Four scenarios were designed with different 

dimensions of human and compared with the results of scenario I (height = 170 cm, 

width=35 cm and thickness=15 cm). For scenario 1 the height was changed to 190 cm, 

scenario 2 the width was changed to 55 cm and in scenario 3 the thickness was changed 

to 20 cm and in each scenario the rest of the dimensions are kept similar to scenario I. 

Scenario 4 the human geometry was as follows: the height =190 cm, width = 55 cm and 

thickness = 20 cm. The amplitude and cumulative probability distributions are used to 

analysis the E-field values for these scenarios within the Victorian house at 2.4 GHz as 

shown in Figure 3.28. The results show that there are very little variations in the E-field 

distribution values between these scenarios in the kitchen. However, the E-field 

distributions in the front room have significant variations between scenarios. The results 

of the cumulative probability distribution show that the average value of the signal in case 
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of scenario I in the front room is -7 dBV/m whereas the average value when the width is 

changed to 55 cm (scenario two) in the front room is -14 dBV/m, which results in 7 dB 

attenuation. The thickness of human has a very little effect on the E-field distribution. 

However, when the height, width and thickness of human were changed as in scenario 4, 

the E-field distributions is attenuated by 3 dB. Figure 3.28 (a) shows that the lowest 

amplitude of the E-field in the kitchen was in case of scenario I with an amplitude 

probability distribution of 14 % at 3 dBV/m compared with the four scenario.  

 

(a)                                                                            (b) 

Figure 3.28: E-field amplitude and cumulative probability distribution for difference 

dimensional of human at 2.4 GHz. 

 

3.9 The Effect of the Transmitted Power on the E-Field 

Distributions. 

In this section the effect of the closed doors on the E-field levels at different transmitted 

power values is studied at 2.4 GHz. The transmitter powers considered are 2 mW, 50 mW 

and 100 mW. These represent typical power values for lower Zigbee, maximum Zigbee 

and Wi-Fi router, respectively. Table 3.5 showed the scenarios used in this analysis. In 

this investigation, method B was used for the statistical analysis. Figure 3.29 (a) to 

Figure 3.29 (c) show the results for the E-field levels difference between scenarios A (2 

mW, open door) and scenarios B (2 mW, closed door), scenarios A (50 mW, open door) 
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and scenarios B (50 mW, closed door) and scenarios A (100 mW, open door) and scenarios 

B (100 mW, closed door), respectively. The results demonstrate that the effect of door 

(closed and open) between kitchen and front room attenuates the signals in most area of 

the front room by 15 dB in all scenarios. The amplitude and cumulative probability 

distributions are calculated for the E-field simulated values for the difference between 

scenarios at the three different power values in the ground floor as shown in Figure 3.30. 

The results show that there are no variations in the E-field distribution values between the 

scenarios for the different transmitted power in the ground floor. These results confirm 

that the effect of the door on the E-field levels remains the same regardless of the 

transmitted power values. Also these results proved that the validation of our main interest 

which is investigating the parameters effect on the E-field is independent of the power 

values.   

 

Table 3.5: Scenarios used for statistical analysis.  

Scenarios Door Open Transmitted Power 

(mW) 

Frequency 

(GHz) 

A Yes 2 2.4 

B No 2 2.4 

A Yes 50 2.4 

B No 50 2.4 

A Yes 100 2.4 

B No 100 2.4 
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(a)                                  (b)                              (c) 

Figure 3.29: Simulated E-field (dB) difference between scenarios A & B for different 

transmitted power at 2.4 GHz: 

 (a) 2 mW  (b) 50 mW  (c) 100 mW. 

 

 

(a)                                                                      (b) 

Figure 3.30: E-field amplitude and cumulative probability distribution for different transmitted 

power at 2.4 GHz.  
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3.10  Conclusions 

This chapter investigated the changes in the E-field strength within the ground floor of a 

Victorian house at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz. The transmitter was located 

in the middle of the kitchen facing exactly the middle of the kitchen door. Ten different 

Scenarios were compared for opening and closing doors and changing the building’s 

occupancy level.  The effects of different obstacles inside the rooms were compared and 

the one which has the most significant effect on the received E-field strength was 

highlighted. By comparing the four frequencies in case of open door and no occupants 

exist in the house, it can be seen that the E-field coverage levels within front room at the 

low frequencies are higher than that at the high frequencies. The closing door has a 

significant effect on the E-field coverage levels within the front room at the four 

frequencies whereas has less effect on the E-field coverage levels within the kitchen. The 

propagated signals passed through the closed door at high frequencies were attenuated by 

nearly 12 dB whereas at low frequencies were attenuated only by 3 dB. At 2.4 GHz, results 

have shown that human occupants in the kitchen can locally change the E-Field by 

approximately 12 dBV/m whereas human occupants in the kitchen at 5.8 GHz, 868 MHz 

and 433 MHz can have an effect from 3 dBV/m to 9 dBV/m. The human occupants in 

front room at 433 MHz have most significant effect on the electric field level in the front 

room. However, the presence of human in the front room has less effect on the signal 

propagation levels than presence of human in the kitchen. 

The results showed that the door status or the presence of human within ground floor has 

less effect on the average of E-field values for all scenarios within the front room at lower 

frequencies. However, the effects of the door statues and human on the average of the E- 

field values for all scenarios within front room at higher frequencies were obvious. The 

simulation results illustrated that the lower frequencies provide a better coverage and 

higher average E-field levels than the higher frequencies. 

The effect of the permittivity and the loss tangent on the received E-field strength was 

investigated and compared to the results in scenario A. The results showed that the loss 

tangent has the highest effect on the E-field distribution in the front room. The results also 

demonstrated that the thickness of internal wall and the furniture have a little effect on the 
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E-field coverage levels. The investigation of human geometry showed that the width of 

the human has a higher effect than the height and thickness on the E-field distributions.  

To summarise, there were large variations in the E-field distribution levels in the front 

room compared to the E-field distribution levels in the kitchen. This is due to the presence 

of the transmitter source in the kitchen. Finally, the results showed that the door status can 

cause a significant attenuation to the signal at all four frequencies. 
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4 Chapter 4 – Analysis of E-Field Distribution on Vertical 

Plane for Configuration A in Multi Floors within House 

This chapter investigates the distribution of the E-field at the vertical plane cut within the 

basement, ground floor and first floor in a Victorian house. The dipole antenna transmitter 

was placed in the same location as described in chapter 3. 

 

4.1 Introduction 

Users could be anywhere in the house resulting in the need to characterise the signal 

coverage in a vertical plane through the multiple floors. The dipole antenna transmitter in 

this chapter was located in the kitchen opposite the door as in configuration A. The 

distribution of the E-field in the vertical plane within the basement, ground floor and first 

floor in a Victorian house have been investigated. Again, frequencies of 5.8 GHz, 2.4 

GHz, 868 MHz, 433 MHz have been considered. Also, FEKO has been used to calculate 

the E-field distribution. The scenarios that were used in the previous chapter also have 

been used here to investigate the effect of opening and closing doors and changing the 

occupants positions in the E-field distributions on all three floors. The methodology is 

described in the next section. In section 4.3 Simulation of the E-Field Distributions in the 

Vertical Plane at 5.8 GHz is presented, in section 4.4 at 2.4 GHz, section 4.5 at 868 MHz 

and section 4.6 at 433 MHz. A further discussion of previous sections is summarized in 

section 4.7. Section 4.8 concludes this chapter. 

 

4.2 Simulation Scenarios 

The experiments setup are exactly the same as described in chapter 3. Twelve different 

scenarios were designed (A to L) presented in Table 4.1 to investigate the effects of doors 

status and the presence of humans on the E-field distribution in the entire three floors in 

the Victorian house. 
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Figure 4.1 illustrates the layout of the basement, ground floor and first floor of the house 

and shows the locations of the occupants, the door and the transmitting antenna. These 

scenarios designed based on the fact that the house consists of two bedrooms, kitchen and 

front room. In this chapter, four scenarios from the twelve different scenarios are analysed. 

In order to analyse the effect of opening and closing the doors, scenario A and scenario B 

are investigated. The estimated numbers of people who live in this kind of house are 

expected to be four.  People are expected to be anywhere in the house; however, we 

assume that people spend most of their time in the kitchen or the front room or occupants 

could be in different rooms. For these reasons scenario J which represent two occupants 

in the kitchen and two occupants in the front room with closed doors scenario and scenario 

L which represent one occupant in the kitchen, one occupant in the front room, one 

occupant in bedroom 1 and one occupant in the bedroom 2 with closed doors scenario are 

considered for studying. In these scenarios, the effect due to furniture and other equipment 

existing inside the house is neglected. The results of the other eight different scenarios are 

presented in the appendix. 

 

Table 4.1: Scenarios used for statistical analysis. 

 Occupied 
Door 

Open 
Location 

A No Yes - 

B No No - 

C Yes (x1) Yes 2 

D Yes (x1) No 2 

E Yes (x2) Yes 2 and 5 

F Yes (x2) No 2 and 5 

G Yes (x2) Yes 7 and 8 

H Yes (x2) No 7 and 8 

I Yes (x4) Yes 1,3,4 and 6 

J Yes (x4) No 1,3,4 and 6 

K Yes (x4) Yes 2,5,7 and 8 

L Yes (x4) No 2,5,7 and 8 
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Figure 4.1: Layout of vertical cut of Victorian house. 

 

4.3 Simulation of the E-Field Distributions on Vertical Plane 

for configuration A at 5.8 GHz 

The simulation setup and parameters are exactly the same as described in section 3.3. 

Analysis is performed for different occupancy scenarios as described in the section 4.2.  

The results presented consider the E-field amplitude distribution obtained for the 

basement, the ground floor and the first floor of the Victorian house. Results were sampled 

in a vertical cut plane in all floors and the x-axis was in the same position of the source 

antenna. 840 samples of the E-field amplitude were obtained from the simulations in each 

floor (ground floor and first floor), while 400 samples of the E-field amplitude were 

obtained in the basement due to each floor has two rooms and the basement has one room.  

The amplitude probability and the cumulative probability distributions of the E-field 

distribution have been used for analysis purposes. The methods used to analysis the results 

are method A, B and C as stated in section 3.3. 
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4.3.1 Method A results 

For method A, the E-field amplitude distribution in vertical cut within the Victorian house 

in the first floor, ground floor and basement for the scenarios A, B, J and L at 5.8 GHz are 

shown in Figure 4.2. In the case of open door and no occupants exist in the Victorian 

house, high E-field levels are observed in the ground floor in both the kitchen and the 

front room ranged between 6 dBV/m to -12 dBV/m while a low E-field levels are observed 

in the first floor and the basement as shown in Figure 4.2 (a). This is due to the transmitter 

was located in the middle of the kitchen facing exactly the middle of door in the kitchen 

which caused high signals propagated through the door to the front room and no obstacles 

exist between the transmitter and the receiver in the ground floor. The results also show 

that the closed door has a significant effect on the E-field distributions within the ground 

floor. The low E-field levels are obtained within the front room in the ground floor ranged 

between -18 dBV/m to -33 dBV/m. Due to closed doors within Victorian house, very low 

E-field levels obtained in the ground of the basement and the roof in the first floor ranged 

between -33 dBV/m to -36 dBV/m as shown in Figure 4.2 (b). When there are occupants 

in the kitchen, the E-field levels signals behind the human are -12 dBV/m. While the 

presence of occupants in the front room, the E-field levels behind the occupants are ranged 

between -24 dBV/m and – 33 dBV/m. Figure 4.2 (d) shows that the presence of occupants 

in the first floor have a little effect on the E-field distributions in the first floor.  
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Figure 4.2: Simulated E-field (dBV/m) distributed on Vertical Cut of Victorian House at 5.8 

GHz: 

(a) Scenario A  (b) Scenario B  (c) Scenario J  (d) Scenario L. 

 

4.3.2 Method B results 

For method B, either high or low field E-field distribution levels within the Victorian 

house are used to obtain the difference between scenarios A (unoccupied, open door) and 

other scenarios at 5.8 GHz as shown in Figure 4.3. Scenario (A) was used as a reference 

for the analysis. The positive values (shown as yellow to red) represent areas with higher 
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E-field distributions when compared to scenario (A). While the negative values (shown as 

blue and black) represent areas with lower E-field distributions. 

Figure 4.3 (a) shows that the E-field distributions in the front room in the ground floor 

have the biggest effect when the doors status is changed. The propagated signals coming 

through the closed door in the front room in the ground floor is attenuated by 

approximately 21 dB compared to the propagated signals when the door is open. Also the 

E-field levels in some areas in the basement and the first floor is attenuated by -12 dB due 

to the changing the doors status.   

The presence of occupants within Victorian house has a different effect on the E-field 

distributions. When all four occupants are presented in the ground floor (two in the kitchen 

and two in the front room), the E-field levels behind the occupants in the kitchen are 

attenuated ranged between -12 dB and -18 dB. Due to the reflection from the occupants 

and the walls, the E-field levels in some areas in the bed1 and the basement are increased 

by 12 dB as shown in Figure 4.3(b). In case of four occupants are distributed within the 

house (one in kitchen, one in the front room, one in the bed1 and one in the bed2), it can 

be seen that more areas in the bed1 and basemen are improved in the E-field distributions 

compared to when the occupants are present in the ground floor. The E-field strength is 

increased at the area located between the ground of the basement and one metre above the 

ground of the basement varying from 3 dB to 12 dB. This is due to the distribution of the 

occupants within the house and the middle and exterior wall which caused multipath 

effect. The results of all scenarios clearly demonstrate that the doors status (open or 

closed) have a significant effect on the E-field coverage in the Victorian house. It can be 

seen that the presence of the occupants in the first floor have a limited effect on the E-

field distributions within the house.  
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Figure 4.3: Simulated E-field (dB) on vertical cut difference plot between scenarios A 

(unoccupied, open door) and other scenarios at 5.8 GHz: 

 (a) Scenario A & B  (b) Scenario A & J  (c) Scenario A & L. 

