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ABSTRACT 
 

     This thesis reports the methods, the deployment strategies and the resulting system 

performance improvement of in-building environmental modification. With the 

increasing use of mobile computing devices such as PDAs, laptops, and the expansion 

of wireless local area networks (WLANs), there is growing interest in increasing 

productivity and efficiency through enhancing received signal power. This thesis 

proposes the deployment of waveguides consisting of frequency selective surfaces 

(FSSs) in indoor wireless environments and investigates their effect on radio wave 

propagation. The received power of the obstructed (OBS) path is attenuated 

significantly as compared with that of the line of sight (LOS) path, thereby requiring 

an additional link budget margin as well as increased battery power drain. In this 

thesis, the use of an innovative model is also presented to selectively enhance radio 

propagation in indoor areas under OBS conditions by reflecting the channel radio 

signals into areas of interest in order to avoid significant propagation loss. 

 

     An FSS is a surface which exhibits reflection and/or transmission properties as a 

function of frequency. An FSS with a pass band frequency response was applied to an 

ordinary or modified wall as a wallpaper to transform the wall into a frequency 

selective (FS) wall (FS-WALL) or frequency selective modified wall (FS-MWALL). 

Measurements have shown that the innovative model prototype can enhance 2.4  

	802.11 / /  transmissions in addition to the unmodified wall, whereas 

other radio services, such as cellular telephony at	1.8 , have other routes to 

penetrate or escape.  

 

     The FSS performance has been examined intensely by both equivalent circuit 

modelling, simulation, and practical measurements. Factors that influence FSS 

performance such as the FSS element dimensions, element conductivities, dielectric 

substrates adjacent to the FSS, and signal incident angles, were investigated. By 

keeping the elements small and densely packed, a largely angle-insensitive FSS was 

developed as a promising prototype for FSS wallpaper. Accordingly, the resultant can 

be modelled by cascading the effects of the FSS wallpaper and the ordinary wall (FS-
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WALL) or modified wall (FS-MWALL). Good agreement between the modelled, 

simulated, and the measured results was observed. 

 

     Finally, a small-scale indoor environment has been constructed and measured in a 

half-wave chamber and free space measurements in order to practically verify this 

approach and through the usage of the deterministic ray tracing technique. An initial 

investigation showing that the use of an innovative model can increase capacity in 

MIMO systems. This can be explained by the presence of strong multipath 

components which give rise to a low correlated Rayleigh Channel. This research work 

has linked the fields of antenna design, communication systems, and building 

architecture. 
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CHAPTER 1 

Introduction 

 
 1.1 General 

     Wireless communications have experienced a fast growth [1], as shown in Figure 

1.1. The first analogue wireless communication system, which utilised frequency 

modulation (FM), appeared in the 1980  leading to the first digital cellular 2G  

system in the early	1990 [1]. The introduction of this system significantly improved 

the spectral efficiency through the use of the cellular concept which is based on the 

frequency reuse idea. Currently, third generation 3G  mobile communication 

systems are evolving to offer a range of voice, data, and multimedia services. In 

addition to that, the fourth generation 4G  systems [1], which provide an all-IP 

network that integrates the current services and provides new broadcast, cellular, 

cordless, wireless local area networks (WLANs), and short-range communication is 

being developed. 

     At present, public properties like shopping centres and offices are mostly covered 

by	3G, Global System for Mobile (GSM) networks, and more and more by Wi-Fi 

network signals. Usage of these services will continue to increase rapidly, meaning 

that there will hardly be a public place where such transmissions cannot be received 

[1]. This will be especially true inside buildings, and for this reason, it will put stress 

on an efficient system design and will also require innovative solutions which make 

these systems sufficiently clever in order to achieve adequate coverage, while 

maintaining high power and bandwidth efficiencies [2].  

     The method is based on improved control of the propagation environment taking 

advantage of the fact that the local infrastructure can be cognitive as well as the 

communication devices themselves. FSS can attenuate or reflect an impinging 

electromagnetic wave at a certain frequency, while having a minimized effect on the 

rest of the frequency band. This feature has an advantage to solve some issues related 

to the propagation phenomena inside buildings. 
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     Radio signals specifically propagate through reflections, refractions, diffractions, 

and scattering. Transmitted signal components arrive at the receiver with various 

amplitudes and phases and combine together to produce the received signal. 

     Due to these multipath components, the instantaneous received signal strength can 

typically vary as much as 20– 30  over a fraction of a wavelength due to 

constructive and destructive contributions [2]. In a typical indoor environment, the 

received signal is mainly attenuated due to reflections and transmissions through 

building materials. Building penetration loss depends on various variables associated 

with the building architecture, including but not limited to the building structure, the 

building walls periodicity and their electrical properties, and the angle of incidence [3, 

4]. 

     Depending on the application, there are cases where the radio signals have to be 

attenuated in designated areas of interest, improving in this way wireless security. 

Such an attenuated signal can also assist interference management. However, there 

are also cases where these signals have to be amplified in order to increase wireless 

coverage and system reliability. 

 

Figure 1.1: 4G vision [1]. 

 

     Environmental modification can mainly be used to achieve two outcomes, namely, 

(a) enhancement of the desired signals and (b) mitigation of the interference. As an 



CHAPTER 1. Introduction	 21 

 

TX 

RX

Reflector 

 
  

 

Unwanted 
Transmitter (TX) 

Receiver 
(RX) 

Shield 

Weakened 
Interference 

example, the desired signals can be enhanced by electromagnetic reflectors installed 

at internal corners, as illustrated in Figure 1.2(a), so that the signals can be ‘directed’ 

to the shadowed regions [5, 6], more details on electromagnetic reflectors are 

explained in section 4.5. In order to mitigate adjacent channel interference and 

efficiently reuse the spectrum, a possible solution would be to directly control 

interference using electromagnetic structural shielding [7-10], as illustrated in Figure 

1.2(b). Such shielding might be applied to the surfaces of existing walls or 

incorporated into the wall structure of new buildings to provide radio isolation 

between adjacent coexisting wireless systems or cells. 

     The literature proposes various methods to increase coverage. These include leaky 

feeders, active and passive repeaters, and distributed antennas. The leaky feeder 

principle of operation is based on the leakage fields arising from specially made 

coaxial cables, which are usually deployed in large pathways (tunnels) [11, 12]. 

Despite that they have been mainly used in tunnels and mines [13], they have also 

found applications in indoor environments, especially, in offices with lengthy 

corridors [14, 15]. The active repeaters are based on the idea of receiving the signal in 

a particular location, amplifying and retransmitting it to the same or another direction. 

However, this technique requires power and good isolation between the receiving and 

retransmitting antennas [16], otherwise the system might become oscillatory. Also, 

with active repeaters, the received noise and interference is reradiated on both the 

forward and the reverse link. 

 

 

 
(a) Enhancement of propagation 

along a corridor with a flat reflector 
[8]. 

(b) Interference control with      
electromagnetic shielding [9]. 

Figure 1.2: Examples of environmental modifications. 
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     Using mobile computing devices is a part of everyday life. Everybody wants to be 

connected at any time and at any location. Since we spend the majority of our time 

inside buildings, it is important to find ways of letting existing wireless signals cover 

large indoor areas with high received power levels, while controlling transmitter 

power and limiting the number of transmitters. The key objective of the research is to 

modify building wall materials to enhance propagation at certain frequencies. To 

achieve this, a custom designed pass band FSS structure, along with perfect 

conducting sheets, is used inside a brick as smart brick or outside the wall like drywall 

as external module to increase the strength of received signal in indoor environments 

[17-19]. Applying the innovative model, smart bricks and external modules, as a part 

of investigated area can enhance the received power for certain microwave signals. 

The received power of the obstructed (OBS) path is attenuated significantly as 

compared with that of the line of sight path (LOS), thereby requiring an additional 

link budget margin as well as increased battery power drain. In this research work, the 

use of an innovative model is suggested under OBS conditions in order to avoid 

significant propagation loss. 

     This thesis describes a research project investigating strategies for modifying the 

indoor environment surfaces and the resulting impact on the performance of wireless 

communication services, such as wireless local area network (WLAN) 

systems	 	802.11 / / . The primary objectives of this research have been: 

 To investigate potential methods for modifying the propagation channel. 

 To derive deployment strategies for modifying physical environments. 

 To quantify the impact of such environmental modifications on the signal 

strength. 

     To achieve these objectives, a practical technique to create an innovative model 

involves the use of FSS. An FSS is a periodic array of aperture or patch elements that 

behaves like a filter to radio signals. In practice, an FSS structure can take one of 

several forms. In its simplest form, it is a wallpaper-like covering that can be readily 

applied to existing surfaces. The concept of using FSS as wallpaper was proposed in 

[20]. This research has studied the feasibility of creating an innovative model to 

enhance indoor wireless performance. The aim has been to create a wallpaper FSS on 

a modified wall prototype that enhances	 	802.11 / / 	WLAN transmissions 

at	2.4 	and allows other radio services operating at other frequencies to pass 

through, such as cellular telephone transmissions at	1.8 . A proper analysis tool 
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for innovative model design and an economical fabrication technique were 

investigated during this research. Many series of simulations and measurements were 

conducted to examine the innovative model responses.  

     In the communication industry such as communication networks, infrastructure 

needs to be designed and implemented and at the lowest cost. Much effort is put in by 

researchers in order to improve the radio propagation conditions in such a way as to 

increase radio coverage and reliability. Several techniques have been proposed over 

the recent years for improving radio propagation in indoor and outdoor environments. 

The proposed model is applicable to enhance the received power for certain 

microwave frequencies at indoor scenarios, more details about these techniques are 

presented in section 4.5. The average increase in received signal power is about 5

6  at	2.4 , while in some severely-shadowed locations the improvement is as 

high as	15  and a full comparison between the proposed model and previous works 

has been done. Section 4.5 shows an overview of previous works and Chapter 6 

shows the evaluation of the proposed model. However, it is common practice that 

such methods are first of all simulated before they are put in place. Thus, using an 

accurate propagation tool is extremely important in terms of system planning. Such 

models are called stochastic or site specific since they take into account all the 

possible contributions arising from a vast number of propagated rays. This means that 

all the geometrical and electrical properties of a particular propagation environment 

are taken into consideration. Ray tracing like ‘Wireless InSite’ [21] is the dominant 

technique for developing deterministic propagation models. This technique identifies 

the dominant ray paths reaching the receiver location and determines their field 

strength using electromagnetic theory. 

     Various factors need to be considered when designing an innovative model by 

using FSS. One of these factors is the accounting the actual deployment of FSS on the 

building walls. It has been shown in [22, 23] that when a periodic surface such an FSS 

is deployed directly on any dielectric medium, there is a shift of its resonance 

frequency which depends on the dielectric properties of the medium that the surface is 

deployed on. A way to overcome this problem is to increase the air gap between the 

FSS and the building material, so that the two, the FSS and the normal or modified 

wall, behave as independent facets, affecting the propagation of waves that interact 



CHAPTER 1. Introduction	 24 

 

with them in an independent way as two separate processes. By comparing the system 

performance, the effectiveness of environmental modifications has been investigated. 

 

1.2 The Contributions of this Thesis 

     The original contributions of this thesis are concerned in modifying building wall 

surfaces. A custom designed pass band FSS has been used to cover the face of a brick. 

A smart brick consisting of FSS on the sides’ face of the brick and a perfect 

conductors covering the top and edges, was defined and evaluated for its effect on 

signal enhancement. 

     Waveguide module consisting of FSS for use external to a drywall has been 

designed and tested for use as signal enhancer. 

     The transmission and reflection response of the smart bricks and external modules 

have been imported into ‘Wireless InSite’ to evaluate the capabilities of the proposed 

structure and validation done through comparison with similar measured scenarios in 

a working indoor environment situated in W-Building at Loughborough University 

which incorporates the additive wall treatments in wireless environments. 

     Guidelines for effective deployment of environmental modifications in different 

environments have been proposed. Practical installation issues have been discussed 

and future research directions have been suggested.      

      

1.3 Structure of Thesis 

     This thesis consists of 7 chapters: 

     Chapter 2 of this thesis presents a literature review of research on FSSs. The 

development history of the FSS and its common applications are addressed. 

Objectives of this chapter include identifying the key factors which govern the FSS 

performance, and reviewing available techniques for theoretical FSS analyses. A case 

study done by the Ofcom project; the independent regulator and competition authority 

for communications industries in the UK [24], which involved applying an FSS to 

building environments is also discussed here.  

     Chapter 3 describes both the FSS design procedure based on the equivalent circuit 

(EC) model and commercial package like Computer Simulation Technology (CST) 

Microwave Studio (MWS) [25] as well the FSS fabrication process used for this 

research. Key parameters that characterise the required FSS frequency response are 
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also explained here. Improvements in FSS design like improvement in maintaining a 

consistent angular response would both be beneficial. To include these features in an 

FSS design, the square spiral FSS consist of a more complicated element pattern than 

the simple square mesh-patch array FSS is also discussed. Prior to the presentation of 

measurement results, Chapter 3 explains the measurement system used for this 

research. Hardware equipment, data processing procedures, and repeatability of the 

measurements are addressed. Measurements conducted throughout this research are 

summarised here. 

     Chapter 4 gives a brief introduction into the basic radio propagation modelling 

techniques. It also provides a review of the research activities concerning 

environmental modification, previous related research in outdoor, outdoor-to-indoor, 

and indoor environments. 

     Chapter 5 presents the analytical model to study the indoor environments. This 

model has been verified, by comparing it with results obtained from a commercial EM 

simulator; the CST MWS, and used to examine the innovative model behaviour. It 

also presents, through cascading analytical model, simulations, and half-wave chamber 

measurements. The indoor environments can be successfully transformed into a 

frequency selective wall by attaching a custom designed FSS as a cover onto the 

ordinary (FS-WALL) or modified wall (FS-MWALL). 

     Chapter 6 presents ray tracing simulations results using ‘Wireless InSite’ for 

various indoor scenarios that show that innovative model can be utilised as passive 

repeaters to achieve the objective regarding signal coverage. The impact of the 

environmental modifications considered, namely, innovative model, is separately 

evaluated and modelled in indoor environments. Comparisons between predicted and 

measured propagation data are made in indoor environments; the comparison has 

indicated a reasonably good agreement. The ‘Wireless InSite’ was also validated 

through a small scale modified indoor environment where innovative model 

constructed and measured in a controlled environment; half-wave chamber.        

     Chapter 7 draws some conclusions on this particular research work and presents 

some developments and future work. An initial flavour of the capacity increase from 

utilising innovative model in an indoor MIMO wireless environment is also presented.  
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CHAPTER 2 

Frequency Selective Surfaces 
 

2.1 Introduction  

     This chapter presents a literature review and basic principles governing the 

operation and analysis of FSS. This includes a brief overview of the FSS basic 

characteristics, the various types of element shapes, the role, effect of the supporting 

dielectric substrate, and some typical applications of FSS reported in literature. As a 

simple technique to create FS-WALLs is to attach FSSs to existing walls, in this 

review emphasis is placed on factors which govern the FSS performance and methods 

that can be used to model the FSS. Case studies of applying an FSS in indoor wireless 

environments are also addressed in this thesis. 

 

2.2 FSS Background and Applications 

     Frequency selective surfaces (FSSs) are planar periodic structures which exhibit 

reflection and/or transmission properties as a function of frequency. The surface 

consists of thin conducting elements, usually printed on dielectric substrates for 

support. In general, the FSS structures can be divided into patch-type or aperture-type 

metallic elements, being periodic in either a one or two dimensional array [1-3]. 

Based on the element geometry, FSSs have four operation modes: low pass, high pass, 

band pass, and band stop filters. Figure 2.1 presents a typical example of the FSSs that 

have these behaviour. 

     An example of an FSS is the metal holed door of a standard house microwave 

oven. The microwave oven door has hexagonal aperture FSS which is similar to the 

high pass filter example, as shown in Figure 2.1(b). The oven door performance is 

like a closed metal shield to the internal 2.4  microwave transmissions while 

being optically transparent, which means higher frequencies 400 700  

can pass through, so the cooking progress can be monitored. 
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     The FSS pairs shown in Figure 2.1, 	&	  and 	&	  are each as Babinet duals 

[4]. These are a simple case of the general Babinet principle of complementary arrays. 

When the two FSS arrays are placed on top of each other, a complete perfectly 

conducting plane is obtained. Based on this principle, in the absence of a substrate, if 

the conducting plane is perfectly conducting and infinitely thin, then the reflection 

coefficient of the one array equals to the transmission coefficient of the other. 

Providing that the structure is symmetrical Babinet’s principle can be employed to 

transform from a stop band FSS to a pass band FSS or from a low pass FSS to a high 

pass FSS and vice versa. This means that to transform a pass band filter into a stop 

band filter, the conductive and none conductive space are reversed, as shown in 

Figure 2.1(c) and Figure 2.1(d). Different element shapes, can consisting of dipoles, 

circular rings, Jerusalem crosses, tripoles, or more sophisticated shapes, as illustrated 

in Figure 2.2,  offer different FSS frequency responses.  

  

  

 

(a) Low Pass (b) High Pass (c) Band Pass (d) Band Stop 

Figure 2.1: Four operation FSS filters modes [3]. Conducting materials are 
represented in colour. 

 

     In the case of metal as an FSS, a plane wave propagating in -direction inside the 

metal can be written [2, 4] as:  

⁄ ⁄  2.1

where 

1
 2.2
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is the skin depth, which is the depth for the field to decay be . At low frequencies, 

the skin depth is much larger than the thickness of metal track. As frequency further 

increases, the skin and proximity effects result in increasing of the metal track 

resistance rapidly. For copper, the skin depth is 1.366 10   and surface resistance 

is 0.0126Ω at 2.4	  which the skin depth is much smaller than the dimension of 

metallic screen.  

 

 

Figure 2.2: Unit cells of the common FSS element geometries [1]. 

 

     FSSs have been intensively studied since the 1960s [1, 2], although as early as 

1919 Marconi patented such periodic structures [5]. Early work concentrated on the 

use of FSS in Cassegrain sub-reflectors in parabolic dish antennas. FSS are now 

employed in radomes, missiles, and electromagnetic shielding applications. For 

example FSS sub-reflectors can be used in dual-reflector antenna configurations. 