 

4.3.3 Method C results 

For method C, the amplitude and cumulative probability distributions are used to provide 

a comparison between different scenarios of the E-field values in the basement, ground 

floor and first floor within the Victorian house at 5.8 GHz. Figure 4.4 (a) to Figure 4.4 (f) 
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scenario A to scenario L, respectively within the basement, ground floor and first floor. 

The x-axis represents the distribution of the E-field levels while y-axis represents its 

probability percentage. In ground floor, it can be seen from the cumulative probability 

distribution that the closed door has reduced the average value of the E-field by 10 dBV/m. 

Also the results demonstrate that from 50% to 80% of the cumulative probability 

distribution in the ground floor have reduced the E-field by 3 dBV/m which is due to 

presence of occupants within the house. It can be seen that from Figure 4.4 (a) the lowest 

amplitude of the E-field distribution in the basement is in case of closed door scenario 

with an amplitude probability distribution of 9% at -24 dBV/m. Also from the cumulative 

probability distribution in the basement the lowest average value of the E-field was in case 

of closed doors with presence of four occupants within the house at -20 dBV/m. It can be 

seen that from Figure 4.4 (f) the lowest average value of the E-field in the first floor was 

in case of closed door scenario by -24 dBV/m. This is due to the door status are changed 

from open to closed doors which cause some signals are absorbed and some are reflected.    
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Figure 4.4: Vertical cut analysis at 5.8GHz: 

 (a) Basement amplitude distribution  (b) Basement cumulative distribution  (c) Ground Floor 

amplitude distribution  (d) Ground Floor cumulative distribution  (e) First Floor amplitude 

distribution  (f) First Floor cumulative distribution.  

(Key: B = Basement, G = Ground Floor, F=First Floor, O = open door, C = closed door, 2HK = two 

occupants in the kitchen and 2HF= two occupants in the front room, 1HB1=one occupant in Bedroom 1, 

1HB2=one occupant in Bedroom 2). 
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4.4 Simulation of the E-Field Distributions on Vertical Plane 

at 2.4GHz 

The simulation setup and parameters are exactly the same as described in the section 3.4. 

Analysis is performed for different occupancy levels scenarios as described in the 

section 4.2. 

E-field amplitude distribution are obtained for the ground floor of the Victorian house. 

Results are sampled in a vertical cut plane in all floors and the x-axis was in the same 

position of the source antenna. 840 samples of the E-field amplitude were obtained from 

the simulations in each floor (ground floor and first floor), while 400 samples of the E-

field amplitude are obtained in the basement due to each floor has two rooms and the 

basement has one room. Amplitude probability and the cumulative probability 

distributions of the E-field distribution are used for analysis purposes as described in [81] 

and [82]. Results obtained from scenarios A, B, J and L are used in this chapter. The same 

three methods (A, B and C) are used in this section. 

 

4.4.1 Method A Results 

For method A, the E-field distributions results are presented for the scenarios A, B, J and 

L as shown in Figure 4.5. In case of open door and no occupants exist in the Victorian 

house, it can be seen that high E-field levels are obtained in the ground floor and the area 

near to the ground floor in the first floor and the basement ranged between 6 dBV/m and 

-12 dBV/m. This is due to there is no obstacles between the transmitter source and the 

receiver in the ground floor.  However, low E-field levels are obtained in most area in the 

first floor and the basement ranged between -18 dBV/m and -33 dBV/m. Figure 4.5 (b) 

shows that the E-field distribution within the Victorian house have a great effect when the 

doors are closed. When the doors are closed, the E-field distributions in the front room in 

the ground floor are ranged between -9 dBV/m and -24 dBV/m. When there are occupants 

in the kitchen, the E-field levels signals behind the human are attenuated by -12 dBV/m. 

While the presence of occupants in the front room, the E-field levels behind the occupants 
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are ranged between -18 dBV/m and -24 dBV/m. Figure 4.5 (d) shows that the presence of 

occupants in the first floor have a little effect on the E-field distributions in the first floor. 

Also, it can be seen that when the occupants are present in the house, the E-field 

distributions in the basemen are ranged between -9 dBV/m and -24 dBV/m.   

 

 

Figure 4.5: Simulated E-field (dBV/m) distributed on vertical cut of Victorian house at 2.4GHz:  

(a) Scenario A (b) Scenario B  (c) Scenario J  (d) Scenario L.  
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4.4.2 Method B Results 

For method B, similar investigations to those in the previous section were carried out in 

this section at 2.4 GHz. Figure 4.6 illustrates the E-field level differences between scenario 

A and other scenarios at 2.4 GHz. It can be seen that the E-field levels in most area in the 

front room have been attenuated by 15 dB due to the closed door between the kitchen and 

the front room as shown in Figure 4.6 (a). Also the E-field levels in some areas in the 

basement and the first floor have attenuated by -12 dB due to the doors status changed.  

When all four occupants are present in the ground floor (two in the kitchen and two in the 

front room) and the doors are closed, the E-field levels behind the occupants in the kitchen 

are attenuated ranged between -9 dB and -18 dB. Due to the reflection from the occupants 

and the walls, the E-field levels in most areas in the bed 1 and the basement are improved 

ranged between 3 dB and 12 dB as shown in Figure 4.6 (b). In case of four occupants are 

distributed within the house (one in kitchen, one in the front room, one in the bed1 and 

one in the bed2), it can be seen that most areas in the bed1 and basemen are improved in 

the E-field distribution compared to when the occupants are present in the ground floor as 

shown in Figure 4.6 (c). The occupant in the bed2 has decreased the E-field distribution 

by 9 dB. The E-field distribution in most area in the basement are improved varying from 

3 dB to 12 dB. This is due to the distribution of the occupants within the house and the 

middle and exterior wall which caused multipath effect. The results of all scenarios clearly 

demonstrate that the doors status (open or closed) have a significant effect on the E-field 

coverage in the Victorian house. It can be seen that the presence of the occupants within 

the house have a great effect on the E-field distribution in the basement. 
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Figure 4.6:  Simulated E-field (dB) on vertical cut difference plot between scenarios A 

(unoccupied, open door) and other scenarios at 2.4GHz:  

(a) Scenario A & B  (b) Scenario A & J  (c) Scenario A & L. 

 

4.4.3 Method C Results 

For method C, the amplitude and cumulative probability distributions are used to analysis 

the E-field values for the four scenarios in the basement, ground floor and first floor within 

the Victorian house at 2.4 GHz as shown in Figure 4.7. The results of the cumulative 

probability distribution figure show that the average value of the signal in case of the open 
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door in the ground floor is -3 dBV/m whereas the average value in case of closed door in 

the ground floor is -9 dBV/m. This attenuation is due to the change of the door status from 

open to closed door. When occupants are present within the house, the results show that 

there are a little variations in the E-field distribution values in the ground floor. Figure 4.7 

(c) show that the highest amplitude of the E-field within the ground floor is in case of 

open door scenario with an amplitude probability distribution of 24% at -3 dBV/m. It can 

be seen that from Figure 4.7 (b) the E-field distribution values in the basement in case of 

presence of occupants within the house are improved by 9 dBV/m compared in case of 

open door and no occupants within the house. However, when the doors is closed, the E-

field distributions in the basement was attenuated by 3 dBV/m. Figure 4.7 (f) demonstrates 

that the presence of occupants within the house improved the E-field distribution values 

in the first floor. The average E-field cumulative probability distributions in the first floor 

for closed doors with presence of occupants within the house are -18 dBV/m. However, 

the average E-field cumulative probability distributions values in the first floor for closed 

doors scenario are -22 dBV/m. The peak value of the E-field amplitude probability 

distribution in the first floor in case of presence of occupants within the house is 25% at -

15 dBV/m while the peak in the basement  in case of presence of occupants within the 

house is 38% at -12 dBV/m as observed in Figure 4.7 (e) and Figure 4.7 (a), respectively. 
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Figure 4.7: Vertical cut analysis at 2.4GHz: 

 (a) Basement amplitude distribution  (b) Basement cumulative distribution  (c) Ground Floor 

amplitude distribution  (d) Ground Floor cumulative distribution  (e) First Floor amplitude 

distribution  (f) First Floor cumulative distribution.  
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4.5 Simulation of the E-Field Distributions on Vertical Plane 

at 868 MHz 

The simulation setup and parameters are exactly the same as described in section 3.5. 

Same twelve scenarios (A to k) that described in the previous section are also investigated 

in this section. 

Same parameters that used in the previous section are used in following simulation 

scenarios. The samples are selected in a vertical cut plane in all floors and the x-axis is in 

the same position of the source antenna. 840 samples of the E-field amplitude were 

obtained from the simulations in each floor (ground floor and first floor), while 400 

samples of the E-field amplitude were obtained in the basement due to each floor has two 

rooms and the basement has one room. The amplitude probability and the cumulative 

probability distributions are used to analysis the E-field distributions. This section presents 

the results obtained from the scenarios described in section 4.2. The same three methods 

(A, B and C) are also used for analysis. 

 

4.5.1 Method A Results 

For method A, the E-field amplitude distributions are calculated for the scenarios A, B, J 

and L at 868 MHz as shown in Figure 4.8. High E-field levels were obtained in the ground 

floor and some area in the basement and the first floor which are located near to the ground 

floor ranged between -3 dBV/m to 6 dBV/m for the case of open door and no occupant 

exist within the Victorian house. The results illustrate that when the door are closed the 

E-field strength in the front room is reduced by approximately 3 dBV/m. This is due to 

the low frequency used in the transmitter results in high coverage as shown in Figure 4.8 

(b). The E-field distributions in the basement and the first floor have a little variation effect 

due to the closed door. In case of four occupants are present in the ground floor (two in 

the kitchen and two in the front room) and the doors are closed, the E-field levels behind 

the occupants in the kitchen are -6 dBV/m while the E-field levels behind the occupants 

in the front room are -12 dBV/m. The E-field distribution in the basement and the first 
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floor are ranged between -12 dBV/m and -27 dBV/m as shown in Figure 4.8 (c). When 

the occupants are present in the first floor, the E-field distributions behind the occupants 

are ranged between -12 dBV/m and -21 dBV/m.  

  

 

 

Figure 4.8: Simulated E-field (dBV/m) distributed on vertical cut of Victorian house at 868 

MHz: 

 (a) Scenario A  (b) Scenario B  (c) Scenario J  (d) Scenario L. 
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4.5.2 Method B Results 

For method B, either high or low field E-field distribution levels within the Victorian 

house are used to obtain the difference between scenarios A (unoccupied, open door) and 

other scenarios at 868 MHz as shown in Figure 4.9. Scenario (A) is used as a reference 

for the analysis. The positive values (shown as yellow to red) represent areas with higher 

E-field distributions when compared to scenario (A). While the negative values (shown as 

blue and black) represent areas with lower E-field distributions. 

Figure 4.9 (a) shows that the E-field distributions in the front room in the ground floor 

have attenuated ranged between 3 dB and 9 dB when the doors status are changed from 

open to closed doors. Also the E-field levels in some areas in the basement and the first 

floor is attenuated by -6 dB due to the doors status changed.   

The presence of occupants within Victorian house has a different effect on the E-field 

distributions. When all four occupants are present in the ground floor (two in the kitchen 

and two in the front room), the E-field levels behind the occupants in the kitchen and the 

front room are attenuated ranged between -6 dB and -15 dB. Due to the reflection from 

the occupants and the walls, the E-field levels in some areas in the bed 1 and the basement 

are attenuated by 9 dB as shown in Figure 4.9 (b). In case of four occupants are distributed 

within the house (one in kitchen, one in the front room, one in the bed1 and one in the 

bed2), the E-field levels behind the occupants are attenuated ranged between -6 dB and -

12 dB. The results of all scenarios clearly demonstrate that the presence of the occupants 

within the house at 868 MHz have a significant effect on the E-field coverage in the 

Victorian house.  
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Figure 4.9: Simulated E-field (dB) on vertical cut difference plot between scenarios A 

(unoccupied, open door) and other scenarios at 868 MHz: 

 (a) Scenario A & B  (b) Scenario A & J  (c) Scenario A & L 
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a comparison between different scenarios of the E-field values in the basement, ground 

floor and first floor within the Victorian house at 868 MHz as shown in Figure 4.10. It can 

be seen from the amplitude and the cumulative probability distribution results for the 
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basement and the first floor that there are a little variations in the E-field distribution 

values between the four scenarios. It can be seen from the cumulative probability 

distribution for the basement and the first floor that the average values of the signals for 

all scenarios in the front room are within 3 dBV/m ranged between -18 dBV/m and -15 

dBV/m. Figure 4.10(c) illustrates that the lowest amplitude of the E-field for the ground 

floor is in case of closed door with two occupants in kitchen and two occupants in the 

front room scenario with an amplitude probability distribution of 16% at -10 dBV/m. This 

was due to the presence of four occupants in the ground floor which cause some signals 

are absorbed and some reflected. The results of the cumulative probability distribution 

figure show that the average value of the signal in case of the open doors in the ground 

floor is -2 dBV/m whereas the average value in case of closed doors with two occupants 

in kitchen and two occupants in the front room scenario in the ground floor is -8 dBV/m. 

This attenuation is due to the change of the door status from open to closed door and 

presence of four occupants within the ground floor.  
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Figure 4.10: Vertical cut analysis at 868 MHz: 

 (a) Basement amplitude distribution  (b) Basement cumulative distribution  (c) Ground Floor 

amplitude distribution  (d) Ground Floor cumulative distribution  (e) First Floor amplitude 

distribution  (f) First Floor cumulative distribution.  
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4.6 Simulation of the E-Field Distributions on Vertical Plane 

at 433 MHz 

The E-field is generated using 433 MHz dipole antenna in the following simulations. The 

parameters that used in these simulations are the same as described in section 3.6. Based 

on the designed described above, twelve different scenarios are designed named as (A to 

L).  

As described in the previous section, the results focus on the E-field amplitude 

distributions in a vertical cut plane in all floors of the Victorian house. The amplitude 

probability and the cumulative probability distributions are used to analysis the E-field 

distributions. This section presents the results obtained from the scenarios described in 

section 4.2. The same three methods (A, B and C) are also used for analysis.  

 

4.6.1 Method A Results 

For method A, the E-field amplitude distribution in vertical cut within Victorian house in 

the first floor, ground floor and basement for the scenarios A, B, J and L at 433 MHz were 

shown in Figure 4.11. In the case of open door and no occupants exist in the Victorian 

house, a high E-field levels are observed in the ground floor in both the kitchen and the 

front room ranged between 6 dBV/m to -12 dBV/m. The low E-field distributions are 

observed in some small areas near to the roof of the first floor and near to the ground of 

the basement in the front room with value of -24 dBV/m as shown in Figure 4.11 (a). Also 

it can be seen that the walls between floors have attenuated the propagated signals coming 

through the walls by 3 dBV/m. The results also show that the closed doors have a little 

effect on the E-field distributions within the house due to the low frequency used. The low 

E-field levels are obtained near to the exterior wall in the front room in the ground floor 

with value of -21 dBV/m. In case of closed doors and two occupants present in the kitchen 

and two occupants present in the front room, it can be seen that the E-field levels behind 

the occupants in the kitchen are ranged between -3 dBV/m and -9 dBV/m. While the 

presence of occupants in the front room, the E-field levels behind the occupants are ranged 
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between -12 dBV/m and - 21 dBV/m. Figure 4.11 (d) shows that the presence of occupants 

in the first floor attenuated the E-field coverage behind the occupants in the first floor by 

6 dBV/m.  

 

 

 

Figure 4.11: Simulated E-field (dBV/m) distributed on vertical cut of Victorian house at 433 

MHz: 

(a) Scenario A  (b) Scenario B  (c) Scenario J  (d) Scenario L. 
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4.6.2 Method B Results 

For method B, similar investigations to those in the previous section are carried out in this 

section at 433 MHz. Figure 4.12 illustrates the E-field level differences between scenario 

A and other scenarios at 433 MHz. It can be seen that the E-field levels in most area in 

the front room have been attenuated by 6dBV/m due to the closed door between the 

kitchen and the front room as shown in Figure 4.12 (a). Also the E-field levels in some 

areas in the basement and in the bed 1 in the first floor have increased by 6 dB due to the 

doors status changed. When all four occupants are present in the ground floor (two in the 

kitchen and two in the front room) and the doors are closed, the E-field levels behind the 

occupants in the kitchen are attenuated ranged between -6 dB and -12 dB. The E-field 

levels in some spot area in the basement and first floor are improved by 3 dB to 9 dB due 

to the reflection from the occupants and the walls as shown in Figure 4.12 (b). Due to the 

presence of two occupants in the front room and the doors are closed, the E-field 

distributions in most area in the front room is attenuated by -12 dB. In case of four 

occupants are distributed within the house (one in kitchen, one in the front room, one in 

the bed1 and one in the bed2), it can be seen that the occupants in the first floor have 

decreased the E-field distribution by 6 dB. The E-field distributions behind the occupants 

in the ground floor is attenuated by -9 dB to -18 dB. The E-field distribution in most area 

in the basement are decreased by 6 dB. The results of all scenarios clearly demonstrate 

that the presence of the occupants within the house at 433 MHz have a significant effect 

on the E-field coverage in the Victorian house.  
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Figure 4.12: Simulated E-field (dB) vertical cut difference plot between scenarios A 

(unoccupied, open door) and other scenarios at 433 MHz: 

 (a) Scenario A & B  (b) Scenario A & J  (c) Scenario A & L. 

 

4.6.3 Method C Results 

For method C, the amplitude and cumulative probability distributions are used to analysis 

the E-field values in the basement, ground floor and first floor within the Victorian house 

for the four scenarios at 433 MHz as shown in Figure 4.13. The results demonstrate that 
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the variations in the E-field cumulative probability distributions for the basement and the 

first floor between the four scenarios are minimal. It can be seen from  

Figure 4.13 (a) and Figure 4.13 (e) that the highest amplitude of the E-field in the basement 

is in case of closed door with two occupants in kitchen and two occupants in the front 

room scenario with an amplitude probability distribution of 40% at -12 dBV/m. However, 

the lowest amplitude of the E-field in the ground floor is in case of closed door with two 

occupants in kitchen and two occupants in the front room scenario with an amplitude 

probability distribution of 13% at -6 dBV/m. This is due to the presence of four occupants 

in the ground floor which cause some signals are absorbed and some reflected. Figure 4.13 

(d) demonstrates the cumulative probability distributions of the E-field values within the 

ground floor. It can be seen that there is a variations within the region between 5% to 50% 

of the E-field cumulative probability distributions in the ground floor which is 

approximately 8 dBV/m.  
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Figure 4.13: Vertical cut analysis at 433 MHz: 

(a) Basement amplitude distribution  (b) Basement cumulative distribution  (c) Ground Floor 

amplitude distribution  (d) Ground Floor cumulative distribution  (e) First Floor amplitude 

distribution  (f) First Floor cumulative distribution.  
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4.7 Summary of Analysis 

This section compares the results of the E-field distributions across the frequencies 5.8 

GHz, 2.4 GHz, 868 MHz and 433 MHz. The transmitter for all the frequencies placed at 

the same location which is in the kitchen (1.2 m above the ground, 1.3 m from middle wall 

and 2.1 m from external wall). At the receiver the same scale is used ranging from -30 

dBV/m to 6 dBV/m for all frequencies. Only four scenarios (A, B, J and L) from each 

frequency are analysed in this section. The effect of the doors status and presence of 

occupants in the basement, ground floor and first floor within Victorian house on the E-

field distributions in the four scenarios is compared between the scenarios and the 

frequencies.   

 

4.7.1  Analysis of E-field without Occupants 

The E-field amplitude results are presented for open door and no occupants scenario 

within Victorian house for all four frequencies as shown in Figure 4.14. It can be seen 

from the results that the high E-field coverage in the ground floor for all four frequencies 

ranged between 6 dBV/m and -12 dBV/m. However, in the first floor and the basement 

the high E-field coverage at the low frequencies (i.e. 868 MHz and 433 MHz) is higher 

than at high frequencies (i.e. 5.8 GHz and 2.4 GHz).  The walls between floors attenuated 

the signals coverage at high frequencies more than at the low frequencies. Comparing the 

coverage signals within the basement across the four frequencies, it can be seen that the 

highest E-field distributions in the basement is at 433 MHz ranged between -6 dBV/m and 

-21 dBV/m whereas the lowest E-field distributions in the basement is at 5.8 GHz ranged 

between -21dBV/m and -33 dBV/m. Also, in the first floor the highest E-field distribution 

is at 433 MHz whereas the lowest E-field distribution is at 5.8 GHz.    

The effect of closing the door on the E-field amplitude coverage at the four frequencies is 

shown in Figure 4.15. It is observed that the attenuation on the propagated signals due to 

closing the doors depends on the value of the frequency. The door status (opening or 

closing) has a significant effect on the E-field distributions within the Victorian house at 

the high frequencies. It can also be seen that the E-field distributions in the front room in 
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the ground floor at 5.8 GHz are ranged between -18 dBV/m and -30 dBV/m whereas at 

433 MHz were ranged between -9 dBV/m and -18 dBV/m. Comparing the E-field 

distributions results in the basement for all four frequencies, it is noticed that the high E-

field distributions are occurred in most of the area in the basement at low frequencies 

whereas the low E-field distributions are occurred in the most of area in the basement at 

high frequencies.   

 

 

Figure 4.14: Simulated E-field (dBV/m) on vertical cut for open door at different frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 
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Figure 4.15: Simulated E-field (dBV/m) vertical cut results for closed door at different 

frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 

 

The amplitude and cumulative probability distributions are used to clarify the comparison 

between the different four investigated frequencies for open door scenario in the 

basement, ground floor and first floor within the Victorian house. Figure 4.16 (d) 

illustrates that the E-field distribution in the ground floor for open scenario is similar for 

all four frequencies. This similarity is due to the presence of the transmitter in the kitchen 

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(m)
(m

)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(a)                                                                  (b) 

    (c)                                                                     (d) 



Chapter 4 – Analysis of E-field on Vertical Plane for Configuration A  

 

  95  

 

and there are no obstructions between the transmitter and the receivers. Comparing the 

high frequencies (5.8 GHz and 2.4 GHz) and low frequencies (868 MHz and 433 MHz) 

in the basement and in the first floor for open scenario, the results demonstrate that the 

cumulative probability distributions for the low frequencies are higher than the high 

frequencies by 6 dBV/m. Also, it can be seen from cumulative probability distributions 

that there is a very little variations in the E-field distributions in the basement and the first 

floor for open scenario at low frequencies. However, the cumulative probability 

distributions at 5.8 GHz are lower than at 2.4 GHz by 3 dBV/m.  

Figure 4.16 (e) shows the lowest E-field amplitude probability distribution values in first 

floor is at 5.8 GHz and reached 15% at -15 dBV/m.   
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Figure 4.16: Vertical cut analysis at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz for open door 

for configuration A scenarios: 

 (a) Basement amplitude distribution (b) Basement cumulative distribution (c) Ground Floor 

amplitude distribution (d) Ground Floor cumulative distribution  (e) First Floor amplitude 

distribution  (f) First Floor cumulative distribution. 
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The E-field amplitude and the E-field cumulative probabilities distributions of closed door 

scenario are obtained for the four frequencies in the basement, ground floor and first floor 

within the Victorian house. It can be seen that from Figure 4.17 (d) for the case of closed 

door scenario in the ground floor there are some noticeable variations in the E-field 

distribution between the different four frequencies. The results demonstrate that from 0% 

to 70% of the cumulative probability distributions for the low frequencies are higher than 

at the high frequencies. The average E-field cumulative probability distributions in ground 

floor for closed door scenario at low frequencies have similar values which are 

approximately -3 dBV/m. However, the average E-field cumulative probability 

distributions values in the ground floor at 5.8 GHz and 2.4 GHz frequencies are -13 

dBV/m and -8 dBV/m, respectively. The peak value of the E-field amplitude probability 

distribution in the first floor at 433 MHz reached 35% at -16 dBV/m while the peak for 

5.8 GHz is 15% at -19dBV/m as observed in Figure 4.17 (a). Comparing the average E-

field cumulative probability distributions in basement and first floor for closed door 

scenario for the four frequencies, Figure 4.17 (b) and Figure 4.17 (f) demonstrate that the 

highest average E-field cumulative probability distributions values is at 433 MHz whereas 

the lowest average E-field cumulative probability distributions values is at 5.8 GHz. This 

is because of the high coverage signals of the low frequencies. 
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Figure 4.17: Vertical cut analysis at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz for closed door 

for configuration A scenarios: 

 (a) Basement amplitude distribution (b) Basement cumulative distribution (c) Ground Floor 

amplitude distribution (d) Ground Floor cumulative distribution (e) First Floor amplitude 

distribution (f) First Floor cumulative distribution. 
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The E-field levels within Victorian house are used to obtain the difference between the 

open door and the closed door scenarios at 5.8 GHz, 2.4 GHz, 868 MHz, 433 MHz as 

shown in Figure 4.18. The results show that the effect of the doors' status on the E-field 

distribution is more obvious at high frequencies than at low frequencies. By comparing 

the E-field distributions in the front room in the ground floor for all four frequencies, it 

can be seen that the closed doors at high frequencies have attenuated the propagated 

signals passed through the closed door by nearly 18 dBV/m whereas at low frequencies 

are attenuated only by 3 dBV/m. At 433 MHz, the difference in E-field coverage between 

the open and the closed door scenarios in the basement are increased near to the exterior 

wall by 6 dBV/m. However, at 5.8 GHz the difference in E-field coverage between these 

scenarios in the basement are attenuated near to the exterior wall by 18 dBV/m. Also, the 

E-field coverage levels in the first floor at low frequencies are higher than the E-field 

coverage levels at high frequencies. By comparing the effect of doors on the E-field 

distribution between the four frequencies, the highest effect is observed at 5.8 GHz. The 

E-field values in the most of the area in the front room in the ground floor at 5.8 GHz are 

very low down to -21 dBV/m. This is due to that the propagated signals strength of high 

frequencies source are less than the propagated signals strength of low frequencies. 
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Figure 4.18: Simulated E-field (dBV/m) on vertical cut results for difference between open and 

closed door scenarios at different frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 

 

4.7.2 Analysis of E-field with Occupants 

The E-field amplitude distribution within Victorian house in the basement, ground floor 

and first floor for scenario (L) at all four frequencies are illustrated in Figure 4.19. By 

comparing the presence of occupants in the kitchen in the ground floor across all the four 

frequencies, the E-field level values behind occupant at all four frequencies are ranged 

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

(a)                                                                            (b) 

(c)                                                                            (d) 



Chapter 4 – Analysis of E-field on Vertical Plane for Configuration A  

 

  101  

 

between -12 dBV/m and -6 dBV/m. This is due to presence of occupant near to the 

transmitter. Comparing the effect of the occupant on the E-field coverage in the front room 

across the four frequencies it has been found that the most significant effect is at the low 

frequencies. Also, the low E-field distributions within the house have occurred in the 

basement and the first floor at high frequencies ranged between -21 dBV/m and -33 

dBV/m. 