These sub-reflectors are mainly used to enhance the multi-frequency capabilities of 

such antenna systems. Figure 2.3(a) shows the Cassegrain Antenna System [1] where 

an FSS sub-reflector is placed in front of the main reflector. This sub-reflector is 

transparent at a frequency  and opaque at a frequency	 . This enables the use of 

two horn antennas; one antenna placed at the focal point of the main reflector 

transmitting  and the other one placed at the Cassegrain focal point transmitting	 . 

The net result is that two frequencies at  and  can be accommodated at the main-

reflector. 

 

 

  

     

  
  

Dipole Cross Dipole Jerusalem Cross

Ring Square Loop Tripole

Resistively Loaded 
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     Another example, FSSs are used as a cover for hiding communication facilities. 

This is probably one of the first prospective applications of FSS structure, as they 

have actually been used, as illustrated in Figure 2.3(b) [1]. The FSS radomes reflect 

unwanted transmissions in frequency band  while allowing required transmissions 

in frequency band  to pass through to reduce the radar cross-section (RCS) of an 

antenna system outside its frequency band of operation [1]. Therefore, this radome 

application is widely deployed for military uses on missiles, aircraft, or aboard ships. 

 

 

 

Figure 2.3: Applications of FSS [1]. 

 

     Apart from applications in antenna design, FSS have found use in other areas. An 

example is their application in circuit analogue absorbers [1]. Another example is for 

improving wireless communication systems in indoor office environments [6, 7]. 

Improving spectrum has been investigated by producing FSS wallpaper. Using FSSs 

in indoor office environments to selectively control signal propagation like blocking 

mobile phone transmission into prisons, theatres, hospitals, places of faith, or airports.    

 

2.3 Factors which Influence the FSS Response 

     The performance and behaviour of the FSS filters depend on the following factors: 

1. The geometry of the FSS element; shape, lattice shape, periodicity, and 

number of layers.  

2. The conductivity of the FSS conductor. 

3. The permittivity and conductivity of the FSS substrates. 

4. The signal incident angles. 

     The selection of the element geometry is an important factor that needs to be 

considered when designing a FSS. Some element shapes have a more broadband 

(a) Dual feed Cassegrain sub-
reflector. 

(b) Radome for abroad 
military ships. 
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response than others, some are more sensitive to the angle of incidence, whereas some 

are more suited for cross-polarised waves. Figure 2.2 presents a basic selection of the 

most commonly studied element geometries.  

 

2.3.1 FSS Element Geometry 

     The shape of the conducting element which constitutes an FSS is unrestricted. 

According to [1], there are four different types of possible element type FSS arrays:  

 Group 1: Centre connected or  poles such as dipoles, tripoles, and Jerusalem          

crosses [8-10]. 

 Group 2: Looped types, such as circular, square, and hexagonal loops [11, 

12]. 

 Group 3: Solid interior or patch types of various shapes. For example, circular 

patches, and square meshes [13]. 

 Group 4: Combinations of any of the above to overcome FSS performance 

deficiencies that are associated with simple element shapes [14]. 

     The most common shapes are presented in Figure 2.2. Each element shape has its 

own unique frequency characteristics. As an example, signals arrive on a wall at 

various angles; it is necessary to design an FSS whose functions are stable over a 

range of incident angles then the choice of a desirable element depends on the target 

characteristics. Table 2.1, presented in [2], shows a typical comparison between these 

different elements.  

 

Table 2.1:  Performance of various common FSS element geometries [2] 

Type of Element Angular 
Stability 

Cross 
Polarisation 

Larger 
Bandwidth 

Small Band 
Separation 

Resistively 
Loaded Dipole 

1 2 1 1 

Dipole 4 1 4 1 

Cross Dipole 3 3 3 3 

Jerusalem Cross 2 3 2 2 

Rings 1 2 1 1 

Tripole 3 3 3 2 

Square Loop 1 1 1 1 

The performance is scaled from 1 to 4, where 1 is the best. 
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     Table 2.1 shows that the square loop element shape outperforms other types of 

shapes in every investigated performance characteristics. Thus, the square mesh-patch 

array was chosen as the FSS element shape for this research [15], illustrated in Figure 

2.4. 

     For a certain element shape, in this research, the square mesh-patch array, the 

general selective characteristics of an FSS are chosen to be pass band. However, the 

specific frequency response is determined by the element dimensions:	 , , g, and		 ,  

as shown in Figure 2.4.  is the separation period,   is the distance between lines of 

the square grids, and  is the width of the conducting strip. These parameters 

determine the location of the resonant frequency	 . The parameter g, which is 

called the inter element spacing (IES), controls the FSS angular performance [3, 16, 

17]. Studies have suggested that a smaller distance between lines generally results in a 

higher	 , and a smaller g ensures stable  with varying incident angels [1, 18].            

 

Figure 2.4: The equivalent circuit model for the pass band square mesh-patch 
array FSS [15], 	is the characteristic impedance of the transmission line, and 

its frequency response. 

 

2.3.2 FSS Element Conductivity 

     When electromagnetic (EM) energy is incident on a FSS, currents are induced on 

the conducting elements. These induced currents then re-radiate EM waves from the 

conducting elements [19, 20]. The conductivity of the elements can be approximated 

by a perfectly electric conducting (PEC) plate if materials with high conductivity like 

copper are used.  Compared with copper which might be approximated as a material 

of infinite conductivity, silver paints have much lower conductivities resulting in a 

finite resistance value along the conductive elements [21, 22]. In general, the FSS can 

be modelled as energy storing inductive or capacitive components in an equivalent 

circuit, which is determined by the element shape. Therefore, the core loss (lossy 
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conductive material) can be represented by a resistance  in series with the 

inductance  and capacitance  component in the equivalent circuit, as shown in 

Figure 2.4.  

 

2.3.3 The Supporting Dielectric Substrates 

     As already mentioned, an FSS includes a dielectric substrate, which is used for 

mechanical support and for stabilising the angular response of the FSS [23, 24]. This 

substrate has a significant effect on the transmission and reflection response of the 

FSS. For a single layer of FSS, arrangements of the FSS and dielectrics can be either 

(a) dielectric on both sides of the FSS element, as shown in Figure 2.5(a), or (b) 

dielectric only on one side of an FSS, as shown in Figure 2.5(b). Dielectric, added 

either to one or both sides of the FSS, can affect the resonant frequency. Maximum 

reduction in the 	can be obtained when the dielectric is as thin as	0.05 , where  is 

the dielectric wavelength in metres. The  of an FSS in a thick dielectric is reduced 

by (a) a factor of  √ 	 , which  is the relative permittivity of the material and also 

known as the dielectric constant, when the dielectric is present on both sides of the 

FSS or (b) by a factor of 1 /2 when the dielectric is only present on one side 

of the dielectric. The effective dielectric constant 	equals the dielectric constant 

	of the substrate on two side arrangement, as shown in Figure 2.5(a), and equals 

1 /2		for the substrate one side arrangement, as shown in Figure 2.5(b). 

However, for a substrate with thickness is less than	0.05 , the effective permittivity 

 is a nonlinear function of the substrate thickness [1].  

 

Figure 2.5: Effect of the dielectric substrate on an FSS [1]. 
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     Research has also shows that above a certain frequency,	 , higher order modes 

may propagate within the dielectric substrate. This results in a series of complicated 

resonances. The phenomenon is described as surface waves trapped in the dielectric 

substrate [23]. Such an	 	is considered to be the upper limit of the operating 

frequency, and is associated with Wood's anomaly and occurrence of grating lobes 

[1]. Note that with the presence of a dielectric substrate, the	 	for surface waves and 

the frequency where grating lobes begin to propagate do not alter substantially. 

Embedding an FSS in dielectrics will not eliminate surface waves. However, they can 

be pushed to a higher frequency if the dielectric is thin enough. Therefore, 

the	 	should be kept low and the 	high in order to achieve a wide operating 

frequency range between resonance  and the upper limit,	 . This can be done by 

either, keeping the dielectric substrate thin, so that the  remains at higher frequency, 

or, arranging dielectrics on both sides of an FSS rather than on just one side. Thus,  

can be shifted downwards more, while  remains unaffected in either case. Therefore, 

the ideal arrangements are to keep dielectrics on both sides of an FSS [23]. 

     The arrangements of dielectric influence the frequency selective response. The 

stability of an FSS performance over a range of incident angles is improved when the 

dielectric is placed on both sides or on one side around the FSS. If the FSS grid is 

placed inside a dielectric then the range of incident angle is reduced and making the 

FSS structure less angle sensitive. This is due to Snell's law of refraction	 	

	 , as shown in Figure 2.5 [23].  

 

2.3.4 Incident Waves Angles and Polarisations 

     Figure 2.6 illustrates a wave arriving at an oblique angle to an FSS with 

conducting strips separated by g. The Figure 2.6 shows that the projected effective 

separation between each strip will be reduced by a factor of	 . This is different 

from the scenario when the signal arrives at 0  where the effective element 

dimensions seen by the oblique incident wave and the current induced are different 

[25]. As a result, the FSS angular response diverges away of 0   [17]. 

    So, the equivalent circuit equations are affected by this variation, when the incident 

angle changes. In general  and  are expressed in terms of the FSS period, widths of 

the various conductor strips, gap distances between the conductor and the angle of 
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incidence and wavelength. For square mesh-patch array FSS the resonant frequency 

will shift downwards with increasing  [16, 26-28].  

 

Figure 2.6: Equivalent square mesh-patch array FSS separation between 
elements by an obliquely incident wave. 

 

     The polarisation of the incident signal also influences the FSS response. Choosing 

appropriate element dimensions, and designing for the same frequency response for 

transverse electric ( )-wave and transverse magnetic ( )-wave incidence at	0 ,  

help to avoid the unwanted variations in FSS performance due to changing signal 

incident angles or polarisations. It should be noted that stability to angle of incidence 

and polarisation depends even more on the dielectric than on the element type. A 

careful design of an FSS, with multiple FSS layers and dielectric substrates or an 

appropriate choice of element dimensions, can provide independence of polarisation 

and angle of incidence [1, 23, 24]. 

 

2.4 The Concept of Grating Lobes 

     Grating lobes are unwanted rays which cause a high constructive interference [2]. 

Grating lobes occur if the periodicity is greater than the free space wavelength. If the 

structure is periodic with a period that is smaller than the vacuum wavelength then 
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there are no grating lobes and the only power loss is by heating and surface waves, as 

shown in Figure 2.7. 

     A general rule for preventing grating lobes is to keep the element size and spacing 

less than one wavelength at 0  incidence. In the case, of large oblique incident angles, 

the element size and spacing should be kept less than one half of a wavelength. 

Reference [2] lists criteria for grating lobe suppression for some common FSS 

element patterns. For the square mesh-patch array element with periodicity of	 , as 

shown in Figure 2.4, the criterion for suppressing grating lobes is to ensure 1	

	 	 	 ¸ for  wave incidence and cos 	 ¸ for  wave incidence [29]. 

When grating lobes exist, conducting elements can no longer be modelled as pure 

reactive components, and a resistive component will emerge which corresponds to the 

energy loss. The grating lobes will be always the same, with or without the presence 

of a dielectric substrate [2]. 

 

    
 

Figure 2.7: Square mesh-patch array FSS with different separations. 

 

2.5 FSS Applications for Wireless Propagation Control within 
Buildings 

     A number of studies have been done to examine the frequency characteristics of 

building materials, including dielectric characterisation [30, 31], determining the 

propagation through building walls and window structures [32, 33], and modelling 

steel-reinforced concrete structures [34, 35]. They have all indicated the influence of 

different building properties on indoor radio propagation. Accordingly, this implies 

that modifying building walls, such as transforming a wall into an FS-WALL, will 

have a significant impact on radio transmissions and therefore the wireless system 

(a) Single main ray 
without grating lobes. 

(b) Single main ray 
with grating lobes. 
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performance. It is worth noting that modifications to the indoor environment have 

been investigated by Maeda et al. [36, 37]. Different propagation environments were 

created by purposely constructing ceilings, walls, and doors of a testing booth using 

various building wallboards with different reflection, transmission, and absorption 

properties. Although none of the wallboards used in Maeda's study were frequency 

selective, a significant difference in the wireless system performance was observed 

for different environments. This supports the concept of modifying the propagation 

environment to mitigate interference. It is also worth noting that among these studies, 

reinforced concrete structures are special cases in which the frequency selectivity is 

due to the metal bar mesh reinforcements [38-40]. 

     A practical technique to create an FS-WALL involves the use of FSSs. In practice, 

a FS building structure can take one of several forms. In its simplest form, it is a 

wallpaper-like covering that can be readily applied to existing surfaces. The concept 

of using FSS as wallpaper was proposed in [41]. A collaborative project to design 

FSS for wireless propagation control within buildings between the Universities of 

Kent and Manchester in the UK and Auckland in New Zealand which established how 

to create a wallpaper FSS capable of influencing signal strength within buildings, 

especially if the FSS panel is small with respect to the total wall area, and also finite 

with respect to wavelength. The rationale for the project was to find solutions to the 

pervasive problems of spectral overcrowding, interference and security while at the 

same time allowing the emergency services to use their radio systems (TETRA in 

Europe) when they need to enter a building [42], as shown in Figure 2.8. Wallboards 

can also incorporate the frequency selective technology so that subsequent covering is 

not necessary. In addition, FS building structures can also be three-dimensional 

wallboard-based structures, as suggested in a research conducted by Ofcom [43-45], 

which offer greater selectivity and performance than their two-dimensional wallpaper-

like counterparts. Furthermore, the signal isolation capability of a small FSS screened 

enclosure has been studied in [46]. 

     FSSs can be used to block or pass the entire WLAN band for reducing cochannel 

interference from adjacent systems or preventing eavesdropping. The Ofcom study 

involves employing FSSs within buildings to create isolated spectrum selective 

islands (ISSI) by controlling the propagation of signals into and out of buildings. The 

Ofcom project [43] has demonstrated with simulations that, a room	 17.5 	inside 

an office environment	 63 	with the appropriate shielding and the use of a multi-
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layered FSS panel can be successfully isolated from 5.2  transmissions with 42  

attenuation in signal strength. While, allowing 2.4  WLAN signals to pass through 

with only 2 3  attenuation. This 42  attenuation has been demonstrated to be 

enough to isolate the transmitting and the receiving units. 

     In the Ofcom project [44, 47], a	60 60 x30  FSS panel was constructed 

that consists of two dielectric-clad FSS layers separated by extruded polystyrene. For 

a stable performance over different incident angles and polarisation, a different 

element pattern, cross-loops and hexagon-loops, have been investigated.  

 

 

(a) A civil office environment. 

 

(b) A prison building. 

Figure 2.8: Example of finite FSS panel usage in different scenarios. In both 
cases it is assumed that the surrounding walls, floors, and ceilings are screened 

with thermally insulating metal sheeting [42]. 
 

       ERA technology, a member of the Ofcom project, has established another 

technique to use FSS in indoor environments [48], by using reflection techniques to 

access blind areas, especially around corridor corners by applying FSSs onto corridor 

walls. In addition, other projects have been investigated by the Ofcom in the area of 

developing optically-transparent FSSs [43] and active FSSs [45]. 
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 2.6 Modelling Periodic Structures 

     All macroscopic electromagnetic phenomena occurring in practice can be 

mathematically described with the complete set of Maxwell’s equations. When 

designing FSS structures, it is essential to have accurate models that can predict their 

electromagnetic properties. The most commonly used methods include Method of 

Moments (MoM) [49], the Finite Element Method (FEM) [50], Effective Medium 

[51], the simple analytical Equivalent Circuit (EC) method [12, 17], the Finite 

Difference Time Domain (FDTD) method [52, 53], and the Finite Integration 

Technique (FIT) [54]. The FDTD and FIT are briefly discussed in this section without 

formulation details. 

 

2.6.1 Finite Difference Time Domain (FDTD) 

     The popular FDTD method proposed by Yee for solving Maxwell’s equations is an 

efficient, flexible, accurate, robust, full wave electromagnetic modelling tool [53]. In 

the analysis of periodic structures by FDTD, a unit cell is simulated instead of the 

whole structure by incorporating the right periodic boundary conditions.  

     The analysis is discretized in space and time, with the magnetic and electric field 

components offset by half a unit cell. The equations are solved in a leap frog manner 

to update the electromagnetic field within the computational domain. This is done by 

examining the Maxwell equations, the change in the electric field (E-field) in time is 

depended on the change of the magnetic field (H-field) across the space (curl). This 

results in the basic FDTD time-stepping relation, where the updated value of the E-

field in time, depends on the stored value of the E-field and the numerical curl of the 

local distribution of the H-field in space. Similarly, the H-field is time-stepped as 

well; the updated value of the H-field depends on the stored value of the H-field and 

the numerical curl of the local distribution of the E-field in space.  

     Material properties can be identified at any given point in the computational 

domain. So, FDTD is capable of modelling any shaped 3D FSS structures with 

inhomogeneous dielectric substrates. Since the FDTD method requires computation of 

the field components for all the points in the computation domain, this domain needs 

to be made finite in order to minimise the computer memory requirements of the 

simulation and the computational domain grids must be small compared to the 

wavelength, which may result in long solution time. 
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     The FDTD technique was chosen to be one of the preferred analysis tools for this 

research. The EMPIRE XCcel simulator is a tool for solving Maxwell’s equations, 

especially for radio frequency (RF) applications [55]. It is based on the FDTD, which 

means that the equations are discretized in space and time. This is accomplished by 

mapping the structure of interest onto a rectangular grid where the unknown field 

components are located in each cell. This means that the unknown field for a certain 

time is calculated from the field values before. 

  

2.6.2 The Finite Integration Technique (FIT) 

     The FIT [54] developed by Weiland in 1977 provides a discrete reformulation of 

Maxwell’s equations in their integral form suitable for computers and it allows to 

simulate real-world electromagnetic field problems with complex geometries. This 

finite volume-type discretization scheme for Maxwell’s equations relies on the usage 

of integral balances and thus allows the stability and conservation properties of the 

discrete fields to be proved even before starting with numerical calculations. In 

particular, such algebraic properties of the discrete formulation enable the 

development of long-term stable numerical time integration schemes or accurate 

eigenvalue solvers avoiding spurious modes. 

     Computer Simulation Technology (CST) Microwave Studio (MWS) is a numerical 

simulator for general high frequency 3D-EM simulation that is based on the FIT [56]. 

This is a versatile approach that can be and is consistently applied to all kinds of EM 

simulation tasks, from statics to the optical regime, but also to other physical problem 

types like thermodynamics or elastodynamics. FIT can be formulated on any kind of 

grid, in the time domain (TD) and in the frequency domain (FD). The solution of 

explicit Maxwell equations by means of FIT in TD needs less numerical effort than an 

FD due to the large storage and considerable computation time [56, 57].  

 

2.6.3 Equivalent Circuit (EC) Models 

     In contrast to the above computationally intensive approaches, the equivalent 

circuit (EC) models offers a simpler alternative method in FSS analyses. The FSS is 

modelled based on a transmission line analogy [58]. The FSS is modelled as 

equivalent inductive and capacitive components in a transmission line, where the 

circuit components are evaluated based on the quasi-static EC approximation of 
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conducting strips developed by [58]. Despite the fact that EC is a scalar technique, 

analysis is developed to specific cases, it is often a preferred modelling technique due 

to its implementation simplicity and quick evaluation. The FSS is modelled based on 

a transmission line analogy [58]. EC model is usually used as the initial tool in FSS 

design followed by any of the aforementioned electromagnetic simulation methods, to 

fine-tune the initial design or to simulate more complex structures. This method relies 

on the representing of the FSS to its equivalent circuit which comprises inductive and 

capacitive components.  

     Research has successfully employed the EC model in analysing FSSs with simple 

element shapes [12, 17, 59, 60]. EC method equations for analysing a square mesh-

patch array FSS are presented in Chapter 3. 

 

2.6.4 Summary of Analysis Techniques 

     Numerical techniques such as FIT and FDTD can be used to analyse complicated 

FSS structures. In particular, both FIT and FDTD are capable of analysing 

inhomogeneous substrates. Numerous EM simulation packages are commercially 

available, such as the EMPIRE XCcel, and CST MWS. They are tools implemented 

with analysis techniques such as the FDTD and FIT. They are capable of simulating 

the field scattered from a complicated FSS structure, or determining current 

distributions on conducting elements.  

     EMPIRE XCcel and CST MWS were chosen in this research both of them offering 

an acceptably accurate FSS analysis needed for indoor environments. For indoor 

environments, an equivalent circuit for a simple shape, like square mesh-patch array 

FSS can be presented by EC modelling, offering an adequately accurate FSS analysis.  

Nonetheless, experimental measurements offer the most realistic and reliable 

examinations of FSS performance. Therefore, the analyses presented in this thesis 

have been based on modelling and practical measurements. 

 

2.7 Summary 

     The literature review and basic principles governing the operation and analysis of 

FSS have been presented in this chapter. This has included a brief overview of the 

FSS basic characteristics, the various types of element shapes, the role, and effect of 

the supporting dielectric substrate, some typical applications of FSS reported in the 
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literature. With a right choice of an FSS element dimensions and shapes, in this case, 

FSS could be insensitive to incident angles and signal polarisations. 

    It has been concluded that the square loop element outperforms other shapes such 

as dipoles, rings, or cross dipoles in terms of angular stability, cross polarisation 

levels, and operational bandwidth. Therefore, the square mesh-patch array element 

was chosen for this research. 

     Element conductivities and dielectric loading, on the other hand, have no influence 

over the fundamental characteristics of an FSS. However, they affect the overall 

performance of an FSS. With a low conductive FSS element, the given frequency 

selectivity of an FSS deteriorates and with the use of dielectric substrates, the FSS 

angular performance can be stabilised. 

     The most important parameters affecting the performance of an FSS are the 

number of elements and the inter element spacing necessary to provide a desired 

steering response. In a traditional periodic array, the element size and a spacing less 

than one wavelength  are required to mitigate against detrimental grating lobes. 

     Also, FSS applications in buildings have been reviewed including a project 

launched by Ofcom in the U.K. In addition, this chapter has also briefly reviewed 

techniques in analysing scattering from periodic structures. 

     Square mesh-patch array FSS designs are explained in Chapter 3. In addition, 

fabrication procedures for the FSS used in this research and improvements achieved 

using convoluted FSS over square mesh-patch array will be discussed in Chapter 3. 
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CHAPTER 3 

FSS Design, Fabrication, Analysis, 
Measurement, and Experimental Setup 

 
3.1 Introduction  

     This chapter covers the design process of the square mesh-patch array FSS. This 

type of FSS is the main focus of this research due to its simplicity and the acceptable 

accuracy offered by the equivalent circuit (EC) model, as discussed in Chapter 2. 

Development of the EC model for square mesh-patch array FSS is presented in this 

chapter. Formulations of the EC model for analysing square mesh-patch array FSS is 

described as well. Simulated EC results are also presented. 

     This chapter also addresses the determination of four parameters required for an FSS 

design: the target of pass band, the range of incident angle to be considered, the physical 

FSS aperture size required, and the accuracy required for this research in terms of 

attenuation levels and shifts in resonant frequencies,	 . These parameters are not only 

essential for FSS design, but are also important for evaluating FSS performance. For 

example, for an FSS to function as a pass for WLAN transmission inside a building, 

the range of incident angles and the  shift permitted need to be tuned. These 

parameters are used throughout the thesis. Therefore, it is important to clarify them 

prior to the design phase. 

     The	 	and the shifts in it, with varying signal incident angles, were examined. The 

primary reason for using two layers of FSS is to influence the roll-off. Earlier studies 

have suggested that a structure consisting of multiple layers of FSS may offer a less 

variable FS response over a range of incident angles ( ) [1-5]. However, to keep the 

design simple and inexpensive for manufacturing, only single layered FSS with the 

simple square mesh-patch array element shape were considered in the EC simulation 

presented here. This chapter discusses issues for development. These can be divided 

into two main areas, namely: (a) improvement in FSS design (b) FSS analysis 
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techniques. A square spiral was designed and improvements achieved are presented in 

this chapter.  

     CST MWS, a commercial package, was used to characterise the performance of the 

square mesh-patch array as well as square spiral FSSs. Results have suggested that the 

EC model may be used as an initial tool to predict the FSS characteristics during the 

early design stage but for complicated shapes, a commercial package has been used. 

The CST MWS package needs to be validated before it can be used confidently in actual 

FSS design. The validation procedure was performed by comparing the CST MWS 

predicted result to an actual measured FSS frequency response. The experimental 

procedures and corresponding issues investigated in each measurement series are 

described here, along with the measurement system used. 

     The free space measurements were conducted in the laboratory. The frequency 

response of a material under test (MUT) was measured with the sample suspended in 

air. Measured results for FSSs were compared with CST MWS simulations. 
 

3.2 Important Parameters 

     There are four terms that must be considered in order to reach a good FSS 

performance. The most essential parameters are the target pass band and the incident 

angle. The third parameter is the FSS aperture size which is associated with the 

manufacturing process and FSS measurements. The last one is the choice of FSS 

modelling technique to achieve acceptable accuracy. 

 

3.2.1 Pass Band  

     A pass band FSS which resonates at 2.4  is ideal for the intended application 

that passes 2.4  WLAN transmissions. Ideally, at the resonant frequency, the FSS 

behaves essentially like a transparent screen to radio signals. However, in practice, the 

attenuation at the resonance is finite, and is a function of element conductivities. 

 

 3.2.2 Incident Angle Considered 

     For an indoor office environment in which the FSS will be applied, signals may very 

likely undergo multiple reflections between walls or furniture before they reach the 

receiver, as illustrated in Figure 3.1. Consequently, signals arrive on the (FS-WALL) 

at a range of different angles and polarisations. As discussed in section 2.3, different 
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signal incident angles result in different FSS frequency responses. More specifically, 

the resonant frequency shifts as the incident angle changes. Therefore, in designing an 

FSS or evaluating its performance, it is very important to take into account the incident 

angle variation. 

 

 

Figure 3.1: Multiple reflections in a common indoor wireless environment. 

 

     Evidently, for signals that undergo multiple orders of reflection, the received signal 

strength is lower than those signals that are received directly or reflected just once. This 

is mainly because of the longer propagation path loss suffered by multiple reflected 

signals, and their accumulated energy loss when reflected from each object. As a result, 

it is necessary to build an incident angle profile, which not only considers the possible 

incident angle at the wall surface, but also takes the signal strength into account. This 

profile can be obtained from an indoor radio propagation simulation such as using the 

ray tracing model, as studied in [6-8].  

     These studies indicate that although incident angles can range up to 80  at the wall 

surface, power contributed by signals that have undergone third or higher order 

reflections becomes insignificant. It has been shown that for signals that undergo just 

one reflection, the average signal strength is approximately 5 20  lower than the 

non-reflected signal depending on material and distance. Therefore, by considering 

both the non-reflected signal and the first order reflection as explained in [7], signals 
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arrive at the wall mostly between 0 60 , if extreme scenarios, when transmitters and 

receivers are located at opposite corners on sides of a common wall, are excluded. Such 

a finding seems to be reasonable, and 0 50  is hence the angle range considered in 

this research for the FSS design and performance evaluation. 

 

3.2.3 Other Issues Required 

     An important parameter is the FSS aperture size. The FSS sample should be 

physically large enough in size so that edge diffraction effects can be minimised. A FSS 

sample that is 60 60  in size used in our measurements is sufficient to provide 

valid results because of the highly directional horn antennas used with the use of 

microwave absorbers around the FSS [9-11]. 

      Another issue is the discrepancies between the EC modelled and the measured 

frequency responses. Due to the finite FSS element conductivity, the actual attenuation 

obtained at the resonance is expected to be more than that predicted by the EC model. 

Thus, another modelling technique is used. This is the commercial package, CST MWS, 

which counts a type of used FSS element material. Furthermore, the actual amount of 

shift in resonance is not the best way to evaluate the FSS performance, what is more 

important is the attenuation level within the target pass band. For instance, a 0.5  

shift in resonance may be acceptable in the case of a broadband FSS for this research, 

as long as the attenuation level within the pass band remains at most	0.5 .  

 

3.3 Equivalent Circuit Modelling 

     The EC model was chosen as one of the FSS analysis techniques for this research, 

as discussed in section 2.6. This section presents the development of the EC model for 

square mesh-patch array FSS. Basic design rules for square mesh-patch array element 

dimensions are given along with equations for the EC model. 

  

3.3.1 The Square Mesh-Patch Array Element 

     As discussed in Chapter 2, the square mesh-patch array element was chosen as the 

FSS element shape for this research. This is because of the uncomplicated modelling 

and manufacturing process associated with it. At the same time, its performance is 
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superior to other element shapes in terms of the angular response stability, the available 

operating bandwidth, and the cross polarisation level, as summarised in Table 2.1. 
     Modelling an FSS with a simple equivalent circuit has been reported in [12-14].  

Figure 3.2(a) shows the pass band FSS elements comprising the mesh-patch array. A 

portion of the array is shown, containing square patches and a square, interconnected, 

grid surrounding these patches. To evaluate the inductance  and capacitance  

components for the pass band FSS, Babinet’s principle will be used. The FSS examples 

shown in Figure 3.2(b) are known as the Babinet duals [15, 16] of those of Figure 3.2(a). 

Physically, they are a complementary pair. Electromagnetically, the transmission and 

reflection coefficients of one surface will be the reflection and transmission coefficients 

of the other. Providing that the structure is symmetrical Babinet’s principle can be 

employed to change from a stop band FSS to a pass band FSS and vice versa. This 

means that to transform a stop band filter into a band pass filter, the conductive and 

non-conductive space are reversed, as shown in Figure 3.2(a) and Figure 3.2(b).  

 

 

 

 

 

 

 

 

 

Figure 3.2: (a) Square mesh-patch array (b) Square loop array, element 
geometry and equivalent circuit. 

 
     For square loop elements, resonance occurs when each half loop acts as a dipole [17, 

18]. The design rule of thumb is hence to make the loop circumference approximately 

equal the resonant frequency's wavelength. However, the criterion for grating lobe 

suppression also needs to be considered. The criterion for grating lobe suppression 

is	 1 sin  for TE-wave incidence and 	˂	  for TM-wave incidence, 

where  is the element repeating period,  is the incident angle, and  is the shortest 
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wavelength in the operating frequency band [17, 20]. More details are given in section 

2.4. 

     This means the period 	for repeating elements, as illustrated in Figure 3.2, has to 

be less than the shortest wavelength considered in the operating band for 0  signal 

incidence. For larger incident angles,  should be kept less than one half of the 

wavelength. These are however just a rule of thumb for determining a starting value for 

designing an FSS. The final element dimensions: , ,	g, and	 , need to be fine-tuned 

to meet the desired frequency response.  

 

3.3.2 The Equivalent Circuit Development 

     An FSS layer can be represented by an equivalent circuit in a transmission line 

analogy, as shown in Figure 3.3. The square loops are separated into vertical and 

horizontal conducting strips, which can be modelled respectively as inductive and 

capacitive components for -wave incidence. 

 

3.3.2.1 Evaluation of the  and  Components  

     For -wave incidence, as indicated in Figure 3.3, which has the electric field 

parallel to the vertical strips, the vertical strips can be modelled as a shunt inductive 

reactance in the EC circuit. The normalised impedance value	 ⁄ , where	 	is 

characteristic impedance of free space, is determined according to [12-14] as: 

cos , 2 , ,  3.1

where 

, 2 , , ln csc
2
2

, 2 , ,  3.2

and 

, 2 , ,
0.5 1 1 4 4

1 4 1 2 8 2
 3.3

with 
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Figure 3.3: The equivalent circuit approximation of the square loop FSS, with 
-wave incidence [14]. 

 
 

1

1 2 sin cos
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3.4

and sin  ¸ 2 ,  is the wavelength in air at the operating frequency, and 

 is the incident angle at the FSS. 

     Similarly, the horizontal strips which are parallel to the magnetic field, at 0  

incidence, can be modelled as a shunt capacitive susceptance ⁄   according to: 
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, , , ln csc
2

, , ,  3.6

and 

, , ,
0.5 1 1 4 4

1 4 1 2 8 2
 3.7

with 

1

1 2 sin cos
1 

3.8

and sin  ¸ω=2πf, λ is the wavelength in air at the operating frequency,  is the 

incident angle at the FSS, and 		is the effective permittivity of the surrounding 

dielectric substrate that influences the capacitance value. The thin dielectric substrate 

on which the arrays are printed is assumed to increase the susceptance of the array while 

having a negligible effect on the inductive reactance [19].  

    As presented, equations used in the EC model are functions of: the period of 

repeating strips	 , the width of the strip	 , and the gap between each strip g. Equation 

3.5  accounts for the capacitive component yielded from -wave incidence at 

oblique angles. This equation was developed by Archer and is crucial for modelling the 

FSS angular response accurately. Equations 3.1 3.8  are all built on the EC model 

developed by Marcuvitz [21], which approximates the effect of conducting strips in a 

waveguide structure. Here, because the conducting strips are segmented into a series of 

finite strips, a factor of 	⁄ was introduced in both equations 3.1  and 3.5  to 

account for the effect of discontinuous strips [12]. 

     The EC model for FSS response is a function of square loop element dimensions, 

operating frequencies, incident angles, and the dielectric material next to the FSS.  

     The equivalent circuit equations are valid for	 , g , and	 1 sin . 

Which 1 sin  is the same as the criterion for suppressing the grating lobe, 

as explained in section 2.4. When this criterion is violated,  in equations 3.4  and 

3.8  becomes complex, resulting in a real part in 	and	 . This implies that the 

square loop element can no longer be modelled as pure inductive or capacitive 

components which store energy, a resistive component will emerge which corresponds 

to the energy loss due to grating lobes. 
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3.3.2.2 Determining the Transmission and Reflection 
Coefficients 

     The equivalent impedance of the square loop FSS is given by: 

1
 3.9

     Hence the normalised impedance ( ) for the transmission line circuit as illustrated 

in Figure 3.4 can be determined by: 

1
 3.10

     It is known that a 2 2	ABCD matrix can represent any given linear sequential 2 port 

network, based on the ABCD parameters, the transmission coefficient ( ) and the 

reflection coefficient ( ) can be determined [22]. For example, for a T-network as 

illustrated in Figure 3.4, the ABCD matrix is given by: 

1

1
1

 3.11

and the transmission S-matrix is defined as:  

∆
2

∆
2
∆ ∆

 3.12

where ∆ . 

     For the square loop equivalent circuit considered here,	 0 and	 , 

as defined in	 3.9 . Therefore, based on 3.11  and	 3.12 , the transmission and 

reflection  coefficients of the FSS can be evaluated. 

     According to the Babinet’s principle, the equations for the reflected and the 

transmitted signal for the pass band FSS circuit model, as shown in Figure 3.2(a), will 

be the transmission and reflection coefficients for the stop band FSS circuit model, as 

shown in Figure 3.2(b), respectively. So, the transmitted and reflected signal for pass 

band FSS are:  

| | 4 4⁄  3.13

1  3.14

where  



CHAPTER 3. FSS Design, Fabrication, Analysis, Measurement, and Experimental Setup 58 

 

1 1⁄⁄  3.15

     Note that for a symmetric network, as considered in this research,	 , 

, and 	 . The ABCD matrix can be expressed as a function of 

	and 	as: 

1 1
2

1
2

1
2

1 1
2

 3.16

     ABCD matrix is extracted by measuring the unknown structure transmission and 

reflection coefficients. For modelling multiple layered structures, the overall 

parameters for several two-port networks connected in cascade may conveniently be 

found using ABCD parameters.     

 

 

 

 

 

 

Figure 3.4: A T-network. 

 

     For -wave incidence, no magnetic field present in the direction of propagation, 

normalized inductive and capacitive reactance can be written as follows [14]: 

sec , 2 , ,  3.17

4 cos , , ,  3.18

 

3.4 FSS Fabrication 

     This section describes manufacturing procedures involved in producing FSS that 

was examined experimentally in this research. The pass band FSS, with element 

dimensions	 , ,g, , as illustrated in Figure 3.5 and listed in Table 3.1, was 

considered. 