 

 

Figure 4.19: Simulated E-field (dBV/m) on vertical cut results for closed door &4human at 

different frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 
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A comparison between the results of the amplitude and cumulative probability 

distributions of the E- field values for the scenario (L) for the four frequencies in the 

basement, ground floor and first floor within the Victorian house is carried out as shown 

in Figure 4.20. When comparing the E-field values in the ground floor for the all the four 

frequencies, the results demonstrate that from 0 % to 70 % of the cumulative probability 

distributions for the low frequencies are higher than for the high frequencies. However, 

there is no variations of the E-field values from 70 % to 100 % of cumulative probability 

distribution in the ground floor between the four frequencies which is due to presence of 

the transmitting source in the kitchen. It can be seen that from Figure 4.20 (c) the peak 

value of amplitude of the E-field values in the ground floor for the low frequencies are 

higher than for the high frequencies. The lowest amplitude of the E-field values in the 

ground floor was at 5.8 GHz with amplitude probability distribution of 16% at -16 dBV/m. 

The average E-field cumulative probability distributions values in the basement at 2.4 

GHz, 868 MHz and 433 MHz are similar with value of approximately -15 dBV/m. 

However, the average E-field cumulative probability distributions values in the basement 

at 5.8 GHz are less than the other frequencies by approximately 6 dBV/m. When 

comparing the E-field values in the first floor for the all the four frequencies in Figure 4.20  

(f), the results demonstrate that the cumulative probability distributions for the low 

frequencies are higher than for the high frequencies. Figure 4.20 (e) shows that the highest 

amplitude of the E-field values in the first floor is at 433 MHz with amplitude probability 

distribution of 30 % at -12 dBV/m whereas the lowest amplitude of the E-field values in 

the first floor is at 5.8 GHz with amplitude probability distribution of 17 % at -15 dBV/m.  
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Figure 4.20: Vertical cut analysis at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz for closed door 

with four occupants distributed within the house scenario: 

  (a) Basement amplitude distribution (b) Basement cumulative distribution (c) Ground Floor 

amplitude distribution (d) Ground Floor cumulative distribution (e) First Floor amplitude 

distribution (f) First Floor cumulative distribution. 
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Figure 4.21 illustrates the simulated results for the E-field difference between the open 

door scenario and four occupants are distributed within the house (one in kitchen, one in 

the front room, one in the bed1 and one in the bed2) with the doors are closed scenario at 

5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz. It can also be seen that the very low E-field 

coverage within front room in the ground floor ranged between -12 dBV/m and -21 

dBV/m are obtained at high frequencies. By comparing the E-field distributions in the 

basement at all four frequencies, the results show that the E-field distributions at high 

frequencies are increased in the most of the area in the basement by 9 dBV/m whereas the 

low frequencies are attenuated by 6 dBV/m. At 5.8 GHz and 2.4 GHz there is a net 

increase in the E-field strength at some locations near to the occupants in the bed1 in the 

first floor between 9 dBV/m and 12 dBV/m. This is due to the constructive and the 

destructive reflections on the signals caused by the obstacles such as the wall, doors and 

occupant. However, the E-field levels behind the occupant in bed2 at all four frequencies 

are attenuated nearly by 6 dBV/m. The nearest occupant from the transmitter in the kitchen 

has the highest effect on the E-field distributions in the kitchen at 5.8 GHz which 

attenuated by -18 dBV/m. In general, the effect of the closed doors and occupants on the 

E-field distributions at high frequencies is higher than at the low frequencies due to the 

high signal coverage at low frequencies. 
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Figure 4.21: Simulated E-field (dBV/m) on vertical cut results for difference between open and 

closed door with 4 human scenarios at different frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 

 

4.7.3 The Average E-field Analysis for All Frequencies 

The average E-fields obtained from scenarios A, B, K and L in the basement, ground floor 

and first floor at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz are summarized in Table 4.2. 

When comparing the average E-field values in the ground floor between the four 
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field values at high frequencies. However, the doors status has a little effect on the average 

E-field values at low frequencies in the ground floor. The biggest effect of the doors status 

on the average E-field values is at 5.8 GHz which attenuated by 8 dBV/m. However, the 

variations in the average E-field values caused by closed door in the ground floor at 868 

MHz and 433 MHz are less than 2 dBV/m. It can be seen that the presence of occupants 

within the house have no effect on the average E-field values in the ground floor at low 

frequencies. However, the average E-field values in the ground floor at high frequencies 

are attenuated due to the presence of occupants in the house by 4 dBV/m. The average E-

field values in the ground floor at the low frequencies are higher than at the high 

frequencies.   

Comparing the average E-field values in the basement, it can be seen that the impact of 

the closed doors on the average E-field values in the basement is becoming more apparent 

at the high frequencies. By comparing scenarios A and B in the high frequencies in the 

basement, the variations in the average E-field values at high frequencies are 

approximately 4 dBV/m. When the occupants are existed within the house, the average E-

field values in the basement at high frequencies are increased by 5 dBV/m. However, the 

average E-field values in the basement at low frequencies are unaffected by the presences 

of human or door status.  

It can be observed that the average E-field values in the first floor at high frequencies are 

attenuated by 3 dBV/m due to changing the doors status from open to closed. When the 

occupants are presented within the house, the average E-field values in the first floor at 

high frequencies are increased by 5 dBV/m. By comparing the average E-field values in 

the first floor at low frequencies for the four scenarios, it can be observed that the 

variations in the average E-field values caused by closed doors or presences of occupants 

within the house are less than 2 dBV/m.  
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Table 4.2: The average electric fields for the four scenarios within basement, ground floor and 

first floor. 

Scenario 

Average Electric Field in 

Basement (dBV/m)  

Average Electric Field in 

Ground floor (dBV/m) 

Average Electric Field in First 

floor (dBV/m) 

5.8 

GHz 

2.4 

GHz 

868 

MHz 

433 

MHz 

5.8 

GHz 

2.4 

GHz 

868 

MHz 

433 

MHz 

5.8 

GHz 

2.4 

GHz 

868 

MHz 

433 

MHz 

A -22.2 -19.8 -14.2 -14.6 -0.4 -0.4 0.1 -0.8 -21.3 -18.4 -13.6 -13.0 

B -25.8 -24.1 -16.1 -14.2 -8.6 -5.0 -1.7 -1.8 -23.7 -20.2 -14.4 -12.9 

K -19.0 -13.9 -14.9 -14.5 -8.4 -5.1 -2.2 -3.7 -19.2 -16.3 -14.0 -12.9 

L -21.1 -14.1 -15.7 -13.2 -9.5 -6.4 -4.4 -3.9 -19.1 -16.2 -13.9 -12.1 

 

 

4.8  Conclusions 

In this chapter, an investigation into the changes in the E-field strength within the 

basement, ground floor and first floor of a Victorian house at 5.8 GHz, 2.4 GHz, 868 MHz 

and 433 MHz were carried out. Four different Scenarios were compared for opening and 

closing doors and changing the building’s occupancy level. The effects of different 

obstacles inside the rooms were compared and the one which has the most significant 

effect on the received E-field strength was highlighted. By comparing the four frequencies 

in case of open door and no occupants exist in the house, it was seen that the E-field 

coverage levels in the three floors within Victorian house at the low frequencies are higher 

than that at the high frequencies. The closing doors have a significant effect on the E-field 

coverage levels within the house at the high frequencies whereas have less effect on the 

E-field coverage levels at the low frequencies. The closed doors at high frequencies have 

attenuated the propagated signals passed through the closed door by nearly 18 dB whereas 

at low frequencies were attenuated only by 3 dB. Comparing the effect of the occupants 

on the E-field coverage within the house across the four frequencies, it was found that the 

human occupants in ground floor have the most significant effect on the E-field level in 
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the house. However, the presence of occupants in the first floor has less effect on the signal 

propagation levels than presence of human in the ground floor. By comparing the 

basement when the occupants were present in the house at all four frequencies, the results 

showed that the E-field distributions at high frequencies are increased in most area in the 

basement by 9 dB whereas the low frequencies are attenuated by 6 dB. The nearest 

occupant from the source transmitter in the kitchen has a biggest effect on the E-field 

distribution in the kitchen at 5.8 GHz which attenuated by -18dB.  

 By comparing the average E-field values in case of open door scenario in the ground 

floor, the results demonstrated that the average E-field values are similar for all four 

frequencies. However, in the basement and the first floor, the average E-field values at the 

low frequencies are higher than at the high frequencies. In case of closed doors and the 

presence of occupants within the house, it was seen that the lowest average E-field values 

in the basement, ground floor and the first floor for the four frequencies is at 5.8 GHz.  

To conclude, the effect of closed doors and occupants on the E-field distributions at high 

frequencies is higher than at the low frequencies due to a high signal coverage at low 

frequencies. The simulation results illustrated that the low frequencies provide a better 

coverage and higher average E-field levels than the high frequencies.  
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5 Chapter 5 – Analysis of E-Field Distributions on Horizontal 

Plane for Configuration B in Single Floor within House 

 

This chapter investigates the distribution of the E-field in configuration B in a horizontal 

plane. Configuration B is defined as follows, the dipole antenna transmitter is positioned 

in the corner of the kitchen on the ground floor in a Victorian house for the four 

frequencies.  

 

5.1 Introduction 

Finding the best antenna locations is one of the factors that affect the signal coverage 

inside the house and for good network planning provides.  In this chapter, the opening and 

closing of doors and the existence of occupants which are the two main factors that affect 

the E-field strength of a vertically polarized dipole antenna transmitter have been 

investigated. The dipole antenna transmitter is positioned in the corner of the kitchen near 

from the middle wall and the external wall. The reasons for this location as most 

appliances and wireless sensor network located near to the wall in the kitchen. The 

received fields are plotted for a horizontal plane with respect to transmitter on the ground 

floor.The E-field distribution operating at the same previous frequencies 5.8 GHz, 2.4 

GHz, 868 MHz, 433 MHz within ground floor have been investigated. The scenarios used 

in the previous chapters have been used in sections 5.2 to 5.5. The simulations of the E-

Field distributions at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz are presented. A further 

discussion of previous sections is summarized in section 5.6. Section 5.7 concludes this 

chapter. 

 

5.1.1 Simulation Scenarios 

The experiment setup is the same as described in chapter 3. The same ten different 

scenarios (A to J) that were used in chapter 3 are used in this chapter except the 
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transmitting antenna location is moved from the middle of the door in the kitchen to the 

corner in the kitchen as shown in Figure 5.1 .   

 

Figure 5.1:  Layout of the ground floor of the house showing occupancy locations. 

 

5.2  Simulation of the E-Field Distributions on Horizontal 

Plane at 5.8 GHz 

Simulations were performed using a 5.8 GHz have-wavelength dipole antenna to calculate 

the E-fields strength. The simulation setup and parameters are exactly the same as 

described in section 3.3. Analysis was performed for different occupancy scenarios as 

described in the section 5.1.1.  

The results present the E-field amplitude distribution obtained for the ground floor of the 

Victorian house. Results were sampled in a plane 1.2 m above the ground, at the same 

height as the source antenna. 840 samples of the E-field amplitude were obtained from the 

simulations in both the kitchen and front room. The amplitude probability and the 

cumulative probability distributions of the E-field distribution have been used for analysis 

purposes. The same three methods (A, B and C) are also used for analysis.   

0.3 m 

0.4 m 
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5.2.1 Method A Results 

For method A, the E-field distributions results are presented in dBV/m for all ten scenarios 

from scenario A to scenario J in Figure 5.2 (a) to Figure 5.2 (j). Comparing Figure 5.2 (a) 

and Figure 5.2 (b) it can be seen that opening or closing the door has a noticeable effect 

on the E-field distributions within the front room. The results show that when the door is 

closed the E-field strength is reduced by approximately 9 dBV/m. Also, it can be seen that 

the presence of one person located in either room has an effect on the field distribution in 

their local proximity and the effects of shadowing can be clearly seen. 
    

 

 

 

Figure 5.2: Simulated E-field (dBV/m) distributed on the ground floor at 5.8GHz: 

 (a) Scenario A (b) Scenario B  (c) Scenario C  (d) Scenario D  (e) Scenario E  (f) Scenario F  (g) 

Scenario G  (h) Scenario H  (i) Scenario I  (j) Scenario J. 
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5.2.2 Method B Results 

For method B, high or low field E-field distribution levels within the Victorian house are 

used to get difference plots. Simulated results for the difference of the E-field plot between 

scenarios A (unoccupied, open door) and other scenarios at 5.8 GHz are shown in 

Figure 5.3, where the E-field strength unit is in dBV/m. Scenario (A) is the reference of 

analysis and positive values (shown as yellow to red) which represent areas with a higher 

E-field when compared to scenario (A). 

When a human occupant is located at position 1 and/or 2 within the kitchen, the shadowing 

effect (attenuation) various between 3 dB and 9 dB, as shown in Figure 5.3 (b) to 

Figure 5.3 (i). Results also show that due to occupants in the kitchen, the E-field strength 

is increased at some locations within the front room also varying from 3 to 9 dB. The 

results of all scenarios clearly demonstrate that the doors status (open or closed) have a 

significant effect on the E-field coverage in the front room. It can be seen that the 

orientation of the occupant in the front room has a very limited effect on the signal 

propagation within the front room as shown in Figure 5.3 (d) and Figure 5.3 (f).  As the 

number of occupants increases from 1 to 4, the E-field distributions in some areas in the 

front room are improved between 3 to 9 dB due to the increase of the reflected signal from 

them. 
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 Figure 5.3: Simulated E-field (dB) difference between scenarios at 5.8 GHz:  

(a) Scenario A & B  (b) Scenario A & C  (c) Scenario A & D  (d) Scenario A & E  (e) Scenario 

A & F  (f) Scenario A & G  (g) Scenario A & H  (h) Scenario A & I   (i) Scenario A & J. 