Z1 Z2

Z3
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Figure 3.5: FSS array element dimensions. 

 

Table 3.1: The square mesh-patch array element dimensions , ,	g,  and the 
theoretical resonant frequency 

Square Mesh-Patch Array Elements Parameters (mm) 

P 40 

 28 

 12 

g 0.2 

Thickness of Dielectric Surface  0.1 

Theoretical Resonant Frequency 
(at  incidence) 

. 	
 

 

     This FSS was made with highly conductive copper foil-wallpaper, as shown in 

Figure 3.6, which conductivity relates to quality factor of a resonant circuit. As 

discussed in section 2.3, studies have shown that elements with low conductivities may 

result in ineffective frequency selective performance. Because the actual element 

conductivity is hard to define for EC simulations, it is more practical to investigate the 

effect of conductivity by using a different software like CST MWS or experimentally. 

     The elements comprising the mesh-patches array, as shown in Figure 3.5, in partial 

view are squares and a square, interconnected, grid surrounding these squares. The 

mesh-patch array is disposed on a dielectric substrate and the array elements are etched 

onto this dielectric substrate. The array elements are copper. In this research, the mesh-

patch array is placed on a 0.1  thick dielectric surface	 3 .    

g 

Inter-Element 
Dielectric 

Perfect Electric 
Conductor 
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      As for the copper foil-wallpaper, it conducts well both in direct current (DC) and at 

microwave frequencies. This material is a wallpaper-like adhesive copper foil with a 

thickness of approximately equal to	0.07 . To produce an FSS with such material, a 

large sheet of copper foil-wallpaper was cut into an array of square mesh-patch 

according to the specific element dimensions.  The maximum size of each FSS sheet 

produced was 0.3 0.3  and was limited by the etching machine's physical size. 

Therefore, in order to cover a large wall surface area, multiple sheets of FSS were 

produced and assembled into a large FSS. 

   

 

 

 

 

 

 
 
 
 
 
 

20  
Figure 3.6: Square mesh-patch array made with copper foil-wallpaper 

conductivity on thin dielectric material. FSS sample shown in the figure 
is	 . 

    

3.5 The Equivalent Circuit Frequency Response 

     It is known that the shape of an element which constitutes an FSS governs its 

fundamental frequency response. For example, as discussed in section 2.2, an FSS with 

square patch elements acts as a low pass filter, whereas an FSS with square mesh-patch 

array, as considered in this research, acts as a pass band filter. The performance of an 

FSS is however influenced by the element dimensions chosen. For example, reducing 

the gap size decreases the resonant frequency. 

     For the square mesh-patch array shape considered in this research, there are four 

parameters that define the element dimensions, namely	 , , g, and , as shown in 

Figure 3.5.  

16  
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     Figure 3.7 presents the frequency responses for varying incident angles with a 

substrate	 	3 . It has been suggested that the attenuation at  is related to the 

conductivity of the FSS element [23-25]. However, the exact element conductivity is 

difficult to obtain in the EC simulation. Therefore, perfect conductivity has been 

assumed. In other words, the value of  in Figure 2.4 is zero ohms. Element 

conductivity was not taken into account in the EC model implemented.  

 
Figure 3.7: The -wave incidence angular response calculated based on the EC 

model for square mesh-patch array FSS, with	 , 	 	 . 
 

3.6 Other Analysis Techniques  

     As mentioned in Chapter 2, commercial packages like Empire XCcel and CST MWS 

were chosen in this research both of them offering an acceptably accurate FSS analysis 

needed for indoor environments. The EC modelling technique was also chosen to 

express equivalent circuits for simple FSS element shapes like the square mesh-patch 

array. These require little computer resource while still offering an acceptably accurate 

FSS analysis needed for indoor environments. 

     The square mesh-patch array FSS was design in this research. The element 

dimensions:	 ,	 , g, and , as defined in Figure 3.5. The element dimensions for FSS 

is summarised in Table 3.1. The dimensions were initially chosen according to the rule 

of thumb described in section 3.3.1, and later fine-tuned by the EC simulations to 

achieve the desired frequency characteristic at normal 0 	incidence.  
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     As the actual element conductivity is hard to determine for EC simulations, it is 

more practical to investigate the effect of conductivities by using other software such 

as CST MWS or experimentally. 

     Empire XCcel was the first software chosen in this research to analyse the square 

mesh-patch array FSS. It uses a time domain solver which is only valid for normal 

incidence. In addition, the FSS performance at different signal incident angles is an 

important design point to consider. Because in reality, the direction of incident waves 

is indeterminate, it is necessary to design an FSS that has stable performances over 

different incidence angles. So, CST MWS was used to analyse the FSS unit cell.  

     The FSS was initially designed for a normally incident plane wave in CST MWS 

using the time domain, transient, solver because of the speed of such simulations. The 

surface was then studied using the frequency domain solver for off-normal incidence 

for which unit cell boundary conditions was chosen. For a normal incident, the 

frequency response matched between CST MWS time and frequency domain. 

     Therefore it is important to use highly conductive materials to construct the FSS in 

order to achieve the acceptable frequency selectivity. Consequently, the highly 

conductive and low cost copper was chosen. 

 

3.6.1 Unit Cell Modelling - Empire XCcel 

     After getting the results of the square mesh-patch array FSS dimensions by EC 

calculation, the same FSS will be simulated using Empire XCcel 3D simulator to 

compare the values obtained by the two methods. The simulation showed that the FSS 

passes signals at 2.4  almost without any attenuation and rejects higher and lower 

frequencies, as shown in Figure 3.8. 

     To obtain S-parameter responses, a microstrip port (MSL) has to be used but this is 

valid only for perpendicular incidence and no other angles. To impose different incident 

angles the technique discussed in section 2.3.4 was used. 

     In indoor environments the direction of incident waves is indeterminate. So it is 

necessary to check the designed structure of different incidence angles. Figure 3.9 

shows the position of FSS for -wave incidence with an angle of . Figure 3.8 shows 

a transmission  for different angles of incidence	0 , 15 , 30 ,	and 45 .  In Figure 

3.8, simulation results for the pass band square mesh-patch array FSS shows that the 
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resonant frequency shifts from 2.4  down to 2.33  when the incident angle 

increases from 0 	to 45 . 

 

Figure 3.8: -wave for different incidence angles. 

 

 

Figure 3.9: Position of -wave incident angle and FSS. 

 

3.6.2 Unit Cell Modelling - CST MWS 

     Prior to modelling a finite FSS structure the fundamental step in the design cycle is 

to identify the resonant frequency of the unit cell. Apart from the geometry of the unit 

cell element, material properties, conductor, and substrate thickness the most influential 

parameter that has a significant impact on the resonant frequency is the angle of 

incidence of the plane wave. In CST MWS the infinite periodic array is simulated using 

unit cell boundary conditions where the phase connects two opposite boundaries with 

a definable phase shift such that the calculation domain is simulated to be periodically 

expanded in the corresponding direction. Thus changing one boundary to unit cell 

always changes the three other boundaries to define an infinite periodic array in  and 
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 directions. The boundaries perpendicular to the unit cell are left open. As mentioned 

above, the incident angle, spherical angle, of the plane wave is explicitly defined by 

two parameters  and  [26]. 

     In order to model arbitrary angles of incidence in CST MWS the frequency domain 

solver was used. The general purpose frequency domain solver solves the problem for 

a single frequency at a time, and for a number of adaptively chosen frequency samples 

in the course of a frequency sweep. For the discretisation of the geometry a hexahedral 

mesh or a tetrahedral mesh may be chosen. The transient solver could also be used to 

model unit cells at normal incidence. 

     Choosing opposite boundary pairs to be electric and magnetic walls enables a unit 

cell to be modelled. Figure 3.10 shows a unit cell consisting of square mesh-patch array 

elements modelled in CST MWS with dimensions as depicted and summarised in 

Figure 3.5 and Table 3.1. Here the 	and  boundaries are chosen to be of type unit cell 

whereas the  boundaries are left open.  

 

 

Figure 3.10: Infinite array modelled as a unit cell. 
 

     Figure 3.11 shows the meshing of a unit cell using the frequency domain solver with 

refined tetrahedral mesh to obtain accurate results comparing to measurements.  

     Figure 3.12 shows the transmission coefficients of the FSS when the -wave is 

incident upon its surface with different angles of incidence, which 0  represents 

normal incidence. As can be observed from this figure, the FSS shows a pass band 

response. Furthermore, the FSS response does not significantly change for incidence 

angles in the range of	 20 . Figure 3.13 shows the frequency response of the same FSS 

for  polarisation. As the angle is increased the resonant frequency becomes slightly 

Unit cell boundaries on the 
side walls 

Top and bottom open 
boundaries 



CHAPTER 3. FSS Design, Fabrication, Analysis, Measurement, and Experimental Setup 65 

 

lower. It is a well-established fact that square mesh-patch array elements are stable with 

the direction of the incident plane wave [17]. 

 

 
Figure 3.11: Tetrahedral mesh. 

 

     At normal incidence, the two polarisations have exactly the same response, as shown 

in Figure 3.14, since the FSS structure is rotationally symmetric. As the angle of 

incidence increases, however, the response of the structure for the two different 

polarisations will change. This can mostly be attributed to the change of the wave 

impedances for  and  polarisations as a function of angle of incidence. As the 

angle of incidence changes, so does the wave impedance. Therefore, the equivalent 

circuit shown in Figure 3.2 can be modified by changing the transmission line 

impedances from 	and  to 	and 	 for the  mode and 	and 	 for the 

 mode, respectively. 	, 	, 	,	and 	 are related to and  as: 

cos⁄ , cos⁄  3.19

cos , cos  3.20

     Equation 3.19  is derived from equations	 3.1 	and 3.5  as well as equation 

3.20  is derived from equations 3.17  and	 3.18 . Where 	is the angle of incidence 

changing from 0 	at normal to 90  at grazing angle. As the angle of incidence 

changes, the impedance of the  mode increases, therefore the loaded quality factor 

of the FSS increases as well and its bandwidth decreases. This situation is observed 

from the results presented in Figure 3.12. As indicated from equation 3.18, as the angle 

of incidence increases, the impedance of the  mode decreases and the loaded quality 

factor of the FSS decreases. Therefore, the bandwidth of the FSS for the  incidence 

increases with increasing the incidence angle. This behaviour is observed from the 
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results presented in Figure 3.13, which shows the transmission response of the FSS for 

the  mode.  

 

 
(a) . 

 

 

(b) . 

Figure 3.12: -wave incidence variation for a unit cell consisting of square 
mesh-patch array, with 	used in the CST MWS simulation.
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(a) . 

(b)  . 

Figure 3.13: -wave incidence variation for a unit cell consisting of square 
mesh-patch array, with 	used in the CST MWS simulation. 

 

 
Figure 3.14: - Vs. -wave incidence for a unit cell consisting of square 

mesh-patch array, . 
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     For each simulation frequency, field monitors can be defined to obtain parameters 

defined above. Figure 3.15 below shows an animation sequence of the electric field 

plotted in the direction of propagation. Here the incident angle is	0 . At the resonant 

frequency 2.4  of the array most of the energy travels to port	2, whereas at 

3.5  the incident plane wave is reflected back to port	1. 

 

(a) Incident -field propagates from port  to port	 , at .  – In band. 

 

(b) Incident -field is reflected back to port	 , at .  – Out of band. 

Figure 3.15: Animation of the -field, yellow square shows the perimeter of the 
unit cell. 

 

3.6.3 Comparing Results and Summary 

     The performance of square mesh-patch array FSS was studied intensely by 

comparing results obtained from theoretical modelling using EC and  a commercial 

packages like Empire XCcel and CST MWS. The commercial packages are capable of 

Port 1 Port 2 

Port 1 Port 2 
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simulating the field scattered from a complicated FSS structure, or determining current 

distributions on conducting elements. 

     Empire XCcel was the first software chosen in this research to analyse the square 

mesh-patch array FSS. It uses a time domain solver which is only valid for normal 

incidence. In addition, the FSS performance at different signal incident angles is an 

important design point to consider. In reality, the direction of incident waves is 

indeterminate, it is necessary to design an FSS that has stable performance over 

different incidence angles. Therefore, other techniques were used to analyse the FSS 

unit cell.  

     By comparing the performance of these three techniques, good agreement between 

EC and CST MWS simulations is achieved, as shown in Figure 3.16. In comparison, 

although the EC modelling technique is only recommended for dealing with simple FSS 

element shapes and requires little computer resources it produces acceptably accurate 

results quickly; whereas CST MWS could be used for convoluted structures and offers 

a good agreement with measurement as the type and width of conductor are modelled 

and there is the ability to predict angular responses including the effect of dielectric 

substrates. Therefore CST MWS was chosen over EC technique in this research. 

     Furthermore CST MWS can handle complicated element geometries and 

inhomogeneous structures. Such techniques may be required to effectively analyse 

sophisticated FSSs in the future and EC modelling would not be suitable. Therefore, 

the analyses presented in this thesis have been based on CST MWS modelling and 

practical measurements. 

 
Figure 3.16: EC Vs. CST MWS Vs. Empire XCcel for a unit cell consisting of 

square mesh-patch array, . 
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3.7 Experimental Setup  

     To measure the transmissivity, the FSS under test is placed between two directive 

antennas, one as the transmitter of the signal and the other acting as the receiver. While 

blocking the direct path of propagation, the FSS filters the frequency content of the 

radiated wave from the transmitter, thus leaving its response on the received power by 

the receiver. In this setup, the antennas are fixed and facing one another, while the FSS 

plane can be rotated.  For oblique incidence measurements, the FSS holder fixture is 

rotated up to the angle of interest such that the FSS remains between the two antennas. 

As for the calibration, the FSS is removed and the power transfer from the transmitter 

to the receiver is measured as the reference value for the transmissivity.  

     The plane wave measurements presented in this thesis have been performed in an 

indoor anechoic chamber, half-wave chamber. Wideband pyramidal horn antennas with 

7  to 14  gain from Rohde & Schwarz 906  operating between	1 	18  

were employed as transmitter and receiver antennas, as shown in Figure 3.17. The horns 

have been used for transmitting and receiving over two bands: L-band 1 2  and 

S-band	 2 4 . In all cases the FSS is in the far field of the horns used such 

that	 , where 	is the distance between the horn and the FSS,  is the largest 

dimension of the horn aperture and  is the wavelength of the incident field. The 

measurement equipment consists of a 	8757  scalar network analyser, 	83650  

swept frequency generator operating in the frequency range 10 50 , as shown 

in Figure 3.18. The equipment is partially computer controlled via an HPIB link so that 

the measured data can be electronically stored. 

 

 

Figure 3.17: Rohde&Schwarz Horn antennas used in measurements. 
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(a) Network analyser.                                          (b) Swept frequency generator. 

Figure 3.18: (a) The network analyser, 	 . (b) Swept frequency 
generator, 	 . 

 

     The FSS window was mounted on a rotating plane screen, as shown in Figure 

3.19(a), which is partially shielded from external microwave radiation. The screen has 

an aperture with dimensions of 60 60 . The front side is fully covered with 

absorbers. 

     One antenna was mounted on a tripod and the other on the rotating bridge, as shown 

in Figure 3.19(a) and Figure 3.19(b). Both of antennas were positioned at the height of 

the centre of the aperture. The transmitting antenna was located at a distance of 1  

from the stand and the receiving one at 1.4 , as shown in Figure 3.19(c). At this 

distance, the FSS was in the far-field region of the transmitter and receiver (which 

corresponds to a distance	2 92⁄ , where 	 24 ). By rotating the FSS 

holder plane with a fixed radius relative to the antennas, as shown in Figure 3.19(d), 

angular responses can be obtained to assess the angular stability of an FSS. The 

measurement setup is shown in Figure 3.19. 

     To measure the transmitted power at any angle of incidence a free space calibration 

had to be performed, with no FSS inside the window, to take into account the antenna 

and cable losses. The calibration data were subsequently subtracted from the measured 

FSS data. 

     Etching limitations suggested a minimum line/gap width of 0.5 . With this in 

mind, the dimensions of the FSS were set to	 	 	40 ,	 	 	28.6 ,	 	

	11.4 , g 	0.5 , and 3. With these, the resonance frequency shifts from 

2.4  to	2.6 . The new pass band FSS was considered which its element 

dimensions, as listed in Table 3.2. 
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(a) Transmitter and FSS on screen.       (b) Rotating bridge and receiver antenna. 

 

 

 

 

 

 

 

(c) Plan of half-wave chamber (side view). 

 
 
 
 
 

 

 

 

 

 

(d) Plan-view of incident angle measurements. 

Figure 3.19:  Photo and diagram for the measurement setup. 
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Table 3.2: The square mesh-patch array element dimensions	 ,	 ,	g,	  and the 
theoretical resonant frequency 

Square Mesh-Patch Array Elements Parameters (mm) 
 40
 28.6 
 11.4

g 0.5 
Thickness of Dielectric Surface  0.1

Theoretical Resonant Frequency 
(at  incidence) 

. 	
 

     Figure 3.20 shows the simulated CST MWS and Figure 3.21 shows both the 

simulated and the measured results for the new element dimensions, summarised in 

Table 3.2, of square mesh-patch array alone in air. In the CST MWS simulation, a 

relative permittivity 	of 3 was used, which the thin cardboard backing on which the 

metal square mesh-patch array elements are mounted. 

     The square mesh-patch array FSS can be easily measured for - and	 -wave 

polarisation angular response, by applying the measurement setup, shown in Figure 

3.19. By rotating the horn antennas, shown in Figure 3.17, by	90 , the electrical field, 

-field, becomes parallel to the plane of incidence, this is considered to be the -

wave incidence. Angular responses of square mesh-patch array for -wave incidence 

were observed, as shown in Figure 3.21. 