  

5.2.3 Method C Results 

For method C, the amplitude and cumulative probability distribution are used to provide 

simplified comparison between different scenarios of the E-field values within the 

Victorian house at 5.8GHz. The amplitude and cumulative probability distribution for all 

scenarios within the kitchen and front room are presented in Figure 5.4 (a) and Figure 5.4 

(b), respectively. The x-axis and y-axis represent the distribution of field levels and the 

probability percentage of the appearance of each field level, respectively. The results 
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demonstrate that there is no noticeable difference in the E-field distribution in the kitchen 

for all scenarios, whereas the average E-field distribution increases in the front room when 

the kitchen is occupied. The closed door has a great effect on the transmitted signal which 

results in signal degradation. The presence of the human in the kitchen also attenuated the 

signal levels in the front room. In the case of open door scenarios, it is clear that the 

presence of the human reduces the average value of the transmitted signal from -15 dBV/m 

to -18 dBV/m which correspond to 16.6 % compared to when there is no human in the 

kitchen.                                

   

                               

Figure 5.4: E-field amplitude and cumulative probability distribution at 5.8 GHz for all scenarios 

from A to J.  

 

5.3 Simulation of the E-Field Distributions on Horizontal 

Plane at 2.4 GHz 

A dipole antenna resonated at 2.4 GHz frequency was used in the simulation to generate 

the E-field. The simulation setup and parameters are exactly the same as described in the 

section 3.4 except the transmitting antenna were moved to the corner in the kitchen. 

Analysis was performed for different occupancy scenarios as described in the 

section 5.1.1. 

-42 -36 -30 -24 -18 -12 -6 0 6 12 18 24 30 36
0

5

10

15

20

25

Electric Field (dBV/m)

A
m
p
lit
u
d
e
 p
ro
b
a
b
ili
ty
 d
is
tr
ib
u
ti
o
n
 (
%
)

 

 
K O

F O

K C

F C

K O 1HK

F O 1HK

K C 1HK

F C 1HK

K O 1HF

F O 1HF

K C 1HF

F C 1HF

K O 1HFr

F O 1HFr

K C 1HFr

F C 1HFr

K O 2HK 2HF

F O 2HK 2HF

K C 2HK 2HF

F C 2HK 2HF

-42 -36 -30 -24 -18 -12 -6 0 6 12 18 24 30 36
0

10

20

30

40

50

60

70

80

90

100

Electric Field (dBV/m)

C
u
m
u
la
ti
v
e
 p
ro
b
a
b
ili
ty
 d
is
tr
ib
u
ti
o
n
 (
%
)

 

 
K O

F O

K C

F C

K O 1HK

F O 1HK

K C 1HK

F C 1HK

K O 1HF

F O 1HF

K C 1HF

F C 1HF

K O 1HFr

F O 1HFr

K C 1HFr

F C 1HFr

K O 2HK 2HF

F O 2HK 2HF

K C 2HK 2HF

F C 2HK 2HF

         (a)                                                                                         (b) 

 



Chapter 5 – Analysis of E-field on Horizontal Plane for Configuration B 

 

115 

 

Same parameters that used in the previous section are used in following simulation 

scenarios. Amplitude probability and the cumulative probability distributions of the E-

field distribution have been used for analysis purposes. Results obtained from scenario A 

to scenario J are used in this chapter. The same three methods (A, B and C) are used in 

this section [84]. 

 

5.3.1 Method A Results 

For method A, for scenario A to scenario J the E-field distributions results are measured 

in dBV/m as shown in Figure 5.5 (a) to Figure 5.5 (j). The propagated signals coming 

through the closed door is attenuated by approximately 6 dBV/m compared to when the 

door is open as shown in Figure 5.5 (a) and Figure 5.5 (b). In one person scenario in the 

kitchen, the electric field distribution degraded by 9 dB V/m behind the person. However, 

the presence of the person in the front room does not have a significant effect on electric 

field distribution within front room. This is caused by the presence of wall located between 

the kitchen and front room blocked the transmitter from seeing the human body. Also, it 

can be seen that when the number of persons are increased to four (two in kitchen and two 

in the front room) at ground floor, the electric field distribution within the kitchen is 

decreased behind the human body whereas the field distribution within front room is 

increased in some locations.  
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Figure 5.5 : Simulated E-field (dBV/m) distributed on the ground floor at 2.4GHz: 

 (a) Scenario A  (b) Scenario B  (c) Scenario C  (d) Scenario D  (e) Scenario E  (f) Scenario F  

(g) Scenario G  (h) Scenario H  (i) Scenario I   (j) Scenario J. 

 

5.3.2 Method B Results 

For method B, either high or low field E-field distribution levels within the Victorian 

house are used to obtain the difference between scenarios A (unoccupied, open door) and 

other scenarios at 2.4 GHz as shown in Figure 5.6. Scenario (A) is used as a reference for 

the analysis. The positive values (shown as yellow to red) represent areas with higher E-

field distributions when compared to scenario (A). While the negative values (shown as 

blue and black) represent areas with lower E-field distribution. 
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The shadowing effect (attenuation) due to the occupant in the kitchen at position 1 is about 

9 dB as observed in Figure 5.6 (b). It can also be seen that there is a net increase in the E-

field strength at some locations within the front room of between 9 and 12 dB due to the 

occupant in the kitchen. 

 

 

 Figure 5.6: Simulated E-field (dB) difference between scenarios at 2.4GHz: 

 (a) Scenario A & B  (b) Scenario A & C  (c) Scenario A & D  (d) Scenario A & E  (e) Scenario 

A & F  (f) Scenario A & G  (g) Scenario A & H  (h) Scenario A & I   (i) Scenario A & J. 

 

5.3.3 Method C Results 

For method C, the amplitude and cumulative distribution function are used to provide 

simplified comparison between different scenarios of the field data within the Victorian 

house. Figure 5.7 (a) and Figure 5.7 (b) show the results of E-field amplitude distribution 
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and cumulative probability distributions within the kitchen and front room from scenario 

A to scenario j, respectively. The x-axis represents the distribution of field levels while y-

axis represents the probability percentage of the appearance of each field level. It can be 

seen that the E-field distribution in the kitchen is similar for all scenarios, whereas in the 

front room the average E-field distribution increases when the kitchen is occupied. The 

effects due to transmission losses through the closed door can be clearly seen. The 

presence of the human in the kitchen also affected the level of the signal in the front room. 

For the scenario of an open door it is clear that the presence of the human has reduced the 

average value of the signal from -17 dBV/m to -20 dBV/m, a 3 dBV/m attenuation due to 

the presence of a human in the kitchen. 

 

Figure 5.7: E-field amplitude and cumulative probability distribution at 2.4 GHz for all 

Scenarios from A to J.   

 

5.4 Simulation of the E-Field Distributions on Horizontal 

Plane at 868 MHz 

Simulations were carried out using 868 MHz dipole antenna to generate the E-fields. The 

simulation setup and parameters are exactly the same as described in the section 3.5  

except the transmitting antenna were moved to the corner in the kitchen. Same ten 
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scenarios (A to J) that described in the previous section are also investigated in this 

section. 

Same parameters that used in the previous section are used in following simulation 

scenarios. The amplitude probability and the cumulative probability distributions are used 

to analysis the E-field distribution. This section presents the results obtained from the 

scenarios described in section 5.1.1. The same three methods (A, B and C) are also used 

for analysis. 

 

5.4.1 Method A Results 

For method A, the E-field amplitude distribution results are calculated for all ten scenarios 

from A to J at 868 MHz. Figure 5.8 illustrates the results of E-field amplitude distributions 

for all ten scenarios at 868 MHz. The propagation of the signal from kitchen to the front 

room through the closed door is decreased by 3 dBV/m compared to the open door 

scenario as shown in Figure 5.8 (a) and Figure 5.8 (b). The simulation results show that 

there is a high E-field near to the door and internal wall in the front room. The human 

bodies effect on the E-field signals depends on their locations. The presence of human in 

the kitchen has attenuated the signal from 3 dBV/m to -9 dBV/m as shown in Figure 5.8 

(c). However, the human effect in the front room has less impact on the E-field 

distribution. Figure 5.8 (e) shows the E-field distribution behind the human is degraded 

by 3 dB V/m whereas when the human is oriented the E-field attenuated by 6 dB V/m.       
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Figure 5.8: Simulated E-field (dBV/m) distributed on the ground floor at 868MHz: 

 (a) Scenario A  (b) Scenario B  (c) Scenario C  (d) Scenario D  (e) Scenario E  (f) Scenario F  

(g) Scenario G  (h) Scenario H  (i) Scenario I   (j) Scenario J. 

 

5.4.2 Method B Results 

For method B, the difference in E-field levels between scenario A and other nine scenarios 

are calculated at 868 MHz. The aim of these results is to show the field strength level area 

within the Victorian house. Figure 5.9 shows the results of E-field level difference 

between the scenario A (which used as a reference) and other nine scenarios at 868 MHz. 

The figures show that the difference between the two door status is very little. In case of 

the presence of human in the kitchen, the field level has decreased behind it by 9 dB and 

in some areas in the kitchen and front room is decreased by 3 dB. The presence of human 
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in the front room has no effect on the field distribution either in the front room or in the 

kitchen. When the human is oriented in the front room, the field distributions is attenuated 

by 6 dB around the human. It can be seen that from Figure 5.9  there is a high field spot 

close to the door due to the reflection coming from the door and internal wall and is about 

6 dB. 

 

 

 

 

 Figure 5.9: Simulated E-field (dB) difference between scenarios at 868MHz: 

 (a) Scenario A & B  (b) Scenario A & C  (c) Scenario A & D  (d) Scenario A & E  (e) Scenario 

A & F  (f) Scenario A & G  (g) Scenario A & H  (h) Scenario A & I  (i) Scenario A & J. 
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5.4.3 Method C Results 

For method C, the amplitude and cumulative probability distributions are calculated for 

the E-field simulated values for all ten scenarios within Victorian house at 868 MHz as 

shown in Figure 5.10 (a) and Figure 5.10 (b), respectively. The curves on the left side of 

each figure represent the E-field level for the scenarios in the kitchen while the curves on 

the right side represent the E-field level for the same scenarios in the front room. It can be 

seen that from Figure 5.10 (b) the variations in the curves for all scenarios in kitchen and 

front room are minimal. The average values of the signals in the kitchen are ranged 

between -13 dBV/m and -11 dBV/m whereas in the front room the average values are -2 

dBV/m.  

 

 

Figure 5.10: E-field amplitude and cumulative probability distribution at 868 MHz for all 

scenarios from A to J.  

 

5.5 Simulation of the E-Field Distributions on Horizontal 

Plane at 433 MHz 

The E-field was generated using 433 MHz dipole antenna in the following simulations. 

The parameters that used in these simulations are the same as described in section 3.6. 
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Based on the designed described above, ten different scenarios were designed named as 

(A to J). 

As described in the previous section, the results focus on the E-field amplitude 

distributions for the ground floor of the Victorian house. Again, the E-field is analysed 

using the amplitude probability and the cumulative probability distributions. This section 

presents the results obtained from the scenarios described in section 5.1.1. 

 

5.5.1 Method A Results 

The E-field amplitude distribution within Victorian house in kitchen and front room for 

all the described ten scenarios at 433 MHz are shown in Figure 5.11.  High E-field levels 

are obtained in the kitchen and some area in the front room for the case of open door and 

no occupant exist in the ground floor. The E-field signals are attenuated by 3 dBV/m due 

to the closed door.  When one human is exist in the kitchen, the signal behind the human 

is attenuated by approximately 5 dBV/m. However, the  E-field signal strength  in the 

front left corner area in front room are increased by 6 dBV/m due to multipath effect as 

shown in Figure 5.11 (c). The human in the front room is far from the source results in the 

signals propagation has not been affected in the ground floor. However, when the human 

is oriented in the front room, the coverage signal behind it is attenuated by 4 dBV/m. 

Figure 5.11 (j) shows that low E-field levels are obtained between 3 dBV/m to 6 dBV/m 

in some area in kitchen when the number of people is increased to four.   
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Figure 5.11: Simulated E-field (dBV/m) distributed on the ground floor at 433MHz: 

 (a) Scenario A  (b) Scenario B  (c) Scenario C  (d) Scenario D  (e) Scenario E  (f) Scenario F  

(g) Scenario G  (h) Scenario H  (i) Scenario I   (j) Scenario J. 

 

 

5.5.2 Method B Results 

Similar investigations to those in the previous section were carried out in this section at 

433 MHz. The differences in the E-field distribution are plotted to show the E-field 

strength variations between the investigated scenarios. Figure 5.12 illustrates the E-field 

level differences between scenario A and other nine scenarios at 433 MHz. It can be seen 

that the door between kitchen and front room attenuated the signals by 6 dB. While the 

presence of the occupants in the kitchen and front room has a different effect on the E-
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field distribution in the ground floor. The E-field strength in the kitchen is decreased in 

range between 6 to 9 dB due to the presence of human in the kitchen as shown in 

Figure 5.12. As the number of the occupants increased in the kitchen, the E-field 

distribution in the kitchen is attenuated between 3 dB to 9 dB in the most area of the 

kitchen. The human in the front room has a negligible effect on the E-field distribution on 

the front room whereas when the human is orientated in the front room results in the 

signals attenuated by approximately 5 dB as shown in Figure 5.12 (e) and Figure 5.12 (d), 

respectively.     

 

 

 

  

Figure 5.12: Simulated E-field (dB) difference between scenarios at 433MHz: 

 (a) Scenario A & B  (b) Scenario A & C  (c) Scenario A & D  (d) Scenario A & E  (e) Scenario 

A & F  (f) Scenario A & G  (g) Scenario A & H  (h) Scenario A & I   (i) Scenario A & J. 
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5.5.3 Method C Results 

The amplitude and cumulative distributions function are used to analysis the E-field values for 

the ten scenarios within Victorian house at 433 MHz as shown in  

Figure 5.13. The results show that there are very little variations in the E-field distribution values 

between the scenarios for both the kitchen and the front room.  

Figure 5.13 (a) illustrates that the highest amplitude of the E-field in the front room is in 

case of open door scenario with an amplitude probability distribution of 23 % at -8 dBV/m. 

The lowest amplitude of the E-field in the kitchen was in case of open door with two 

occupants in kitchen and two occupants in the front room scenario with an amplitude 

probability distribution of 14 % at 3 dBV/m. This is due to the presence of four occupants 

in the ground floor.  

 

 

Figure 5.13: E-field amplitude and cumulative probability distribution at 433 MHz for all 

Scenarios from A to J. 
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5.6 Summary of the Analysis 

This section compares the results of the E-field amplitude calculations across the 

frequencies 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz. The transmitter for all the 

frequencies placed in the same location in the kitchen as follows: 1.2 m above the ground, 

0.3 m from middle wall and 0.4 m from external wall. The scale of the E-field levels that 

is used at the receiver ranges from -30 dBV/m to 6 dBV/m for all frequencies. The effect 

of the door status and presence of occupants within ground floor on the E-field 

distributions across the four frequencies and comparison between them are discussed in 

the following section.  

 

5.6.1 Analysis of E-field without Occupants 

 Figure 5.14 illustrates the results of the E-field amplitude for open door and no occupants 

scenario in the house. Based on these results, the high E-field coverage at the low 

frequencies (i.e. 868 MHz and 433 MHz) is higher than high frequencies (i.e. 5.8 GHz 

and 2.4 GHz).  The internal wall attenuates the signals coverage at high frequencies more 

than at the low frequencies. It can also be seen that the E-field levels at high frequencies 

with the internal wall are -9 dBV/m whereas at low frequencies are only 3 dBV/m. The 

coverage signals within the front room are decreased by approximately 18 dBV/m at high 

frequencies with respect to the coverage signals at the low frequencies.  

The effect of closing the door on the E-field amplitude coverage at the four frequencies is 

shown in Figure 5.15. It is observed that closing the door attenuated the propagated signal 

with various effects at different frequencies. The propagated signals passed through the 

closed door at high frequencies are attenuated by nearly 9 dBV/m whereas at low 

frequencies are attenuated only by 3dBV/m.  
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Figure 5.14: Simulated E-field (dBV/m) results for open door at different frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz   (c) 868 MHz   (d) 433MHz. 

 

 

Figure 5.15: Simulated E-field (dBV/m) results for closed door at different frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 

 

In order to simplify the comparison between the different frequencies, the amplitude and 

cumulative probability distribution are used to analysis the electric field values for open 

door scenario within the Victorian house for all frequencies. Figure 5.16 illustrates that 

there is no noticeable difference in the E-field values in the kitchen for open scenario 

between all four frequencies. This similarity is due to the presence of the source in the 

kitchen and there is no obstructions between the transmitted source and received probes.  

It can be seen that there are variations in the E-field values that located in the front room 
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for all four frequencies in the case of open door scenario. At 5.8 GHz and 2.4 GHz, the 

average E-field values in the front room for the open door scenario are -20 dBV/m and      

-18 dBV/m, respectively as shown in Figure 5.16 (b).  

The E-field amplitude and the E-field cumulative probabilities distributions of closed door 

scenario are obtained for the four frequencies. Figure 5.17 shows the difference in the E-

field amplitude probability distribution between the four frequencies in the kitchen is little 

for the case of closed door scenario. It can be seen that the values of E-field at 5.8 GHz 

and 2.4 GHz in closed door scenario within front room are identical. However, the E-field 

distribution at low frequencies are higher than the E-field distribution at high frequencies. 

The peak value of the E-field amplitude probability distribution at 433 MHz reached 23% 

at -8 dBV/m while the peak for 868 MHz is 19 % at -8 dBV/m as shown in Figure 5.17 

(a). The average E-field cumulative probability distributions in front room at high 

frequencies have similar values which is approximately -20 dBV/m. However, the average 

E-field cumulative probability distributions values in front room at low frequencies are -

12 dBV/m and -9 dBV/m, respectively.  
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Figure 5.16 : E-field amplitude and cumulative probability distribution at 5.8 GHz, 2.4 GHz, 868 

MHz and 433 MHz for open door scenario.  

 

 

Figure 5.17: E-field amplitude and cumulative probability distribution at 5.8 GHz, 2.4 GHz, 868 

MHz and 433 MHz for closed door scenario. 

 

 

The E-field levels within Victorian house are used to obtain the differences between the 

open door and the closed door scenarios at the four difference frequencies as shown in 

Figure 5.18. It can be observed that the door status can significantly attenuate the E-field 

coverage at high frequencies. At 868 MHz and 433 MHz, the difference in E-field 
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coverage between the open and the closed door scenarios in the front room are decreased 

by 6 dBV/m. However, at 5.8 GHz and 2.4 GHz, the difference in E-field coverage 

between these scenarios in the front room are attenuated by 18 dBV/m. 

 

 

Figure 5.18 : Simulated E-field (dBV/m) difference between open and closed door scenarios at 

different frequencies: 

 (a) 5.8 GHz  (b) 2.4 GHz  (c) 868 MHz  (d) 433MHz. 

 

5.6.2 Analysis of E-field with Occupants 

Figure 5.19 depicts the E-field amplitude coverage for scenario (I) which includes two 

occupants in the kitchen and two occupants in the front room with the door is open at all 

frequencies. Comparing the presence of human in the kitchen across all the frequencies, 

the E-field level values behind occupant at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz 

were about -12 dBV/m, -3 dBV/m, -9 dBV/m and -3 dBV/m, respectively. Also, when the 

number of the occupants is increased in the kitchen the signals coverage is significantly 

attenuated. The effect of occupant on the propagated signals in the front room is less than 

when the occupant is in the kitchen. This is due the occupant in the front room is far from 

the source and also there are some obstacles exist between the source and the occupant 

which weaken the signals coming to the front room. Comparing the effect of the occupant 

on the E-field coverage in the front room across the four frequencies it has been found 
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that the most significant effect on the E-field coverage is at 433 MHz with attenuation of 

-12 dBV/m.  

 

Figure 5.19: Simulated E-field (dBV/m) results for open door &4human at different frequencies: 

 (a) 5.8 GHz. (b) 2.4 GHz. (c) 868 MHz. (d) 433MHz. 

 

Figure 5.20 compares the amplitude and cumulative probability distributions of E- field 

values for the open door scenario with two occupants exist in the kitchen and another two 

occupants exist in the front room at all frequencies. When comparing the signal 

propagation for the all frequencies, significant similarities between the propagated signals 

in the kitchen is noticed which is due to presence of the transmitted source in the kitchen. 

In contrast, there are variations in the E-field levels between the four frequencies in the 

front room. At 433 MHz, the difference in the E-field cumulative probability distribution 

in the front room is between 0 % and 50 % with value of 33 dBV/m. However, at 2.4 GHz 

the level difference is about 24 dBV/m. It can be seen that there is a small variation in the 

E-field cumulative probability distribution in the front room between 5.8 GHz and 2.4 

GHz which is approximately 3 dBV/m.     
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Figure 5.20: E-field amplitude and cumulative probability distribution at 5.8 GHz, 2.4 GHz, 868 

MHz and 433 MHz for open door with two human in kitchen and two human in front room 

scenario. 

 

The difference in the E-field coverage between the open door scenario and the open door 

with two occupants in the kitchen and another two occupants in the front room scenario 

at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz are illustrated in Figure 5.21 (a) to 

Figure 5.21 (d), respectively. The attenuation due to the occupants in the kitchen at the 

four different frequencies is about 12 dBV/m. It can also be seen that the E-field coverage 

within kitchen are decreased when the number of the occupants in the kitchen are 

increased. In the case of the occupants are in the front room at 5.8 GHz and 2.4 GHz there 

is an increase in the E-field values in some locations in the front room between  9 dBV/m 

and 12 dBV/m. This is due to the constructive and the destructive reflections on the signals 

caused by the obstacles such as the wall, doors and human. However, these obstacles have 

a limited effect on the field coverage levels within the front room at low frequencies as 

shown in Figure 5.21 (c) and Figure 5.21 (d). 

-42 -36 -30 -24 -18 -12 -6 0 6 12 18 24 30 36
0

5

10

15

20

25

Electric Field (dBV/m)

A
m
p
lit
u
d
e
 p
ro
b
a
b
ili
ty
 d
is
tr
ib
u
ti
o
n
 (
%
)

 

 
2.4 GHz K O 2HK 2HF

2.4 GHz F O 2HK 2HF

5.8 GHz K O 2HK 2HF

5.8 GHz F O 2HK 2HF

868 MHz K O 2HK 2HF

868 MHz F O 2HK 2HF

433 MHz K O 2HK 2HF

433 MHz F O 2HK 2HF

-42 -36 -30 -24 -18 -12 -6 0 6 12 18 24 30 36
0

10

20

30

40

50

60

70

80

90

100

Electric Field (dBV/m)

C
u
m
u
la
ti
v
e
 p
ro
b
a
b
ili
ty
 d
is
tr
ib
u
ti
o
n
 (
%
)

 

 
2.4 GHz K O 2HK 2HF

2.4 GHz F O 2HK 2HF

5.8 GHz K O 2HK 2HF

5.8 GHz F O 2HK 2HF

868 MHz K O 2HK 2HF

868 MHz F O 2HK 2HF

433 MHz K O 2HK 2HF

433 MHz F O 2HK 2HF

             (a)                                                                           (b)                                 



Chapter 5 – Analysis of E-field on Horizontal Plane for Configuration B 

 

134 

 

 

Figure 5.21: Simulated E-field (dBV/m) difference between open door and open door with two 

human in kitchen and two human in front room scenario at different frequencies: 

 (a) 5.8 GHz. (b) 2.4 GHz. (c) 868 MHz. (d) 433MHz. 

 

5.6.3 The Average E-field Analysis for All Frequencies  

The average E-fields obtained for all ten scenarios in the front room and kitchen at 5.8 

GHz, 2.4 GHz, 868 MHz and 433 MHz are summarized in Table 5.1. The results show 

that the average E-field values at 868 MHz and 433 MHz in the front room are unaffected 

by the presences of human or door status. The impact of the closed doors is becoming 

more obvious in the 5.8 GHz and 2.4 GHz results. By comparing scenarios A and B in the 

four different frequencies in the front room, the variations in the average E-field values at 

5.8 GHz and 2.4 GHz are approximately 3 dBV/m. However, there are no variations in 

the average E-field values at 868 MHz and 433 MHz. Also it can be seen that the highest 

average E-field values in the front room are obtained at the low frequencies. At 5.8 GHz 

and 2.4 GHz, the effects of door status and occupants on the average E-field values are 4 

dBV/m and 3 dBV/m, respectively. 

The average E-field values in the kitchen are higher than the average E-field values in the 

front room. This is due that the transmitter source exist in the kitchen. It can be seen that 

the average E-field values has reduced when the occupants are placed in the kitchen as 

shown in scenarios C, d, I and J in Table 5.1. However the occupants in the front room 

have no effect on the average E-field values in the kitchen. This is due to the reflected 
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signals from occupants in the front room are weak which their affect is near where their 

stand. The door status has no effect on the average E-field value within the kitchen for all 

four frequencies. 

 

Table 5.1: The average electric fields for all scenarios within front room and kitchen. 

Scenario 

Average Electric Field in Front Room 

(dBV/m)  

Average Electric Field in Kitchen 

(dBV/m) 

5.8 GHz 2.4 GHz 868 MHz 433 MHz 5.8 GHz 2.4 GHz 868 MHz 433 MHz 

A -15.9 -16.9 -9.1 -6.6 2.1 1.1 1.3 1.9 

B -18.2 -18.4 -9.0 -6.6 2.2 1.0 1.3 1.7 

C -14.3 -15.5 -8.9 -5.7 2.2 0.86 0.98 1.6 

D -15.9 -16.2 -8.9 -5.7 2.2 0.78 1.0 1.4 

E -15.8 -16.9 -9.1 -6.6 2.1 1.1 1.3 1.9 

F -18.2 -18.4 -9.0 -6.7 2.2 1.0 1.3 1.7 

G -15.8 -16.8 -9.2 -6.7 2.1 1.1 1.3 1.9 

H -18.2 -18.5 -9.2 -6.7 2.2 1.0 1.3 1.8 

I -14.2 -15.5 -8.9 -5.8 1.96 0.73 0.86 1.2 

J -16.0 -16.0 -8.9 -5.8 1.95 0.67 0.86 1.1 

 

 

5.7  Conclusions 

This chapter presented an investigation into changes in the electric field strength within 

the ground floor of a Victorian house at 5.8 GHz, 2.4 GHz, 868 MHz and 433 MHz. 

Different scenarios are considered for changing the building’s occupancy level in addition 

to the status of opening and closing doors. The effects of different obstacles inside the 

rooms are compared and which has the most significant effect on the received electric 

field strength is highlight. At 2.4 GHz, results have shown that human occupants in the 

kitchen can locally change the E-Field by approximately 12 dBV/m whereas human 

occupants in the kitchen at 5.8 GHz, 868 MHz and 433 MHz can have an effect from 3 

dBV/m to 9 dBV/m. The human occupants in front room at 433 MHz have the most 

significant effect on the electric field level in the front room. However, the presence of 
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human in the front room has less effect on the signal propagation levels than presence of 

human in the kitchen. 