     For - and -wave incidence, measured results for square mesh-patch array FSS 

at different incident angles are shown in Figure 3.21. The variation of response for 

different incidence angles can be disregarded since the sample is too narrow to ignore 

edge diffraction. Owing to the symmetrical square mesh-patch array element shape 

used in this research, the FSS frequency responses for - and -wave incidence 

were the same at 0  incidence, which agrees with the CST MWS. For instance, - and 

-wave frequency responses for square mesh-patch arrays were almost identical 

with	 	consistently staying at about 2.6  regardless of the incident angle, as shown 

in Figure 3.21. This means for designs such as the square mesh-patch array, designers 

can estimate the -wave angular response based only on determining the -wave. 

A smooth response for the -wave incidence has been observed according to the -

wave. This is because of taking few points for -wave measurement where the -

wave incidence have been captured directly from the network analyser. As an example, 

the Figure 3.21(a) shows that the -wave incidence has an intersections with the -

wave incidence response which validates the smooth response for the measured -
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wave incidence. For a particular incident angle, the two responses are expected to be 

slightly different from each other due to the small unavoidable placement uncertainly 

arising from manually placing and aligning the two antennas in each measurement. As 

discussed in section 3.2.3, a 0.5  shift in resonance may be acceptable for different 

incidence angles, as long as the attenuation level within the pass band remains at 

most	0.5 . A near-perfect match between the measured and simulated results was 

observed. 

 

 

 

 

 

 

 
 
 

 
 
 

(a) Simulated	 -wave. 
 

 

 

 

 

 

 

 

 

(b) Simulated	 -wave. 
Figure 3.20: The simulated - and -wave angular responses 
	 	 	 	 	 	for square mesh-patch array FSS, with 

	used in the CST MWS simulation. 
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       Simulated (TE)        Simulated (TM)     Measured (TE)       Measured (TM)
 

(a) Measured angular response, 
. 

(b) Measured angular response, 
. 

(c) Measured angular response, 
. 

(d) Measured angular response, 
. 

Figure 3.21: The simulated and measured angular responses 
	 	 	 	 	 	for square mesh-patch array FSS, with 

	used in the CST MWS simulation. 
 

3.8 Improvement in FSS Design 

       The FSS considered in this research was designed with only one pass band. In 

reality, an FSS with multiple pass bands may be desirable, for example, an FSS which 

passes both 2.4  and 5.8  WLAN transmissions. Such a multi pass band or stop 
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feature can be achieved with complicated element patterns such as the double square 

loop element presented in [27, 28]. For multi pass band FSSs, band separations and the 

roll-off rate at the resonance become important issues and require further investigation. 

     Also, improvement in maintaining a consistent angular response of the present 

design is still possible. However, for FSS applications in indoor environments, the 

necessity of such a stability improvement in angular response needs to be justified. 

Aside from keeping elements densely packed, studies have shown that with skewed 

lattice, as shown in Figure 3.22(a), an FSS can be made with less angular sensitivity 

[25, 29]. Alternatively, with a convoluted periodic loop element, as shown in Figure 

3.22(b), a stable pass band response over a wide range of incident angles can also be 

obtained [30]. 

 

    

(a) Skewed lattice [29].                                      (b) Convoluted elements [30]. 

Figure 3.22: FSSs with complicated element patterns. 

 

     For these FSSs with complicated element patterns, the EC model developed for the 

simple square mesh-patch array shape in this research may no longer be applicable. 

Alternative FSS modelling techniques need to be used such as CST MWS. 

     The square spiral element as described in [1], as shown in Figure 3.23, could be 

considered the earliest dual polarised structure able to produce bandwidth enhancement 

by interweaving adjacent wires. The transmission characteristics of a single layer array 

of this element is similar to the super dense FSS but with the advantage of being dual-

polarised. 
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(a) Unite cell. 

(b) Infinite array. 

 

       (c) FSS on a dielectric substrate.                            (d) Fabricated FSS. 
 

Figure 3.23: (a) Unit cell area considered for the simulation. (b) Infinite array 
modelled as a unit cell. (c) FSS composed of periodic conductors printed on a 

dielectric substrate. (d) Fabricated FSS. 
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     The FSS of periodic square spiral elements can be designed to reflect frequencies in 

the L-band 1– 2  and S-band	 3– 4 , while it is completely transparent in Wi-

Fi band 2.45  frequency region. Assuming it to be a 0.07  thick and a perfect 

conductor, the periodicities	 	 	  along  and , respectively, substrate 

thickness , and dielectric constant  are shown in Figure 3.23(a). The gaps g  

between turns and the width  of square spiral FSS structure is shown in Figure 

3.23(c). The FSS array of square spirals is illuminated by a plane wave of arbitrary 

polarisation either  or  incident from the free space region. The frequency domain 

solver of CST MWS was used in the computational modelling, as the setup described 

earlier in section 3.6.2. Figure 3.23(b) and Figure 3.23(c) show an infinite array 

modelled as a unit cell in CST MWS and the fabricated square spiral FSS, respectively. 

 

3.8.1 Numerical and Practical Results  

     The reflection and transmission coefficients at normal incidence and at oblique 

incidences are plotted against the frequency. The overall length of one arm of the spiral 

is	31.5 .  The periodic cells are arranged in a square lattice. The periodicities  and 

 are	11 . The substrate thickness and the dielectric constant are	 	

	0.1 	and	 3, where the gap is g 	0.5	  and the width of conductor is 	

	0.5	 . 

     Figure 3.24 shows	  and  transmission and reflection coefficients with different 

angles of incidence. Here the incident angle of the plane wave is changed from 0  

to	40 . As expected, the  bandwidth decreases with respect to normal incidence for 

spiral square while the  bandwidth increases, as is typically the case with patch 

elements. 

     Figure 3.25 shows an animation sequence of the electric field plotted in the direction 

of propagation. Here the incident angle is	0 . At the resonant frequency 2.45  of 

the array the most of the energy travels to port	2, whereas at 3.5  the incident plane 

wave is reflected back to port	1.         
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(a) Simulated	 -wave. 

(b) Simulated	 -wave. 

Figure 3.24: The simulated - and -wave angular responses 
	 	 	 	 	 	for square spiral FSS, with 	 	 	 	 , 
g 	 . , 	 	 . , 	 	 . , 	 	used in the CST MWS 

simulation. 
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(a) Incident -field propagates from port  to port , at .  – In band. 

 
 

(b) Incident -field is reflected back to port , at  – Out of band. 
 

Figure 3.25: Animation of the -field, yellow spiral shows the perimeter of the 
unit cell. 

 

     The measurement setup and procedure are similar to the square mesh-patch array 

FSS free space measurement. The setup is shown in Figure 3.19. The FSS holder fixture 

is rotated up to the angle of interest such that the FSS remains between the two antennas, 

as shown in Figure 3.19. Performance of the FSS at different signal incident angles was 

examined. Figure 3.26 shows both the simulated under CST MWS and the measured 

results for square spiral. The difference in the attenuation level, between simulated and 

measured results, may be due to the imperfect measurement setup, including the 

diffraction around the FSS, has the most significant impact on the FSS performance 

at	 . As expected, Figure 3.26 shows a stable performance over the different incidence 

Port 1 
Port 2 

Port 1 
Port 2 
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angles in compare to square mesh-patch array FSS. Good agreement between the 

measured and simulated results was observed for angles from 0  to	30 . 

 

Simulated (TE) Simulated (TM) Measured (TE) Measured (TM)

 

(a) Measured angular response, 
. 

(b) Measured angular response,  
. 

(c) Measured angular response, 
. 

(d) Measured angular response, 
. 

Figure 3.26: The simulated and measured angular responses 
	 	 	 	 	 	for square spiral FSS, with 	used in the 

CST MWS simulation. 
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3.8.2 Improvements Achieved  

     The angular stability of the transmission and reflection response tends to improve as 

the periodicity becomes small with respect to wavelength [31]. It has been noticed that 

a further significant improvement can be made by using square spirals, as illustrated in 

Figure 3.23(a). In the example, for the results given in Table 3.3 and in Figure 3.24, the 

width of the conductors is approximately 11 	 	11 , which gives a resonance at 

2.45 , whereas the square mesh-patch cell is more than 13 times this area and gives 

a resonant frequency of 2.6 . The figure of merit ⁄  has been raised from 2.8 

to	11.13. 

     In view of this significant improvement, it is worth considering the transmission 

performance of the element in greater detail. The curves in Figure 3.24 have been 

simulated from normal incidence to	40 	for	 - and	 -wave. The resonant 

frequency	 , is relatively stable to the angle of incidence and the width of the resonance 

tends to decrease in -wave as the angle increases and broadens in -wave.  

     In spite of the variations observed in the transmission responses of the	  and  

modes of the spiral square FSS, the response of the structure is consistent for incidence 

angles in at least a 30  field of view. 

 

Table 3.3: Comparisons for a selection of array elements (figures of merit) 

Element  
 

 
 

Unit Cell 
Area 

 

⁄  Average Bandwidth   
  

 
Square mesh-
patch array 

2.6 40 1600 2.88 2.2 

Square spiral 2.45 11 121 11.13 0.75 
 

3.8.3 Multiple Pass Bands 

     The FSS considered in this research was designed with only one pass band. In 

reality, an FSS with multiple pass bands may be desirable, for example, an FSS which 

passes both 2.4  and 5.8  WLAN transmissions. 

     With small changes in the square spiral used in this research, a multiple pass bands 

surface can be achieved, as shown in Figure 3.27. Figure 3.28 shows a new dual 

polarized square spiral with 1.9  and 5.6 , by scaling or changing the element 

shape different pass bands could be achieved.  
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     Assuming it to be a 0.07  thick and a perfect conductor, the periodicities (  

and	 ), substrate thickness	 , and dielectric constant  are shown in Figure 

3.27(a). The gaps (g) between turns and the width  of square spiral FSS structure 

are shown in Figure 3.27(b).  

     The reflection and transmission coefficients at normal incidence are plotted against 

frequency, as shown in Figure 3.28. The inter-element spacings  and  are 13 . 

The substrate thickness and the dielectric constant are 	 	0.1 , 3 where the 

gap is g 	0.5  and the width of conductor is	 	 	0.5 . 

 

 

(a) Unit cell. 

 

(b) FSS on a dielectric substrate. 

Figure 3.27: (a) Unit cell area considered for the simulation. (b) FSS composed of 
periodic conductors printed on a dielectric substrate. 

 
 

 
 

 

 

	

g 	



CHAPTER 3. FSS Design, Fabrication, Analysis, Measurement, and Experimental Setup 84 

 

 
 

 
 

 

 

 

 
 

(a) Simulated	 . 
 
 

 
 
 

 
 

 
 

 
 

 
 

(b) Simulated . 

Figure 3.28: The simulated - and -wave at normal incidence  for 
square spiral FSS, with	 	 	 	 	 , g = . , 	 	 . , 	

	 . , 	 	used in the CST MWS simulation. 
 

     With another change to the previous square spiral while keeping the same 

dimensions, a single polarized, three pass band, surface can be achieved.  Figures 3.29 

and 3.30 show the unit cell in CST MWS and the simulated transmission and reflection 

coefficients for -wave normal incidence. Pass bands are predicted at	1.7 , 

2.4 , and 5.6 . 

 

-60

-50

-40

-30

-20

-10

0

0.5 1.15 1.8 2.45 3.1 3.75 4.4 5.05 5.7

S
21

, d
B

Frequency (GHz)

TE

TM

-50

-40

-30

-20

-10

0

0.5 1.15 1.8 2.45 3.1 3.75 4.4 5.05 5.7

S
22

, d
B

Frequency (GHz)

TE

TM



CHAPTER 3. FSS Design, Fabrication, Analysis, Measurement, and Experimental Setup 85 

 

 
Figure 3.29: Unit cell area considered for the simulation. 

 

 

Figure 3.30: The simulated -wave at normal incidence  for square spiral 
FSS, with   	 , g = 0.5mm, 	 	 . , 	 	 . , 

	used in the CST MWS simulation. 
 

3.9 Summary  

     This chapter has addressed four important parameters that need to be determined 

prior to FSS design, namely the target pass band attenuation, the range of incident angle 

considered, the FSS aperture size, and the accuracy required for this research.  

     For the indoor environment considered, the effect of multipath fading and other 

uncertainties, such as edge diffractions, may contribute to more variation in signal 

levels than the discrepancy found between the simulated and measured FSS 

performance. The EC model is therefore chosen as the initial analysis tool as it offers a 

reasonably accurate prediction with minimal complexity. The EC model for modelling 
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the square mesh-patch array FSS is presented here, along with the ABCD matrix and 

the transmission S-matrix, which can be used to represent any structure. These two 

matrices form the foundation for modelling a multi-layered structure using the matrix 

cascading technique, as discussed in Chapter 5. 

     This chapter has demonstrated that the EC model developed can be used to quickly 

characterise the FSS frequency. The FSS analyses presented based on CST MWS 

modelling were verified experimentally with actual measurements. Before these 

measurement results are presented, this chapter summarises the difference between the 

EC technique and other techniques setups and FSS investigated in the free space. The 

wideband frequency domain measurement method using an 	8757  scalar network 

analyser, 	83650  swept frequency generator, and the data acquisition procedure 

have been described. Results from these measurements are also presented alongside 

comparisons to some simulated results based on the CST MWS model. 

     Improvements in FSS design like improvement in maintaining a consistent angular 

response would both be beneficial. To include these features in an FSS design, the FSS 

would probably consist of a more complicated element pattern than the simple square 

mesh-patch array FSS used in this research. A new square spiral has been investigated 

and compared against a square mesh-patch array. Accordingly, an analysis technique 

that is capable of modelling arbitrary element shapes and substrates needs to be used 

like CST MWS. 
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CHAPTER 4 

The Indoor Wireless Environment 

 
4.1 Introduction  

     This chapter aims to introduce the indoor wireless environment and provide 

essential background information which underpins the investigation of environmental 

modification.  

     This thesis focuses on the environmental modifications in single floor office 

buildings. After discussing the general propagation characteristics in indoor 

environments, the particular knowledge of the radio propagation in office 

environments is surveyed. The factors affecting the radio propagation such as wall 

materials and frequency are also discussed briefly. 

     In the past, the mobile radio communications community usually ‘observed’ the 

natural behaviour of radio propagation and seldom actively controlled it by modifying 

the environment surfaces. Previous research into environmental modification is 

reviewed and the advantages and disadvantages of different modification methods, 

varying from simple metal reflectors to customised FSSs, are discussed. 

      

4.2 Radio Wave Propagation Basics 

     When considering antennas and radio wave propagation problems, some basic 

knowledge of the properties of electromagnetic waves, which travel either in free 

space or in any other uniform media, is required in order to establish the key 

parameters and relationships.  

     Four types of propagation mechanisms exist that can describe the interaction of the 

electromagnetic waves with features of the environment. These are reflection, 

transmission, scattering, and diffraction [1]. These all propagation mechanisms affect 

the amplitude, direction, and phase of the propagating waves. Next sections give a 

brief introduction into the indoor wireless environment, starting from the propagation 

in the indoor environment. 
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4.3 Propagation in the Indoor Environment 

     An understanding of radio propagation in the indoor environment has been made 

possible through numerous narrowband and wideband measurements [2-10]. In this 

section the essential information of radio propagation in the indoor environment is 

discussed. Compared to the traditional outdoor mobile radio channel, the distances 

covered indoors are usually small and the variability of the environment can be vast 

for a short transmitter-receiver separation [11]. For example, signal levels can vary 

significantly depending on the height of the antennas, or whether the doors are open 

or closed inside a building. Therefore, accurate characterisation of indoor radio 

propagation is challenging. 

     When characterising radio propagation indoors, it is usual to make use of the ray 

concepts [12]. For the frequency of interest	 2.4 ), the wavelength is	12.5 , 

which is small compared to the wall dimensions. Therefore, describing the 

propagation between the transmitter and the receiver as individual ray paths is 

appropriate [13]. In the indoor environment, a few major propagation mechanisms 

govern the propagation of these rays. For example, when a ray strikes a flat surface 

such as an internal wall, the incident ray generates two rays, the reflected ray and the 

transmitted ray.  

     The most straightforward propagation mechanism is the direct transmission along 

the shortest path between the transmitter and the receiver, hereafter denoted as the 

direct path. However, in the indoor environment, the direct path for the majority of 

receiver locations is obstructed by either walls or large obstacles. Although the 

obstructed direct path may still be dominant, consideration must be given to other 

secondary paths. Three main propagation mechanisms involved in these secondary 

paths are reflection, diffraction, and scattering. The collection of the direct path and 

these secondary paths are referred as multipath components. Study case is modelled 

inside ‘Wireless InSite’ and some examples of these paths are illustrated in Figure 

4.1. Path A1	is the direct path between terminals TX and RX1, which propagates 

through one of the internal walls. Path A2 is the direct path between terminals TX and 

RX2, which propagates through one of the internal wall, 2	external walls, and 

doorway of the building. 

     Reflection of energy from surfaces can be a significant propagation mechanism. 

The extent of energy reflection depends on the electrical and physical properties of 
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the object. The radio signal can be completely reflected in the case of a perfect 

conductor, or partially-reflected and partially-transmitted. In the indoor environment, 

reflections are likely to occur from the walls and the ceiling. However, depending on 

the frequency, other flat objects are made of metal such as desks can be good 

reflecting surfaces. As shown in Figure 4.1, path B is a path with a reflection from 

one of the corridor walls. 

 

Figure 4.1: A hypothetical single floor indoor environment inside ‘Wireless 
InSite’ showing three possible propagation paths: (A) a direct path which 

propagates through the wall(s), (B) a reflected path which is reflected off the 
corridor wall, (C) a diffracted path which diffracts around the wall corner. 

 

     Another important propagation mechanism is diffraction, via which 

electromagnetic energy can ‘bend’ around corners or curved surfaces. It occurs when 

the radio path between the transmitter and the receiver is obstructed by an edge or a 

corner of an object. According to Huygens-Fresnel Principle, every point of a 

wavefront may be considered as a centre of a secondary disturbance which gives rise 

to spherical wavelets, and these wavelets combine to produce a new wavefront [1]. 

Diffraction is produced by the propagation of the secondary wavelets into a shadowed 

region [11]. In an indoor environment, diffraction can occur from the corners of 

corridor or the vertical edges of the walls. The diffracted waves resulting from the 

obstruction are present throughout the environment, even behind the obstacle. 
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Therefore, even when the direct path is obstructed and significantly attenuated, the 

radio signal can reach the receiver by bending around the obstacle. As shown in 

Figure 4.1, path C is diffracted around the corner of the corridor. If the attenuation 

provided by the external walls, which obstruct the direct path A2, is high, this 

diffracted path may be a dominant path. 

     Scattering occurs when the medium through which the radio signal travels consists 

of objects with dimensions that are comparable to the wavelength, and/or where the 

number of obstacles per unit volume is large [11]. Scattering can also occur from 

rough surfaces, small objects, or other irregularities in the environment. Typically the 

indoor environment contains many small irregular objects such as chairs, 

bookshelves, and filing cabinets hence will strongly scatter incident waves. In 

addition to these furniture, the region above the acoustic ceiling of a modern office 

building can also be electromagnetically irregular and scatter radio signals [13]. 

     Apart from the paths, shown in Figure 4.1, that involve transmission, reflection, 

and diffraction, there are many other possible paths between the terminals in the 

indoor environment. They could be scattered paths arising from the objects close to 

the receiver, or paths undergoing multiple reflection and/or diffraction. Usually, the 

radio signals propagating along these paths are attenuated via transmission through 

obstacles. The total received signal is the phasor summation of all these components. 

     The relative significance of these paths varies for different indoor environments. In 

order to understand and model the propagation in these environments, and to make 

appropriate environmental modifications to the environment, the major propagation 

mechanism(s) need to be identified. This concept will be further described in section 

4.4. 

 

4.4 Propagation in Office Environments 

     The propagation inside buildings has a more complex multipath structure than that 

of the outdoor mobile radio channel [13]. This is mainly due to the complexity of the 

building structure, the layout of rooms and most importantly, the type of construction 

materials [14]. Molkdar [14] classifies buildings into eight types including residential 

houses, office buildings, factory buildings, open environments, and underground 

according to the differences in the propagation channels. Among these environments, 

the demand of high-rate high-capacity wireless systems is most obvious in office 
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buildings. Therefore, this thesis focuses on exploring the potentials of environmental 

modifications in office environments and single floor office buildings are considered. 

Office environments can be broadly categorised into two main types: (1) full-height 

partitioned office environment and (2) open plan office environment, where low 

partitions are used to divide the floor into working cubicles. This section surveys the 

typical behaviours of the radio propagation in these two environments. 

 

4.4.1 Full-Height Partitioned Offices 

     A large number of propagation measurements have been conducted in office 

buildings [2-10]. Among the propagation mechanisms discussed in section 4.3, the 

specular mechanisms, reflection and transmission, have been shown to carry a 

significant amount of power between the antennas. Generally, good accuracy is 

shown when the measured results are compared with the predictions from a 

deterministic model, ray tracing, which considers direct, reflected, and transmitted 

fields. 

     For those environments featuring long corridors, the contribution of the diffracted 

field has also been shown to be significant [2, 5, 7]. However, the significance of the 

diffracted field depends on the distance between the antennas, the number of 

obstructing internal walls, the attenuation provided by the internal walls, and the 

operating frequency. Measurements have shown that the guiding of radiating energy 

along corridors, via multiple reflections, is the most significant propagation process at 

distances of more than 10  from the transmitter [8]. When the radio path includes a 

corner, measurements have shown that the fields transmitted through the internal 

walls, near the corner, give the major contribution to the received power [10]. 

     While the diffracted fields may need to be considered in predicting the local area 

mean, the scattered fields can usually be neglected safely [5]. This is because the 

scattered components mainly contribute to the rapid local variations and can be 

eliminated by taking the spatial average of the signal over a localised area of the order 

of tens of wavelengths. 

 

4.4.2 Open Plan Offices 

     Some measurements have been conducted in open plan offices. Measurements at 

925  showed that a partition-based path loss model, which considers the direct 
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path only, could produce inaccurate results [15]. When the mobile terminal is 

positioned at a low position, at 1  in [15], ‘over-the-partition’ propagation may play 

a significant role in an open plan office environment. When both multiple reflections 

and direct paths are considered in the prediction, good agreement has been observed 

between the predicted and measured results [16, 17]. 

 

4.4.3 Building Materials 

     Apart from the layout of the internal walls, the propagation in the indoor 

environment is also influenced by the building materials. Common building materials 

for the internal walls include drywall, brick, and glass. In order to improve the 

accuracy of propagation prediction, considerable efforts have been devoted to the 

characterisation of wall materials at different frequency bands, by performing 

measurements in a laboratory [4, 18, 19]. While wall measurements enable an 

accurate characterisation of a particular wall material in the propagation environment, 

a patched wall model [10] can be used to increase the accuracy of the environmental 

description. A better knowledge of the transmission and reflection characteristics of 

the walls leads to a more accurate prediction of the propagation data.  

 

4.4.4 Frequency 

     Multi-frequency measurements in a large office building have shown that there is 

no significant statistical difference in the propagation characteristics throughout the 

frequency band 850 – 5.8	  [20]. This shows that the effect of such 

differences in frequency can be small. At these frequencies, the radio signals from a 

base station are capable of covering multiple rooms in a building. When the operating 

frequency is very high, at	60 , the coverage is usually limited to a single room, 

due to the very high attenuation of the signals by the wall materials [21]. 

     Apart from the layout inside the building, the building material and the operating 

frequency, quality of service provided by indoor wireless communication systems can 

also be affected by non-deterministic effects. These non-deterministic effects includes 

relatively static ones, such as those due to the furnishing and decoration of the rooms, 

or relatively dynamic ones, such as the movement of people and pets [22]. However, 

these effects are difficult to monitor or control and are not considered in this thesis. 
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4.5 Environmental Modification 

     The key propagation mechanisms, the variations in the received signal, and the 

typical propagation characteristics in the indoor wireless environment have been 

discussed thus far. In the past, researchers in the mobile radio communications 

community usually ‘observed’, instead of ‘controlled’, the natural behaviour of radio 

signals. However, it is possible to control the propagation of radio signals by 

modifying the environment surfaces. 

     Environmental modification has been shown to have significant impact on the 

propagation channel, especially in indoor environments [23-28]. This section surveys 

the research activities concerning environmental modification and a table listing these 

activities is shown in Table 4.1. 

 

Table 4.1: The research activities concerning environmental modification 

Propagation 
Environment 

Methods for enhancing radio 
propagation 

Methods for shielding 
from interfering signals 

Outdoor 
Plane reflector [29-31], 

Corrugations on the external walls 
of the building [32] 

Expensive to achieve in 
outdoor area 

Outdoor-to-Indoor 
FSS to improve propagation 
through glass/wall [33, 34], 
Fresnel zone plate lens [35] 

FSS as shield [36] 

Indoor 
Reflector [23, 26], 

FSS as reflector [24], 
Probe between rooms [28] 

Metal Shield & FSS [25]
FSS as shield [36, 37], 
Absorbing board [27] 

 

     The research activities are classified into three categories according to the 

propagation environments, namely, outdoor, outdoor-to-indoor, and indoor 

environments. There have been more research activities concerning environmental 

modification in the indoor environment, compared with that in the outdoor 

environment. This may due to that the required modification is too large in scale and 

becomes impractical for an outdoor wireless system. Research activities in modifying 

the radio channel from an outdoor base station to indoor mobile terminals have also 

been observed. 
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     The research activities listed in Table 4.1 can also be divided into two types, 

according to the way in which a particular environmental modification affects the 

radio propagation. 

 

4.5.1 Enhancing Radio Propagation 

     For the first type, environmental modification is deployed to enhance the 

propagation of radio signals. For a wireless systems with no cochannel interferers, no 

other adjacent wireless systems, a mobile terminal is in the coverage area if the 

received signal power is sufficiently strong compared to thermal noise. In other 

words, a mobile terminal is covered if the SNR is sufficiently high. 

     In an outdoor system, a high SNR can usually be achieved by locating the 

transmitting antenna on a tall building or tower thus minimising the number of 

obstacles between TX and RX. However, in the shadowed areas, because the losses 

caused by diffraction and reflections on buildings are often large at high frequencies, 

the SNR is low and radio coverage is not achieved. In order to achieve the required 

coverage area, the transmitted power may need to be raised, or more base stations are 

required. An alternative is to modify the environment surfaces, so that the losses 

along the propagation path are minimised. To allow stronger radio signals to reach 

these shadowed areas, passive reflectors, usually large, have been suggested for 

deployment on hilltops [29-31] to provide an alternative propagation path. 

     In situations where buildings are the main obstruction, deployment of metal 

corrugations on external walls of the buildings has been shown to enhance the radio 

wave reception behind the buildings by [32]. With the building in corrugated metal 

cladding, an incident wave, illuminating the corrugations at one side of the building, 

was converted into a surface wave which flows around the building. This surface 

wave was converted back into a free space wave at the other side of the building thus 

the reception was enhanced at the shadowed area. 

     While the reception at shadowed areas behind buildings can be enhanced by the 

deployment of metal corrugations, the strength of radio signals propagating between 

an outdoor base station and an indoor mobile terminal can be improved by modifying 

the exterior wall/window of buildings. Exterior building walls and windows form a 

barrier to the propagation of radio waves into and out of the building [33]. The 

transmission loss of this barrier relates to the wall/window construction and thickness, 
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as well as the radio frequency. For example, at	900 , the transmission loss 

through a mortar wall can be around 10  at normal incidence [33]. Energy saving 

windows, which is covered with very thin metallic shielding to prevent infrareds from 

passing through, has been reported to have a transmission loss of up to 12  for 

microwaves [38]. 

     In order to improve the transmission through the exterior wall/window, FSSs [33, 

34] have been applied on the exterior wall/window of a building. Philippakis [28] 

investigated using FSSs to match the electromagnetic characteristics of the 

walls/windows so that the transmission loss through them is reduced. 

     The walls/windows were represented as transmission line, characterised by their 

impedance and electrical length. A matching section of FSS with the desired 

characteristic impedance was chosen to provide optimum transmission for a given 

frequency. 

     Instead of applying additional FSS, Widenberg and Rodríguez [34] have proposed 

to make very narrow slits in the metal shielding on the energy saving windows to 

form FSSs, which allows low-loss transmission at certain microwave frequencies. 

     Another example in which the propagation into the building is improved uses a 

Fresnel zone plate (FZP) lens [35]. Consisting of concentric metal rings, a FZP lens 

mounted on the outside of an exterior building wall has been shown to focus the 

incident radio signal. It has also been shown that the presence of the exterior wall 

does not change the focusing efficiency of the FZP lens significantly. Although these 

environmental modifications are designed for enhancing outdoor-to-indoor radio 

propagation, similar techniques can be applied for the indoor radio propagation. 

     In a large indoor environment with full-height partitioned offices, an elevated 

transmitting antenna does not guarantee the existence of a LOS path between 

antennas. To enhance the signal reception in indoor environments, similar to that in 

the outdoor environment, one of the possible environmental modifications is the 

deployment of reflectors. 

     As shown in Figure 4.2, the propagation along the corridor can be enhanced by 

installing a flat reflector on the surface of the wall, at an angle of around	45  [23]. 

Before the installation of the reflector, only very weak diffracted signals can reach the 

shadowed receiving points around the corner at	94 . With the reflector, the 

received power at the obstructed LOS locations improved by	15 25 . The use of 
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reflectors in an open plan room has been further investigated with a ray tracing 

simulation at 50  [26]. Four ellipsoidally curved reflectors have been deployed at 

the corners of the open plan room and improvement in the system performance has 

been shown. 

 

      

Figure 4.2: Enhancement of propagation along the corridor by the deployment 
of a flat reflector, when there is no direct LOS path between the transmitting 

antenna (TA) and the receiving antenna (RA) [23]. 
 

          Kajiwara [23, 26] considered very high frequencies in his research concerning 

artificial reflectors. However, the frequency of interest in this thesis is 

around	2.4 . When the operating frequency is low, the size of the reflector has to 

be large. Such a reflector can become a physical obstacle in the corridor, or produce 

significant visual impact in an open plan room. 

     Instead of reflectors, FSSs have been demonstrated to ‘direct’ radio signals around 

a right-angled corridor at 870  [24]. The FSS is designed to suppress the specular 

reflection and re-radiate the energy in a desired direction. The FSS structure was 

installed on one wall of the corridor, as shown in Figure 4.3, and a ground plane was 

placed at a right angle to the FSS to improve the efficiency. With the presence of the 

FSS, an average signal level of 43.5  has been recorded within the corridor, 

which is 13.5  above that when no FSS is present. Although the achieved level is 

still 15.9  below the best achievable level with a metal reflector inclined at	45 , the 

low cost FSS structure can easily be retrofitted into existing buildings with minimal 

structural/visual impact. 
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Figure 4.3: Enhancement of propagation along the corridor by the deployment 

of (a) a  inclined metal reflector and (b) a FSS structure and a metal reflector 
[24]. 

 

     Observing the research activities that enhance the radio propagation inside 

buildings, it is clear that environmental modification should have no or minimal 

structural/visual impact, yet should be simple to construct, easy to install, and 

effective at the frequency of interest. Waveguides consisting FSS installed on/in the 

wall are proposed in this thesis and that investigation is further described in Chapter 

5. 

 

4.5.2 Shielding from Interfering Signals 

     The second type of environmental modification aims to shield the wireless system 

from undesired interfering signals from the adjacent wireless systems. When there is 

more than one wireless base station in the same building/floor, the system 

performance is mainly limited by the signal to interference ratio (SIR) instead of the 

SNR. This contrasts with the scenario where only one wireless system is present, the 

coverage area, or the SIR, will not increase with increased transmitted power in this 

scenario. Enhancing radio propagation throughout the building can possibly reduce 

the required transmitted power level while still covering the same region, thus the 

level of interference to other adjacent systems is reduced as well. However, other 

means of environmental modification may be required in order to mitigate cochannel 

interference. A few examples of research activities concerning this type of 

environmental modification are listed in Table 4.1. 
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     In an outdoor environment, it is difficult to shield a given area from adjacent 

interference due to the size of shielding required and the significant visual impact 

resulted. Usually cochannel interference is minimised of by careful spectrum planning 

in outdoor cellular systems. 

     For outdoor-to-indoor propagation and propagation within buildings, metal shields, 

absorbing boards and FSSs, which filter out a particular frequency band, have been 

proposed for use in mitigating adjacent cochannel interference by a number of 

researchers [25, 27, 36, 37]. Completely surrounding an indoor zone with metal 

screens or absorbing boards prevents the penetration of radio waves thus eliminates 

all interfering signals. However, desired external radio signals such as cellular 

telephone transmissions are also blocked. To screen a particular frequency range from 

interfering radio signals, FSSs might be applied to the walls, ceiling, and floor of an 

indoor zone. 

     Parker and Savia [37] have studied the signal isolation capability of an FSS 

structure at	2.45 ,	5.0 , and 8.1 . The field distribution has been measured 

inside a small enclosure with one wall clad with an FSS which had very broad 

reflection bands. Although the isolation is position-dependent, as the signal leaks 

around the FSS edges, an average isolation of 20– 30  has been recorded for these 

frequencies. 

     The possible signal leakage might cause problems in applying FSSs on wall 

surfaces in existing buildings if all the wall surfaces are covered. Even if a perfect seal 

is possible between FSS structures, completely covering all wall surfaces in an indoor 

environment is impractical due to the presence of windows and doors. While the FSS 

can be incorporated into new buildings, the installation cost may also become an issue 

for existing buildings. Therefore, a strategic deployment of FSS as electromagnetic 

shields is required. 

     Electromagnetic absorbing boards were placed around desks to control the 

coverage of a WLAN in a small electromagnetic environment evaluation booth by 

[27]. The environment resembled an open plan office with eight desks, as shown in 

Figure 4.4. The WLAN system is designed to cover desk	1, 2, 5, and 6, not the others. 

The throughput was measured with an actual WLAN that used a direct sequence 

spread spectrum (DSSS) system with a data rate of 2  at 2.4 . The results 
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showed that the absorbing boards are only able to control coverage if the walls are 

made of low-reflective material.  

 

 

Figure 4.4: The layout of the electromagnetic environment evaluation booth in 
[27]. 

 

4.6 Summary 

     The propagation characteristics of indoor wireless channels, particularly single 

floor office environments, have been described. The research concerning 

environmental modification has also been reviewed. 

     From the experimental results and analyses in the literature, in addition to the 

direct path, singly- and multiply-reflected paths also contribute significantly to the 

received signal in the indoor wireless environment. Depending on the layout of the 

environment, diffraction can also be an important propagation mechanism. Wall 

materials, which determine the attenuation of the radio signals transmitting through 

the walls, can have significant influence on the overall coverage of the wireless 

system. 

     In the past, environmental modifications such as deployment of metal reflectors 

and FSSs have been used to enhance radio propagation in outdoor, outdoor-to-indoor, 

and indoor environments. Shielding materials, metal shields, absorbing boards, or 

FSSs, have been used to control the coverage of the wireless system and mitigate 

interference to/from other wireless systems inside buildings.  
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CHAPTER 5  
Frequency Selective Walls in Indoor 

Environments 
 

5.1 Introduction 

     The radio propagation theory and formulation presented earlier will be completed 

in this chapter. To date the topic has been mainly concerned with smooth 

homogeneous wall structures, which are modelled as dielectric slab and layered 

models assuming that transmission and reflection by building walls have a substantial 

specular component. However, in some cases, like smart bricks or external modules, 

building interfaces are not homogeneous but can present some periodic variations that 

give rise to reflections in non-specular directions. 

     In addition to brick walls, smart bricks, and external modules have significant 

impact on radio wave propagation in wireless environments. Such walls are typically 

made of a metallic mesh around bricks or placed externally on a wall. The authors of 

[1], [2], and [3] have used the EC model to study the reflection and transmission 

characteristics from such structures. They have observed resonances that occur in the 

reflection and transmission characteristics which depend on the mesh geometry, the 

wall thickness and the electrical properties of the materials used. 

     EM methods such as FIT and FDTD can be used to provide accurate results for 

building interfaces that exhibit periodic variations. The frequency domain solver of 

CST MWS was used to present the simulation results for the innovative model in this 

chapter, as the measurement setup described in section 3.6.2. 