Results proved that the status of opening or close doors at higher frequencies can locally 

change the E-Field by approximately 9 dBV/m whereas the doors at lower frequencies 

have an effect of less than 3 dBV/m. The results showed that the door status or the 

presence of human within ground floor has no effect on the average of E-field values for 

all scenarios within the front room at lower frequencies. However, the effects of the door 

statues and human on the average of the E- field values for all scenarios within front room 

at higher frequencies are obvious. The simulation results illustrated that the lower 

frequencies provide a better coverage and higher average E-field levels than the higher 

frequencies. 

In general, there were large variations in the E-field distribution levels in the front room 

compared to the E-field distribution levels in the kitchen. This is due to the presence of 

the transmitter source in the kitchen. Finally, the results showed that the human body can 

cause significant attenuation to the signal due to the shadowing effect. 
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6 Chapter 6 – Case Study of Measurements 

 

This chapter evaluates the performance of Zigbee used for smart metering applications 

within domestic. In order to characterize Zigbee performance, several experiments were 

carried out  at different locations inside the Victorian terraced house at 2.4 GHz [85]. 

 

6.1  Methodology 

Experiments were carried out in a late-Victorian terraced house that built in around 1890. 

It’s brick construction was brick with a combination of brick and stud for the internal 

walls. The internal walls of some rooms may still made of lathe/plaster and insulated with 

rubble. The building has two living floors with a slate and lining roof. In addition to the 

two floors there is uninhabited basement.  

Propagation was measured using two Ember Corp ZigBee modules (ISA3), fitted with an 

Antenova dielectric SMT antenna and the transmitted power was 2 mW. These devices 

were used to transmit and receive signals as well as measuring the Link Quality Indication 

(LQI) and the Received Signal Strength Indication (RSSI). The required power for ISA3 

was obtained by a Power Over Ethernet (POE) system and data connectivity to a laptop 

computer at a reference location. The remote node has its own battery power. Several 

trials were conducted to measure both RSSI and LQI using InSight software. 

 

 

6.1.1 Experimental Trials 

Three trials were designed to measure the RSSI and LQI inside the Victorian terrace house 

as shown in Figure 3.3. The trials were conducted at specific point where may the smart 

meter be installed. The receivers were placed 1.2 m above the floor in each case. The three 

trials are explained as follows:  
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• Trial 1 ‘Receiver in the kitchen’: In this trial the transmitter was located on the worktop 

in the ground floor, this location called 'L0' as indicated in Figure 6.1 (a). The RSSI 

was measured at some locations where there is a possibility of installing the smart 

meters such as a doorstep meter reading, the electricity meter in the basement, 

communicating with to the energy monitor device in the kitchen and may be in other 

locations. This simulates a system that may be implemented in a standard domestic 

property. 

• Trial 2 ‘Receiver in bedroom’, this trial is aimed to measure the maximum attenuation 

of the RSSI through special separation. The transmitter was located in the first floor 

at location L10 as indicated in Figure 6.2 (a). This point is the furthest location from 

the existing gas and electricity meters at location L3.  

• Trial 3 ‘Received power topology’: The transmitter was located in the kitchen and the 

receiver located in the front room at ground floor. The aim is to cover more locations 

in the front room that can generate a topographical map of the received power. 

Before we start discussing our results, the RSSI and LQI are briefly described in the 

following sections.  

  

6.1.2  Received Signal Strength Indication (RSSI) 

The RSSI is defined as a measurement of the RF power carried in a received radio signal, 

regardless of its source. The RSSI outputs are expressed in many ways according to the 

device manufacturers. The range of the power levels in Ember devices are between 0 and 

-96 dBm. The -96 dBm is the lowest measurable value before communication is 

disconnected between the two devices. The measured value is based on the highest energy 

level detected during the received time of a data packet. 
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6.1.3  Link Quality Indication (LQI) 

The LQI is a measure of the link quality between nodes. The values of the LQI are 

dimensionless ranging from 0–255 where 255 is the highest. The measurement is based 

on the reliability of the link between two communication nodes. Table 6.1 is summarized 

the link quality versus the chip error per byte. 

 

Table 6.1: Link Quality Indication (LQI) vs Chip errors per byte. 

Chip errors per 

byte 
LQI 

0 255 

1 191 

2 127 

3 63 

4+ 0 

  

 

6.2  Results 

This section presents the results of the three trials. 

 

6.2.1  Trial 1 ‘Receiver in the kitchen’ 

The locations and the average measured RSSI values superimposed on the floor plans are 

shown in Figure 6.1. This trial was designed to characterize the signal propagation from 

the mobile ‘sensor’ node at many different locations (L1 through L7) with respect to the 

reference node. The reference was fixed in the kitchen which correspond to L0 on the 

floor plan.  Trial 1 simulated devices in first floor, ground floor and in the basement of the 

house. Note that the external windows and doors were all kept closed during the trial. 
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                                          (a)                                                                      (b) 

Figure 6.1: locations of Measurements points and the results on floor plan for trial 1. 

 

Table 6.2 shows the measured values of the RSSI indication and the LQI for each location. 

The results show that the link quality drops significantly from the maximum value of 255 

in the kitchen to 172 at location L1. This is due to the effect of closed door which 

attenuates the propagated signal coming through the door by 18 dB. The lowest value of 

RSSI is noticed in the basement and the value is -90 dBm which is close to the Zigbee 

threshold (-96 dBm). This is due to the reflection, diffraction, scattering and multipath 

coming from floor, doors and furniture.  
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Table 6.2: ‘Receiver in kitchen’ measured data. 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.2  Trial 2 ‘Receiver in the bedroom’: 

This trial was designed to test the signal propagation where the transmitter located in the 

bedroom and receiver located in the basement and another location outside the front door. 

Location L3 and LI were used to simulate a device in the basement that take a doorstep 

meter reading, respectively. In this trail, the reference node was placed in Bedroom 2, and 

the new reference location is named L10. Figure 6.2 illustrates the average values of the 

measured RSSI superimposed on the building floor plans. 

 

 

Point 
Distance 

(mm) 

 RSSI (dBm) 
LQI 

Min Avg Max 

GROUND FLOOR 

L4 3800 -93 -86.5 -81 248.2 

L2 5430 -76 -74.8 -74 255 

L1 5730 -96 -93 -89 172 

BASEMENT 

L3 5860 -94 -90.333 -85 233.7 

FIRST FLOOR 

L6 3000 -49 -49 -49 255 

L7 4100 -65 -64.5 -64 255 

L5 6140 -90 -86.7 -84 255 
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                                   (a)                                                                        (b) 

Figure 6.2: Node locations and the results on floor plan for trial 2. 

 

Table 6.3 depicts the results of RSSI and LQI at each location and the distance between 

nodes. It is clear from the results that there is a good link quality between all nodes in the 

building. Although the distance between L10 and L3 is maximum but still there is a good 

communication link between them. The value of the measured RSSI at L3 was -83.5 dBm. 

The maximum attenuation is -93.5 dBm at the node located outside the house near to the 

door which used for the doorstep meter reading.  
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Table 6.3: Trial 2 'Receiver in the bedroom' measured data. 

 

 

 

 

 

 

 

 

 

 

 

6.2.3  Trial 3 ‘Received power topology’: 

The third trial measures RSSI contained in the propagation of the signal from the front 

room to the kitchen on the ground floor.  In order to produce a topographical map of the 

received power, more locations were covered as shown in Figure 6.3. The reference point 

was moved to the kitchen whereas the sensor node was placed on an expanded polystyrene 

with a length of 1,2m above the floor and moved around many locations in a horizontal 

plane. This height was chosen to keep the effects of the kitchen units and wall mounted 

cupboards as minimum as possible. 

Point 
Distance 

(mm) 

 RSSI (dBm) 
LQI 

Min Avg Max 

FIRST FLOOR 

L5 7630 -92 -88.5 -87 255 

GROUND FLOOR 

L0 4580 -68 -67.8 -67 255 

L2 8810 -76 -76 -76 255 

L1 9260 -94 -93.5 -93 204 

BASEMENT 

L3 9820 -85 -83.5 -82 255 
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Figure 6.3: Measurement area for trial 3‘received power topology’. 

 

Figure 6.4 shows the electromagnetic field strength results of trial 3 in various locations 

in the front room. The results show clearly the propagation complexity of the 

electromagnetic field strength within rooms due to attenuation and multipath scattering. 

There are two areas in front room where the signal could not be measured due to the 

obstruction by the television and sofa, both of which could not be easily moved. As an 

expected result, the highest RSSI values were in an area closest to the kitchen and near to 

the door adjoining the two rooms. 
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y 

Origin (0,0) 
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Figure 6.4: Topographical image illustrating measured RSSI from trial 3. 

 

Table 6.4 shows the received power of trial 3 in different locations in the front room. It 

can be seen from the table that the RSSI near to the origin location have a gradual 

decreased due to the distance between the transmitter and the receivers.   

 

  Table 6.4: Trial 3 – received power topology: average measured RSSI data (-dBm). 

 

Position from origin x-direction (cm) 

40 50 60 80 100 120 140 160 180 200 220 240 260 280 

P
o
si

ti
o
n
 f

ro
m

 o
ri

g
in

 

y
-d

ir
ec

ti
o

n
 (

cm
) 

220 n/a n/a n/a n/a n/a 58.5 57.0 53.3 55.0 66.0 62.8 56.0 63.0 77.2 

160 n/a n/a n/a n/a n/a 66.7 55.0 58.3 58.5 57.0 57.0 56.0 75.3 59.0 

100 63.2 57.5 65.7 55.0 64.8 56.0 63.0 63.2 56.8 70.5 63.5 57.0 64.5 54.0 

40 69.2 66.5 62.8 67.5 66.8 64.0 56.0 62.5 55.0 59.0 65.8 61.0 n/a n/a 

 

  In order to make a comparison between the measurements and simulation, the amplitude 

and cumulative probability distributions are used. The transmitted power in the simulation 
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was set to 2 mW. Error! Reference source not found. shows the results of the simulated 

E-field amplitude and its cumulative probability distributions along with the measured 

received signal strength amplitude and its cumulative probability distributions in the front 

room at 2.4 GHz. It can be seen that the cumulative probability distribution results show 

that there is a good agreement between the measured and the simulated results within the 

region between 0 % and 30 % of the cumulative probability distribution in the front room. 

The difference between the simulated and measured results in the region between 30 % 

and 100 % of the cumulative probability distribution is approximately 3 dBV/m in the 

front room. The amplitude probability distribution results show that there is a noticeable 

variation between the measurements and the simulation within the region between 15% 

and 25% in the front room. This is due to the presence of the furniture and clatter in the 

front room when the measurements was carried out whereas in the simulation the front 

room was considered to be empty.  

 

 

 

Figure 6.5: Comparisons between simulated E-field (2mW) and measured received 

signal strength at 2.4 GHz. 
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6.3   Discussion and Conclusions 

This case study characterised the performance of ZigBee devices for smart metering 

applications within a late Victorian terraced house. Several scenarios are implemented to 

achieve this goal. The locations used to measure the signals represented the doorstep meter 

reading, electricity meter and standard domestic appliances. The results showed that the 

door’s status has a significant effect on the received signal strength in the Victorian house. 

The difference between RSSI at L1 and L2 taking into the account the door status effect 

was by approximately 18 dB. The maximum attenuation of the RSSI was observed when 

the transmitter located in the first floor and the receiver located in the basement. In this 

case the measured RSSI was -90.3 dBm which was closed to the threshold of the 

communications link between the transmitter and receiver (-96 dBm). Also, the measured 

RSSI coverage in the front room when the door between kitchen and front room was open 

showed the highest RSSI values in area near to kitchen. The results demonstrated that the 

wireless signals can penetrate through several adjacent walls within the same floor, but 

became very weak at different floors. This indicates that the deployment and positioning 

of smart meters in domestic properties has to be carefully planned. For installations where 

Zigbee-based devices are used, other nodes could be utilised to create a mesh network and 

hence act as repeater. 

When the measured results were compared with the simulated results, it can be seen that 

the differences between the measured results and simulated results were within 3 dB of 

the cumulative probability distributions. Although there were a noticeable variation 

between the measured and simulated results in the range between 15 % and 25 % of the 

amplitude probability distributions, due to the multipath effect which caused by the 

furniture and clatters in the front room during the measurements. Whereas an empty room 

was assumed in the simulation of the front room. 
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7 Chapter 7 – Conclusion and Future Work 

7.1 Conclusion 

Wireless technology has grown rapidly and the obvious example for this is the massive 

use of mobile telephony. Evaluating the performance of wireless systems inside the 

buildings is very important for propagation planning and design. Since the wireless 

friendly building is designed to improve the radio frequency performance inside the 

building, evaluating the wireless system is becoming more important than ever [3]. 

Furthermore, there are many parameters that influence the propagation of the wave within 

buildings such as human occupants, doors status, walls, windows, etc. all have a 

significant impact on received signal strengths and will contribute to fading, multipath 

and shadowing effects. Characterising the electric field distributions inside the building is 

the first step toward the deployment of a wireless network. The door status and the 

human's occupancy are the two main factors that affect the indoor electric field (E-field) 

propagations. The E-field distribution was investigated at the following frequencies: 433 

MHz, 868 MHz, 2.4 GHz and 5.8 GHz. These frequencies are used in indoor wireless 

communication in the following applications: at 433 MHz, which just above the Trans-

European Trunk Radio (TETRA) at 400 MHz used for the emergency services radio 

communications. At 868 MHz – just below the 900 MHz cellular band used for data 

telemetry, mobile communication (GSM) at 890-960 MHz; at 2.4 GHz - sensor networks 

(Zigbee), medical ISM band and Wi-Fi, respectively; at 5.8 GHz – Wi-Fi predominantly.  