     An FS-WALL can be created by attaching an FSS to a common building wall such 

as a brick or drywall. Hence, to transform a building wall into an FS-WALL, a simple 

solution would be to apply the FSS as a cover or wallpaper to the existing wall. As 

shown in Figure 5.1, by attaching square mesh-patch array FSS to the wall, an FS-

WALL was successfully created. Attenuation of about 30  greater than an 

uncovered wall outside the resonant frequency range was obtained. This chapter 
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focuses on predicting the performance of FSS on modified wall (FS-MWALL), 

knowing the wall's dielectric properties may have a complicated influence on the 

overall FSS frequency response. 

Figure 5.1: The impact of applying square mesh-patch array FSS onto a common 
office wall (FS-WALL) using CST MWS with air spacing equals to “break 

point”	 	 ⁄ . 
 

     The angle sensitivity is, to some extent, a function of the FSS pattern and is under 

the control of the FSS design engineer. However, the properties of candidate building 

walls or drywall are not. Therefore, although the influence of a dielectric substrate on 

the FSS performance can be addressed theoretically, for practical reasons, it would be 

ideal if the wall and the FSS could be modelled or measured independently, and 

cascaded to obtain the combined performance. The proposed FS-MWALL modelling 

technique is to simply cascade the matrices representing the FSS and the modified 

wall respectively. However, this requires uncomplicated wave propagation through 

the FSS and the modified wall, or accurate knowledge of the wall performance. 

     Performance of the FS-MWALL was examined in detail by varying the air spacing 

between the FSS and the modified wall. Measured responses of the FS-MWALL were 

compared to results generated by matrix cascading techniques and by CST MWS. 
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5.2 Penetration of Materials 

     The amount by which a radio wave penetrates a material depends on the electrical 

properties of that material. Good insulators tend to allow the wave to propagate 

through them with only low loss. Glass is an example of a good insulator. If it were 

not a good insulator, light would not pass through it. Good conductors tend to reflect 

the radio wave at its surface and very little signal passes through. A thin sheet of 

aluminium foil will effectively block most radio waves. When it is required to 

communicate between two transceivers, one of which is inside a building and one 

outside, which is a common requirement with mobile telephony systems, the 

penetration loss of building materials becomes very important, as does the internal 

structure of the building. A building with an open-plan structure whose walls contain 

large glass windows will introduce little extra path loss; less than 5 , whereas a 

building with thick stone walls and small windows and an internal structure consisting 

of many solid walls can introduce extra path loss amounting to several tens of . 

     The process by which an electromagnetic wave travels from one side of a sheet of 

material to the other involves propagation, typically through a lossy medium, and 

multiple reflections. 

     The author of [4] publishes information that facilitates the calculation of typical 

values for the losses introduced by building materials. This information is published 

in the form of a material’s ‘complex permittivity’. The imaginary part of the complex 

permittivity can be converted into an effective resistivity that represents the lossy 

nature of the material. The loss depends upon the frequency: the higher the frequency 

the greater the loss. As an example, the permittivity of brick wall is quoted as 5.2

0.28	at a frequency of	1.8 . This will allow estimating both the amount of energy 

in an incident wave that gets reflected at the surface and the amount that will be lost 

on passing through the brick.      

     First, by introduce a little bit of arithmetic to make the problem simpler, the 

reflection coefficient is given by [4]: 

120
120

 5.1

     Now if, as is usual, the material is non-ferrous	 1, it is possible to rewrite the 

equation as:  

120 √⁄ 120

120 √ 120⁄

1 √

1 √
 5.2
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Thus, for brick wall, the reflection coefficient would be: 

1 5.2 0.28

1 5.2 0.28
0.3907 0.01141 0.3908 178.329 								 

     Thus the incident wave would be expected to undergo a near phase reversal on 

reflection and the amplitude of the reflected wave would be approximately 39% that 

of the incident wave. That means that the power density of the reflected wave would 

be only 15%	that of the incident wave. By the law of conservation of energy the wave 

entering the brick would have a power density 85% that of the incident wave. 

     Once inside the brick, the wave would propagate through but would dissipate 

energy as it travelled. The loss is determined by knowing the frequency and the 

imaginary part of the permittivity. The higher the frequency and the bigger the 

imaginary part of the permittivity, the greater the loss.  

     There exist three mechanisms for calculating the reflection and transmission 

coefficients; the boundary model [5-7], the layer model [8, 9], and the multilayer 

model [10-12]. 

 

5.3 Model Description 

     Common building materials for the internal walls include drywall, brick, and glass. 

The first approach assumes the internal walls, which can be made of 

drywall/glass/brick, are either single or double homogeneous dielectric slab(s). In this 

thesis, brick and drywall have been investigated. Electrical properties of these 

materials at 2.4  are listed in Table 5.1. The characteristics of these walls, as 

shown in Table 5.1, have been derived from the measurements and results shown in 

‘Wireless InSite’ [13].  

 

Table 5.1: Electrical properties of wall materials [13] 

 Wall Type Layer 
Thickness 

 
 	 ⁄  

1 Drywall 
1 
2 
3 

1.3 
8.9 
1.3 

2.8 
1 

2.8 

0.001 
0.000 
0.001 

2 Brick 1 10.25 4.44 0.001 

 

     The usual United Kingdom size of a modern brick 215 	 	102.5 	 	65  

is used. Figure 5.2(a) shows the geometry of a typical brick. The brick dimensions 
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Layer 1 Layer 3

Layer 2 

Air 

8.9cm 1.3cm 1.3cm 

were measured from a real brick sample. Figure 5.2(b) shows the unit cell brick used 

to model an infinite brick wall. 

 

      

 

 

 
                 
 
 
 
 
 
 
                (a) Brick geometry.                                              (b) Brick wall. 

Figure 5.2: (a) Brick geometry with dimensions. (b) Brick wall model. 
 

     A drywall wall, as shown in Figure 5.3, consists of surface sheets of plasterboard 

1.3  thick, separated by an 8.9  air layer is assumed as presented by ‘Wireless 

InSite’. This agreed with measurements for a real drywall inside W-Building at 

Loughborough University. 

 
 

 

     

                 

 

 

 

 

 

                      (a) Drywall.                                     (b) Drywall inside W-Building. 

Figure 5.3: (a) Drywall structure. (b) Drywall inside W-Building at 
Loughborough University. 

 
 

      

Cement 
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5.3.1 Boundary Conditions, Reflection, and Transmission 
Coefficients 

     In order to calculate the reflection and transmission coefficients in single or 

multilayer structure, the tangential electric and magnetic fields are matched to each 

boundary.  

     The complex transmission and reflection coefficients for horizontal polarisation 

 and for vertical polarisation  can be solved by computing the Fresnel 

reflection coefficients	 ⟘, 	 ‖ . After computing ⟘, 	 ‖   the reflection and field 

transmission coefficients of the electromagnetic wave through the slab can be 

computed using equations in [6, 7, 11]. 

 

5.3.2 Model Verification 

     This section starts with an investigation of radio propagation through typical 

building interfaces. When these interfaces are assumed to be made of homogeneous 

materials, the interaction of radio waves with them can be defined and predicted. The 

single layer model, air-medium-air, is going to be presented here for bricks, as shown 

in Figure 5.2. Sometimes the case that the transverse walls or interfaces consist of 

more than one layer of dielectric mediums; as drywalls shown in Figure 5.3. In these 

cases a multilayer model needs to be utilised more information and more detailed 

formulations can be found in [6-12]. 

     In order to verify the validity of the developed single and multilayer model, results 

produced for a brick and drywall have been compared with results obtained from a 

CST MWS and ‘Wireless InSite’.  

     The parameters used in this case are shown in Table 5.1. Reflection and 

transmission coefficients for a frequency range between 0 4  have been 

simulated for angle of incidence 0 , ∅ 0 	for  and  polarisation. Figure 

5.4 and Figure 5.5 demonstrate a perfect agreement between the results obtained with 

the theoretical model, CST MWS, and ‘Wireless InSite’. This comparison has 

provided the first indication of the building structures.  

      The next step into this investigation is to study transmission through commonly 

used building structures with periodic metal grids and FSS. Having validated the 

simulation software, CST MWS and ‘Wireless InSite’, the same procedures and 

techniques can be applied to a problem lacking a known solution. 
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(a) Transmission coefficient. 
 

 

(b) Reflection coefficient. 
 

Figure 5.4: (a) Transmission and (b) Reflection coefficient loss of a single layer 
brick dielectric slab . 	  under angle of incidence , ∅

	for  and  polarisation. 
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(a) Transmission coefficient. 
 

 
(b) Reflection coefficient. 

 
Figure 5.5: (a) Transmission and (b) Reflection coefficient loss of drywall 

dielectric slab (consists of two .  thick plasterboard panels with an air gap 
of .  in-between) under angle of incidence , ∅ 	for  and  

polarisation. 
             

     The building materials used to construct office building vary from drywall to brick, 

which is very lossy for high frequency radio signals [14]. As shown in Figure 5.6, 

brick walls, with considerable conductivity and thickness, have a high transmission 

loss at about 2.2  at normal incidence for 2.4  and this loss will increase with 

high frequency, conductivity, and thickness. The variations in the coefficients for 
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drywall are due to interactions between the incident field and the layered wall 

structure, as shown in Figure 5.7. 

 

(a)  polarisation. 

(b)  polarisation. 

Figure 5.6: The transmission coefficient for both (a) Perpendicular  and (b) 
Parallel 	polarisations for the brick wall ( .  thick) at different 

incident angles, . . 
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(a)  polarisation. 

(b)  polarisation. 

Figure 5.7: The transmission coefficient for both (a) Perpendicular  and (b) 
Parallel  polarisations for the drywall (consists of two .  thick 

plasterboard panels with an air gap of .  in-between) at different incident 
angles, . . 
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5.4 Transmission through Periodic Metal Grids 

     The first step into previous investigation was to study commonly used building 

structures. One of the contributions introduced in section 1.2 is to create a thick screen 

made of periodic grids inside or outside the wall. 

     This section studies the transmission of electromagnetic waves through such a 

screen. First of all a thin screen of periodic grids, as shown in Figure 5.8, has been 

investigated. 

 

Figure 5.8: A metal screen illuminated by a normally incident plane wave [1]. 
 

     Simple formulas for the transmission/reflection coefficient through the screen in 

Figure 5.8 have been reported in the literature. Two of the most popular and useful 

formulas are given by Chen [3] and Ulrich [2]. Comparatively speaking, Chen’s 

formula is more accurate while Ulrich’s formula is simpler. Lee [1], presented a 

refined version which combines the merits of both Chen’s and Ulrich’s formulas. 

Furthermore, by using a scattering matrix approach, Lee extended the formula to 

cover the case of cascading several screens, which can be the screens shown in Figure 

5.8, or dielectric slabs. 

     The screen is made of metal periodic grids, Figure 5.9 shows inductive screen, 

which reflects at low frequencies and transmits at high frequencies (high pass screen). 

As long as the screen has zero thickness 0 	in Figure 5.8, the scattering problem 

in Figure 5.8 can be exactly replaced by an equivalent transmission line problem 

sketched in Figure 5.10. The screen is described by normalized shunt admittance	2 . 

From transmission line theory, it is a simple matter to show that: 

1
1

 5.3

because of the conservation of energy: 

| | | | 1 5.4

 

→  
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Figure 5.9: Inductive metal screens (top view) [1]. 

 
 

Figure 5.10: Transmission line model for the scattering problem in Figure 5.8 
when	  [1]. 

 

Lee [1] presents an approximate formula for	 : 

1
2

csc 2

 5.5

where 

1 0.41 ⁄  5.6

2⁄  5.7

     For most practical screens, ⁄ 0.3.	Hence, total transmission occurs when  

is slightly less than one wavelength.  and  are described in Figure 5.9. 

 

5.4.1 Single Inductive Screen with Finite Thickness 

     All of the formulas in section 5.4 apply to an inductive screen with zero thickness 

0 	in Figure 5.8. When the thickness is not zero, as shown in Figure 5.9, the 
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aperture section of an inductive screen may be considered as a square waveguide. The 

dominant mode in the waveguide is the transverse electric  mode whose 

propagation constant is: 

⁄ , 0.5

⁄ , 0.5
 5.8

where 2 ⁄  is the wavenumber. Based on one-mode approximation for the 

aperture field, Chen [3] found an approximate formula for the transmission coefficient 

of a thick inductive screen namely, where the exponential factor in formula is missed 

and added by Lee [1]: 

1
1 tan 2⁄

1
1 cot 2⁄

 5.9

where 

8
⁄  5.10

 

5.4.2 Design 

The key objective of the research as introduced in section 1.2 is to modify 

buildings’ wall materials to enhance propagation at certain frequencies. Waveguide 

modules containing the FSS may be used inside/outside the wall, as shown in Figure 

5.11. In Chapter 3 an FSS has been designed and discussed. In the following sections 

the size of waveguide and cascading techniques will be discussed and designed. 

     Removing the FSS from the brick surface and leaving the PEC layers around the 

brick edges will significantly reduce the propagation through the wall of frequencies 

below	2.4 , based on the brick size used in this study.  Calculations based on 

rectangular waveguide theory show a high pass response for this type of construction.  

Insertion loss for frequencies above cut-off will only be increased marginally by the 

slightly lossy nature of the brick wall. 

     Waveguides are used to transfer electromagnetic power efficiently from one point 

in space to another. A rectangular waveguide [15] supports  and  modes, each 

of which cannot propagate below some certain frequency. This frequency is called the 

model cut-off frequency. The cut-off frequencies for a rectangular/square wave guide 

are given by:  
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Note that the cut-off frequency for a particular rectangular waveguide mode 

depends on the dimensions of the waveguide	 , , the material inside the 

waveguide	 , , and the indices of the mode	 , . 	is the speed of light in a 

vacuum.  

 

 

(a) Smart brick. 
 

 

 

 

 

 

 

 

 

(b) External module. 

Figure 5.11: (a) Smart brick,	 , . , and  
(b) External module,	 , , and . 

 

     A rectangular waveguide with conducting walls interior dimensions,	 , is shown 

in Figure 5.11(a). Without loss of generality, the guide is typically filled with air, but 

in smart brick case dielectric material ,  is assumed. 

Waveguides can support  and  modes. In  mode, the electric field is 

transverse to the direction of propagation. In  mode, the magnetic field that is 
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transverse and an electric field component is in the propagation direction.  The order 

of the mode refers to the field configuration in the guide, and is given by  and  

integer subscripts,  and	 . The  subscript corresponds to the number of 

half-wave variations of the field in the  direction, and the  subscript is the number 

of half-wave variations in the  direction. A particular mode is only supported above 

its cut-off frequency. The smart brick is made of a usual United Kingdom size; Figure 

5.2(a) shows the geometry of a typical brick with rectangular cross-sections. The 

designed rectangular waveguide with a rectangular section has 215 ,

65 , 102.5 2⁄  and filled with brick 1, 4.44  operates at 

2.4 . The total numbers of propagating modes are 25 and the cut-off frequency for 

fundamental mode 	 	is 330.9  and the lowest		 can exist in the 

rectangular waveguide is 	  which its cut-off is	1.14 . 

     An external module, shown in Figure 5.11(b), is a rectangular waveguide of square 

cross-section can theoretically support exactly two orthogonal propagating modes, 

over a bandwidth smaller than the single mode bandwidth for a standard rectangular 

guide. The designed rectangular waveguide with a square section has 

100 , 100 , 100 2⁄  and filled with air 1, 1  

operates at	2.4 . The 	and  modes can propagate independently, between 

cut-off and the onset of the  mode. The cut-off frequencies in  for the first 

four propagating modes in the square waveguide used are	1.498,	1.498,	2.11 and 

2.11, corresponding to the , , , and	 	modes, respectively. 

     In practical applications, it is common to cascade metal screens and dielectric slabs 

in order to obtain the desired transmission characteristics and/or mechanical strength. 

Later, this section provided a formula for calculating the transmission through such a 

cascade structure.  

     As sketched in Figure 5.12, assume that there are  sheets in cascade. For a typical 

 sheet, its reference plane is located at ⋯ . With respect to 

this reference plane, the sheet is symmetrical and its transmission and reflection 

coefficients are denoted by	 	and  respectively. If the sheet is an inductive metal 

screen, equation (5.9) is used to calculate its coefficient. If the sheet is a dielectric 

slab, as shown in Figure 5.13, its coefficients are given by the well-known 

expressions used in [6, 7]. 
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→  

	

 

Figure 5.12: Cascading 	sheets of metal screens/dielectric slabs [1]. 

 

 

 

 

 

 

 

 

Figure 5.13: Transmission through a dielectric slab [1]. 

 

     For the special case	 2, Lee [1] has introduced the simplified final results of 

,  for the cascading structure in Figure 5.12 to become: 

1 2
 5.12

1 2
 5.13
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5.4.3 Verification  

     In section 5.4, the transmission through periodic metal grids has been reviewed. 

Results produced for a periodic metal grids structure have been compared with results 

obtained from a CST MWS.  

     Case 1: Figure 5.14 shows an inductive screen on dielectric slab which reflects the 

external modules, shown in Figure 5.11(b), without FSS. Figure 5.15 shows the 

dominant mode transmission coefficients simulated by CST MWS and by evaluating 

equations 5.12  and 5.13  of an inductive screen with	 101 	,

100 , 100 . 

 

 

 

 
Figure 5.14: Inductive screen on dielectric slab. 

Figure 5.15: The dominant mode power transmission coefficient	| | 	of an 
inductive screen and a dielectric slab, external modules. 

 
     Case 2: The smart bricks, used in this project are shown in Figure 5.11(a), without 

FSS.  The brick has a rectangular section		 215 , 65 , 102.5 . 

Figure 5.16 demonstrates a good agreement between the results obtained with the Lee 

model equations 5.12  and 5.13  and CST MWS as would be expected because the 

assumption made by Lee and Chen, that the inter-element spacing 	is small ⁄
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Figure 5.16: The dominant mode power transmission coefficient | | 	of an 
inductive screen and a dielectric slab, smart bricks. 