A closed door is one of the main factors that block the propagated signals inside the house. 

The effect of opening and closing doors investigated at three different cases.  In the first 

case, the receivers are in a horizontal plane with respect to transmitter on the ground floor.  

The results showed that the door status has a significant effect on the propagated signals 

at high frequencies and attenuated by 12 dB at high frequencies whereas attenuated only 

by 3 dB at low frequencies. In the second case, the signal coverage in all floors were 

investigated as users could be anywhere in the house. Therefore, the received signals were 

measured in the vertical plane across the three floors in the Victorian house (basement, 
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ground floor and first floor) and the transmitter antenna was located in the middle of the 

kitchen at all the four frequencies. In this case, the propagated signals coming to the other 

room were blocked by closing the door. The results showed that the closed doors at high 

frequencies have attenuated the propagated signals passed through the closed door by 

nearly 18 dBV/m whereas at low frequencies were attenuated only by 3 dBV/m. In third 

case, the dipole antenna transmitter was placed in the corner of the kitchen near from the 

middle wall and the external wall. The receivers were in a horizontal plane with respect 

to transmitter on the ground floor. The effect of door status on the signal propagation has 

the most significant effect at high frequencies. The E-field level was attenuated by 9 dB 

at high frequencies whereas it was attenuated by only 3 dB at low frequencies due to 

changing door status. The results confirm that the door status has a great effect on the 

propagation signals at high frequencies and this effect highly depends on the position of 

the transmitter and receives whereas at low frequencies the effect of door status remains 

the same regardless of the position of the revivers and the transmitter.  

The human always exist around the house and their bodies may attenuate the E-field 

signals so for this reason the human effect was also investigated in the three previous 

cases. The results showed that the effect of humans on the signal propagation depends on 

the distance between the transmitter and human location and the number of humans inside 

the house. The presence of human in the kitchen- where the transmitter was located- has 

more effect on the signal propagation levels than presence of a human in the front room. 

By comparing the effect of presence of human in kitchen on propagated signals in the 

different frequencies, it can be seen that signals at 2.4 GHz has been affected the most and 

was attenuated by 12 dB. The results showed that when the number of humans was 

increased on the ground floor, the E-field distributions are decreased at all frequencies. 

The occupants have the biggest effect on the E-field coverage when they became very 

near the transmitter, for example in the kitchen at 5.8 GHz the signal was attenuated by -

18 dB whereas at low frequencies the effect of human is far less than in the case of high 

frequencies. 

Some other parameters that effect the E-field distribution such as the permittivity, the loss 

tangent and human geometry were investigated. The results showed that the loss tangent 
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has the biggest effect on the E-field distribution. The results also showed that the thickness 

of internal wall and the furniture have nearly no effect on the E-field coverage levels. The 

investigation of human geometry showed that the width of the human has a higher effect 

than the height and thickness on the E-field distributions.  

Our simulations models were validated with an extensive campaign of practical 

experiments. When the measured results were compared with the simulated results, the 

differences between the measured and simulated results were within 3 dB of the 

cumulative probability distributions. The comparison also showed a noticeable variation 

between the measured and simulated results in the range between 15 % and 25 % of the 

amplitude probability distributions, due to the multipath effect caused by the furniture and 

clatters in the front room during the measurements whereas an empty room was assumed 

in the case of simulations. Finally our results demonstrated that even though different 

power levels were used in the simulations and in the practical measurements but the effect 

of the parameters remain the same regardless of the power values. 

In summary, our results clearly demonstrate the importance of characterizing the E-Filed 

distributions inside the building especially at high frequencies before the deployment of 

any wireless network. Modeling the indoor E-field propagation provide us with clear 

picture how the E-filed distributed inside the Building and based on this distribution the 

wireless network can be deployed with high QoS and capacity. Finally, this work provides 

a foundation for understanding the implications and dominant influencing factors for 

modelling indoor propagation.  

 

  

7.2 Recommendations for Future Work 

This section outlines some new areas of research for future work based on our finding in 

this thesis. 

• This thesis investigated the E-field distributions at frequencies up to 5.8 GHz. 

Next logical stage would be to  extend the investigation of the E-field 
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distribution at 60 GHz as the 60 GHz frequency band has been  used for indoor 

short range wireless communication [86] [87]. 

• Practical measurements for the E-field coverage inside the Victorian house 

were carried out only at 2.4GHz.  It would be very interesting to perform the 

practical managements at all frequencies investigated and compare it to our 

simulation results. 

• This thesis investigated the E-field in the Victorian house. The next logical 

step is to investigate E-field distributions in other type of houses and 

apartments. Also, the area of the house, building's materials, wall thickness, 

the shape of rooms, the number of floors, etc all these properties affect to the 

E-field coverage and should by investigated. 

• The house in this thesis assumed to be empty house. Therefore, it would be 

useful to model the house with furniture. Analysing the E-field distributions 

inside the house with furniture and compared with our study would be very 

interesting area of study. 

• The house in this thesis was not insulated. Therefore it would be very 

interesting to model the houses that have been insulated using foil backed 

insulation. 
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Appendix A- Simulation of the E-Field Distributions on 

Vertical Plane at 5.8 GHz. 

This appendix shows the other eight scenarios for method A in section Error! Reference 

source not found.. The scenarios are presented in Table 4.1. The E-field amplitude 

distribution in vertical cut within the Victorian house in the first floor, ground floor and 

basement for the scenarios C, D, E, F, G, H, I and K at 5.8 GHz are shown below.  

 

                           Scenario C                                                       Scenario D        

 

Scenario E                                                       Scenario F 

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

d
B

V
/m

 
d

B
V

/m
 



Appendix A 

 

164 

 

 

 

                              Scenario G                                                       Scenario H 

 

Scenario I                                                      Scenario K 

 

 

 

 

 

 

 

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(m)
(m

)
 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-36

-33

-30

-27

-24

-21

-18

-15

-12

-9

-6

-3

0

3

6

d
B

V
/m

 
d
B

V
/m

 



Appendix A 

 

165 

 

The Difference between Scenario A and Other Scenarios for Vertical Cut at 

5.8GHz 

These results represent the other eight scenarios for method B in section Error! 

Reference source not found.. The scenarios are presented in Table 4.1. The difference in 

E-field levels between scenario A and other scenarios are calculated within the Victorian 

house at 5.8 GHz as shown below. 

 

      Difference between scenario A & scenario C                 Difference between scenario A & scenario D            

 

      Difference between scenario A & scenario E                 Difference between scenario A & scenario F            

 

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

(m)

(m
)

 

 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-3.6

-3.1

-2.6

-2.1

-1.6

-1.1

-0.6

-0.1

0.4

0.9

1.4

1.9

2.4

2.9

3.4

-21

-18

-15

-12

-9

-6

-3

0

3

6

9

12

15

d
B

V
/m

 
d

B
V

/m
 



Appendix A 

 

166 

 

 

      Difference between scenario A & scenario G                 Difference between scenario A & scenario H            
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E-field Amplitude and Cumulative Probability Distribution for Vertical Plane at 

5.8GHz 

These results illustrate all the twelve scenarios for method C in section Error! Reference 

source not found.. The simulation scenarios are presented in Table 4.1. The amplitude 

and cumulative probability distributions are used to provide a comparison between 

different scenarios of the E-field values in the basement, ground floor and first floor within 

the Victorian house at 5.8 GHz. 

 

Basement amplitude distribution                                  Basement cumulative distribution   
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First Floor amplitude distribution                              First Floor cumulative distribution  

 

(Key: B = Basement, G = Ground Floor, F=First Floor, O = open door, C = closed door, 2HK = two 

occupants in the kitchen and 2HF= two occupants in the front room, 1HB1=one occupant in Bedroom 1, 

1HB2=one occupant in Bedroom 2). 
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Appendix B- Simulation of the E-Field Distributions on 

Vertical Plane at 2.4 GHz. 

This appendix illustrates the other eight scenarios for method A in section Error! 

Reference source not found.. The scenarios are presented in Table 4.1. The E-field 

amplitude distribution in vertical cut within the Victorian house in the first floor, ground 

floor and basement for the scenarios C, D, E, F, G, H, I and K at 2.4 GHz are shown 

below.  
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                         Scenario E                                                       Scenario F        

 

 

Scenario G                                                       Scenario H        
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The Difference between Scenario A and Other Scenarios for Vertical Plane at 

2.4GHz 

These results show the other eight scenarios for method B in section 4.4.2. The scenarios 

are presented in Table 4.1. The difference in E-field levels between scenario A and other 

scenarios are calculated within the Victorian house at 2.4 GHz as shown below. 
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Difference between scenario A & scenario G                 Difference between scenario A & scenario H 

 

      Difference between scenario A & scenario I                 Difference between scenario A & scenario K 
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E-field Amplitude and Cumulative Probability Distribution for Vertical Plane at 

2.4 GHz 

This results represent all the twelve scenarios for method C in section 4.4.3. The 

simulation scenarios are presented in Table 4.1. The amplitude and cumulative probability 

distributions are used to provide a comparison between different scenarios of the E-field 

values in the basement, ground floor and first floor within the Victorian house at 2.4 GHz. 

 

Basement amplitude distribution                                  Basement cumulative distribution   

 

 

Ground Floor amplitude distribution                          Ground Floor cumulative distribution 
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First Floor amplitude distribution                              First Floor cumulative distribution  

 

(Key: B = Basement, G = Ground Floor, F=First Floor, O = open door, C = closed door, 2HK = two 

occupants in the kitchen and 2HF= two occupants in the front room, 1HB1=one occupant in Bedroom 1, 

1HB2=one occupant in Bedroom 2). 
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Appendix C- Simulation of the E-Field Distributions on 

Vertical Plane at 868 MHz. 

This appendix represents the other eight scenarios for method A in section 4.5.1. The 

scenarios are presented in Table 4.1. The E-field amplitude distribution in vertical cut 

within the Victorian house in the first floor, ground floor and basement for the scenarios 

C, D, E, F, G, H, I and K at 868 MHz are shown below.  
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                            Scenario G                                                       Scenario H 

 

Scenario I                                                      Scenario K 
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The Difference between Scenario A and Other Scenarios for Vertical Plane at 868 

MHz 

These results illustrate the other eight scenarios for method B in section 4.5.2. The 

scenarios are presented in Table 4.1. The difference in E-field levels between scenario A 

and other scenarios are calculated within the Victorian house at 868 MHz as shown below. 
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Difference between scenario A & scenario G                 Difference between scenario A & scenario H 

 

Difference between scenario A & scenario I                Difference between scenario A & scenario K 
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E-field Amplitude and Cumulative Probability Distribution for Vertical Plane at 

868 MHz 

These results represent all the twelve scenarios for method C in section 4.5.3. The 

simulation scenarios are presented in Table 4.1. The amplitude and cumulative probability 

distributions are used to provide a comparison between different scenarios of the E-field 

values in the basement, ground floor and first floor within the Victorian house at 868 MHz. 

 

 

Basement amplitude distribution                                  Basement cumulative distribution   

 

 

Ground Floor amplitude distribution                          Ground Floor cumulative distribution 
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 First Floor amplitude distribution                              First Floor cumulative distribution  

 

(Key: B = Basement, G = Ground Floor, F=First Floor, O = open door, C = closed door, 2HK = two 

occupants in the kitchen and 2HF= two occupants in the front room, 1HB1=one occupant in Bedroom 1, 

1HB2=one occupant in Bedroom 2). 
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Appendix D- Simulation of the E-Field Distributions on 

Vertical Plane at 433 MHz. 

This appendix shows the other eight scenarios for method A in section 4.6.1. The scenarios 

are presented in Table 4.1. The E-field amplitude distribution in vertical cut within the 

Victorian house in the first floor, ground floor and basement for the scenarios C, D, E, F, 

G, H, I and K at 433 MHz are shown below. 
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Scenario G                                                       Scenario H 

 

Scenario I                                                      Scenario K 
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The Difference between Scenario A and Other Scenarios for Vertical Plane at 433 

MHz 

These results show the other eight scenarios for method B in section 4.6.2. The scenarios 

are presented in Table 4.1. The difference in E-field levels between scenario A and other 

scenarios are calculated within the Victorian house at 433 MHz as shown below. 

 

Difference between scenario A & scenario C                 Difference between scenario A & scenario  
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        Difference between scenario A & scenario G                 Difference between scenario A & scenario H 

 

Difference between scenario A & scenario I                Difference between scenario A & scenario K 
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E-field Amplitude and Cumulative Probability Distribution for Vertical Plane at 

433 MHz 

These results represent all the twelve scenarios for method C in section 4.7. The simulation 

scenarios are presented in Table 4.1. The amplitude and cumulative probability 

distributions are used to provide a comparison between different scenarios of the E-field 

values in the basement, ground floor and first floor within the Victorian house at 433 MHz. 

 

Basement amplitude distribution                                  Basement cumulative distribution   

 

 

 

Ground Floor amplitude distribution                          Ground Floor cumulative distribution 
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First Floor amplitude distribution                              First Floor cumulative distribution  

 

(Key: B = Basement, G = Ground Floor, F=First Floor, O = open door, C = closed door, 2HK = two 

occupants in the kitchen and 2HF= two occupants in the front room, 1HB1=one occupant in Bedroom 1, 

1HB2=one occupant in Bedroom 2). 
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Appendix E – First Conference Paper 
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Appendix F – Second Conference Paper 
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