 

     Figure 5.15 and Figure 5.16 demonstrate a close agreement between the results 

obtained with the Lee model and CST MWS. In general, the transmission degrades as 

the angle of incidence increases. The transmission degradation becomes significant 

for incident angles higher than	60 , as shown in Figure 5.6 and Figure 5.7. Figure 

5.17 and Figure 5.18 show more stable transmission coefficients for different incident 

angles comparing to normal wall simulated by CST MWS.  

     Figure 5.17 shows different values between 	and  polarisations for a 

rectangular cross-section waveguide smart bricks. The presence of the phase shift 

between both polarisations results from the different cut-offs as discussed in section 

5.4.2. The phase shift depends on phase velocity, given in [15] as:  

1 ⁄
 5.14

The wave velocity is given by: 

√
 5.15

     Figure 5.18 shows approximate transmission loss values for external modules, 

which is square cross-section waveguide and has same cut-off for both polarisations. 
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(a) polarisation. (b)  polarisation. 
 

Figure 5.17: The transmission coefficient using CST MWS for both (a) 
Perpendicular  and (b) Parallel  polarisations for the smart bricks wall 

( .  thick) at different incident angles, . . 
 

 
Figure 5.18: The transmission coefficient from CST MWS for both 

perpendicular  and parallel  polarisations for the external modules on 
drywall (consists of two .  thick plasterboard panels with an air gap of 

.  in-between) at different incident angles,	 . . 
 

5.5 Interaction between the FSS and the Wall Surface 

     So far the discussion was concerned with the FSS free standing case. For the 

application suggested, the FSS needs to be deployed on building materials. Literature 
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reports that when a FSS is placed on a dielectric medium its frequency response will 

change [16, 17]. Therefore, the interaction of building walls and FSS has to be 

investigated when considering this kind of application. The first step into this 

investigation was to measure the constitutive parameters of typical homogeneous 

building materials used for this study. 

     In this work the square mesh-patch array design was selected mainly because of its 

superiority with regards to its angular insensitivity over the other element shapes [18], 

as summarised in Table 2.1. 

It was suggested in [19] that with sufficient air spacing comparable to a 

wavelength, mutual influences between a wall and its FSS cover can be neglected. It 

was observed that for air gaps greater than	 10⁄ , the FSS standalone tuning 

frequency is not affected by any homogeneous structure that exists behind it. This air 

gap should exist and appears to be dependent only on the wavelength of transmission. 

     To verify the minimum air spacing suggested, a square mesh-patch array attached 

to a wall with air spacing equal to	0 , and the safe break point greater than	 10⁄  

is simulated under CST MWS. Figure 5.19 shows the simulated FS-WALL 

performance at 0  incidence with two different air spacing installed along with the 

control case where the square mesh-patch array was suspended alone in air. For air 

spacing equal to	0 ,  for the FS-WALL reduced to 1.8  from the designed  

at	2.6 , which suggests the overall response was significantly influenced by the 

wall structure. Conversely, when the air spacing was increased to the break point,  

did not appreciably shift from 2.6  as when the square mesh-patch array was 

standing alone in air. Therefore, 12.5  air spacing provides sufficient 

independence to ensure almost insignificant interaction between the FSS and the wall. 

     In other words, with a	12.5  intervening air spacing, the square mesh-patch 

array and the wall could theoretically be treated as two independent structures, so that 

the matrix cascading technique can be adopted for modelling the FS-WALL. 

     Note that a smaller spacing than 12.5  may also provide similar independence 

for different FSS designs. Investigations were focused on other influential factors 

such as the fundamental FSS design which might reduce the required spacing down to 

almost	0 . This design objective is discussed in section 5.5.2.2. 

     In [19] the investigation so far was concerned with the deployment of FSS on 

homogeneous building materials. As well it demonstrates that like in the 
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homogeneous building materials case, a periodic structure has similar effect on the 

frequency response of the FSS. The same safe “break point”, an air gap greater than 

10⁄ 	obtained for the homogeneous structures applies for periodic structures as 

well. 

 

 
Figure 5.19: The frequency response at  incidence for the square mesh-patch 
array FSS suspended alone in air and for same FSS on a wall with  and 

. , intervening air spacing between the FSS and the wall. 
  

5.5.1 The Matrix Cascading Technique 

     The matrix cascading technique, as applied to the FSS problem in this research, 

models the FSS on modified wall by separating the smart bricks or external modules 

into an FSS layer, Air layer, and a Modified Wall layer. As illustrated in Figure 5.20, 

at a particular incident angle, each layer is characterised by an ABCD matrix, namely: 

the FSS-matrix, AIR-matrix, and the MODIFIED WALL-matrix. As explained in 

section 3.3.2, the 2 2	ABCD matrix for the FSS and the modified wall, FSS-matrix 

and MODIFIED WALL-matrix, can be determined according to [20] as: 

1 1
2

1
2

1
2

1 1
2

 5.16

where the transmission  and reflection	  coefficients are obtained from the 

FSS and the wall individually. The ABCD matrix representing the intervening air 

section (AIR-matrix) can be determined according to [20]: 
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cos sin
sin cos  5.17

where 2 ⁄ , and  is the length of the air section in metres. 

 

Figure 5.20: The matrix cascading technique as applied to the FSS problem. 

 

     By cascading the matrices representing the individual layers, a matrix representing 

the combined structure the (FS-MWALL) is generated. Simple wave propagation 

through the FSS and the wall is required, and grating lobes should be avoided. By 

ensuring minimum interactions between the FSS and the wall, the FS-MWALL's 

transmission 	and reflection  responses can be estimated by straightforwardly 

cascading the FSS-matrix, the AIR-matrix, and the MODIFIED WALL-matrix. 

 

5.5.2 Deployment FSS on Building Materials 

5.5.2.1 Square Mesh-Patch Array FSS 

     The result for innovative model is expected to be same for - and -wave 

incidence. Because of the symmetrical square mesh-patch array FSS element shape 

used in this research, FSS frequency responses for - and -wave incidence were 

the same at 0  incidence. The waveguides behind the FSS structure supports  and 

 modes, as discussed in section 5.4.2. So, the results presented in the following 

sections are based on the -wave incidence. 
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     As a first step, the square mesh-patch array FSS was applied directly to the wall 

with 0  intervening air space. The measured response for such an FS-WALL is 

presented in Figure 5.21 as solid lines. Also presented in Figure 5.21, as dotted lines, 

are the predicted responses calculated by CST MWS and cascading the FSS and the 

WALL-matrices directly, since the air spacing is	0 . The measured FS-WALL 

response at 0  incidence shows a resonance at	1.8 . In comparison, at 0  

incidence, the predicted response from matrix cascading shows a resonance at 

2.6 , which is the same as the response for the case where the FSS stands alone in 

air. A discrepancy in  between the measured and the predicted results is also 

observed. This suggests that with 0  intervening air spacing, the FSS response is 

greatly influenced by the wall. The FSS and the wall interact with each other in a 

complicated manner. Such interaction detunes the FSS performance, and prevents the 

FS-WALL from being modelled by cascading the effects of the FSS and the wall 

individually. A serious design difficulty is thus presented. 

     As a result, the FS-WALL with 0 	cannot be modelled by simply cascading the 

FSS and the wall matrices. The measured performance and CST MWS result of such 

an FS-WALL shows a resonant frequency shifted greatly from the prediction made by 

matrix cascading. 

 

 

 

 
 

 
 

 
 

 
 

 
 

Figure 5.21: -wave incidence measured response at  incidence for square 
mesh-patch array FSS applied to a brick wall with 	air spacing between the 
FSS and the wall versus the predicted matrix-cascaded FS-WALL performance 

generated with no air spacing included and CST MWS. 
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     By increasing the air spacing to break point	12.5 , as shown in Figure 5.22, the 

measured FS-WALL response at 0  incidence remain at	2.6 . In other words, the 

designed square mesh-patch array FSS characteristics are preserved (the predicted 

response aligns well with the measured results, in terms of both signal level and the 

resonant frequency), with the FSS remaining unaffected by the difficult-to-model 

dielectric properties of the wall. This indicates that the interaction between the FSS 

and the wall is almost insignificant with a 12.5  air spacing. More specifically, the 

air spacing allows the FSS and the wall to be treated independently, and to be 

represented by the FSS- and the WALL-matrices. Accordingly, the proposed matrix 

cascading technique can be adopted for modelling such an FS-WALL. 

 

 

Figure 5.22: -wave incidence measured response at  incidence for square 
mesh-patch array FSS applied to a brick wall with . 	air spacing between 

the FSS and the wall versus the predicted matrix-cascaded FS-WALL 
performance generated with break point spacing included and CST MWS. 

 

5.5.2.2 Square Spiral FSS 

     Ideally, an air spacing that provides the required independence smaller than 

12.5 	is desired, particularly to conserve indoor space. Also, for installation 

reasons it would be sensible if the FSS wallpaper could be applied directly to the wall 

like ordinary wallpaper, without any extra air spacing between the FSS and the wall. 

Given that for the square spiral FSS, as discussed in Chapter 3, the wave propagation 

through square spiral FSS and the wall might allow the two to be modelled 
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independently even with no intervening air spacing. This may lead to a promising 

future development of FSS wallpaper. Figure 5.23 suggests that with a proper FSS 

design, it is feasible to achieve independence between the FSS and the wall with 

1 	intervening air spacing. The FS-WALL performance has shown strong 

frequency selective characteristics, with  at approximately	2.4 , which agrees 

with the  value as when square spiral FSS stands alone in air.  

 

Figure 5.23: Simulated CST MWS response at  incidence for square spiral 
FSS applied to a brick wall with 	air spacing between the FSS and the wall. 
 

     In general, the designed characteristics of the square spiral FSS can be preserved 

even when it is 1  away from the wall. The reason is mainly because of the 

suppression of the grating lobe within the operating frequency band in the square 

spiral FSS design, which ensures a simple propagation mode through the FSS and the 

wall. It should be noted that the occurrence of grating lobes depends on the element 

dimensions; the presence of a dielectric substrate does not alter the frequency where 

grating lobes start to propagate [18]. For such a scenario, focus on the FSS design 

factors leads the designed characteristics of the FSS can be preserved even when it is 

applied directly to the wall. 
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5.5.3 Deployment FSS on Periodic Structures 

     The investigation in [19] was concerned with the deployment of FSS on 

homogeneous and periodic building materials. These results suggest that these 

parameters do not have any effect on the safe break point distance that the FSS can be 

deployed away from the building wall, so as its freestanding FSS response is not 

affected. 

     For this reason, CST MWS and EC simulations have been carried out for the 

square mesh-patch array FSS used in the previous investigation, deployed on smart 

bricks and external modules, the geometrical parameters of which are shown in Figure 

5.11. Figure 5.24 and Figure 5.25 show the response at 0 	incidence for FS-MWALL, 

smart bricks and external modules, respectively.  

     Figure 5.24 and Figure 5.25 demonstrates that like in the homogeneous building 

materials case, a periodic structure has similar effect on the frequency response of the 

FSS. The same safe “break point” air gap 10⁄  obtained for the homogeneous 

structures applies for periodic ones as well. 

  

 
Figure 5.24: -wave incidence measured response at  incidence for square 

mesh-patch array FSS applied to a smart bricks wall with . 	air spacing 
between the FSS and the modified wall versus the predicted matrix-cascaded FS-

MWALL performance generated with break point spacing included and CST 
MWS. 
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Figure 5.25: -wave incidence measured response at  incidence for square 

mesh-patch array FSS applied to an external modules on drywall with 
. 	air spacing between the FSS and the modified wall versus the predicted 

matrix-cascaded FS-MWALL performance generated with break point spacing 
included and CST MWS. 

      

 

5.6 Summary 

     The indoor environments have been examined in this chapter through the use of 

analytical model. This model has been verified, by comparing it with results obtained 

from measurements and a commercial EM simulator, CST MWS, and used to 

examine the frequency selectivity and scattering behaviour of periodic structures such 

as smart bricks and external modules.  

     In addition, it is usually the case in indoor environments that walls have different 

morphological and geometrical properties. This would necessitate fabrication of 

various FSS designs so as the overall structure (FS-WALL) be tuneable to the desired 

frequency considering also the different effects of the different supporting walls. 

Therefore the investigation in [19] was concentrated on finding a “breakpoint” air 

gap, beyond which the FSS response is not affected by the presence of any building 

wall. It was observed that for air gaps greater than	 10⁄ , the FSS standalone tuning 

frequency is not affected by any homogeneous or periodic structure that exists behind 
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it [19]. This air gap appears to be dependent only on the wavelength of transmission 

and is not affected by the FSS design and the morphological/geometrical properties of 

the building walls. This would effectively give the flexibility to the designer to 

fabricate a single FSS design and safely deploy it on any building wall without 

worrying about any possible detuning effects. 

     It is common practice that prior to the implementation of any wireless system, a 

radio prediction tool is used to predict radio coverage in order to optimise the design. 

For the proposed application such a tool needs to incorporate the FSS behaviour as 

well. The next chapter presents the simulation tool ‘Wireless InSite’, based on a 

deterministic model, 3D ray tracing, which incorporates this FSS behaviour. 

     This chapter has demonstrated that indoor environments can be successfully 

transformed into a frequency selective wall by attaching a custom designed FSS as a 

cover onto the ordinary wall (FS-WALL) or modified wall (FS-MWALL). For an 

FSS with grating lobes occurring in the operating frequency band by providing a 

sufficient air spacing of 12.5  during this study between the square loop mesh-

patch array FSS and the wall surface, the two structures can essentially act 

independently. As a result, the FS-WALL and FS-MWALL performance can be 

estimated well by CST MWS and cascading matrices which represent the FSS and the 

ordinary wall or modified wall individually. This allows designers to focus on the FSS 

design without knowledge of the specific properties of each office wall. For an FSS 

with grating lobes being suppressed within the operating band, such as square spiral 

FSS, the FSS can be applied by 1 	away to the wall while preserving the FSS's 

original frequency selectivity. Smart bricks and external modules were designed and 

applied to an actual office wall for enhancing 2.4  WLAN transmissions. 

Measurements on this prototype and associated practical installation issues are 

discussed in Chapter 6. 
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CHAPTER 6 

Propagation Studies in Modified 
Environments and their Effect in 

Wireless Environments 
 

6.1 Introduction  

     The key objective of the research is to modify buildings’ wall materials to enhance 

propagation at certain frequencies, as introduced in section 1.2 and discussed in 

Chapter 5. To achieve this, an innovative model, which consists of either smart bricks 

or external modules, has been used. Using the structure as a part of a wall assures 

signal strength enhancement for all of sensitive systems which work in the targeted 

band.  

     Normally, the path loss exponents in LOS are less than OBS channel as presented 

in [1, 2]. The received power of the OBS path is attenuated significantly as compared 

with that of the LOS path, thereby requiring an additional link budget margin as well 

as increased battery power drain. The use of an innovative model is suggested under 

OBS conditions in order to avoid significant propagation loss. 

     This chapter presents experimental and simulated results of indoor radio 

propagation at	2.4 , where received power and path loss are investigated in a half-

wave chamber and room inside Loughborough University. This chapter also suggests 

the use of the innovative model under OBS conditions to avoid significant 

propagation loss, and then, its usefulness is confirmed by experiments and 

simulations. 

     ‘Wireless InSite’ presented in the previous chapter, was utilised to study the effect 

of deploying innovative model in wireless environments. The study was concentrated 

on the WLAN 	802.11 / / 	frequency	2.4 . The fundamental idea was 

to utilise the innovative model in order to: 

1. Achieve frequency selective radio coverage improvement in areas of interest. 

This is based on the assumption that the mean signal at a certain frequency due 
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to a reflected contribution arising from a metallic waveguide and FSS would 

be stronger than the one received from any other non-metallic object. 

2. Provide a pass band response by selective a particular frequency range, thus it 

promotes a certain frequency to enhance radio coverage in specific areas that 

are difficult to access with a conventional setup of a single transmitter. 

3. Guide the wanted radio signals to areas of limited signal coverage by utilising 

the innovative model. 

4. Achieve all the above goals without affecting the radio propagation 

characteristics of any other system operating in the close vicinity of the 

targeted system. 

     This chapter presents ray tracing simulations using ‘Wireless InSite’ for various 

indoor scenarios demonstrating how the innovative model can be utilised as a passive 

repeater to achieve the above objectives.  

 

6.2 Initial Investigation 

     To satisfy the increasing demand for high data rate indoor wireless 

communications, higher frequency bands are being utilised. As the operating 

frequency increases, the effect of diffraction diminishes. Limited by a shorter range, 

high frequency wireless communication systems are usually located in a restricted 

indoor environment. However, human activities, furniture, and indoor building 

structures can obstruct the main paths in the wireless channel and can degrade the 

coverage and reliability. The challenge for engineers is to develop a system that is 

resilient in the presence of humans and other obstacles. In this chapter, one of the 

possibilities for indoor architectural modification of the wireless channel is examined. 

     The installation of innovative model will modify the propagation environment. In a 

typical office scenario, the LOS paths between the antennas at the transmitter and the 

receivers are frequently likely to be obstructed by office personnel or partitions, as 

shown in Figure 6.1.  

     The excess loss due to LOS obstruction by a human body can be as high as 20  

at 2.45  [3], so it is important to consider the case where the LOS path is 

completely obstructed and only reflected paths deliver the signal to the RX. In such 

situations, the proposed system is particularly important to create additional viable 

link propagation paths.  
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Figure 6.1: Situations where LOS paths are obstructed. 

 

     In order to demonstrate the principle and the feasibility of the application proposed 

some initial investigation has been carried out [4-6].  The office walls, in the model 

shown in Figure 6.2, are made of brick 10.25  thick walls with relative permittivity 

4.44 and conductivity	 0.001 ⁄ . The floor with dimensions 25 30  

metres has a reinforced concrete floor, ceiling, doorways, and outside windows. 

     The omnidirectional TX, horizontal polarisation, is located at a distance of 15  

from the investigated area, which is a room within a building, at the height of 3  

above the floor. In the investigated area, a grid of omnidirectional RXs with spacing 

0.5  is used to measure the received power distribution at the height of 1  above 

floor. 

     The transmitter antenna provides a power level of 30  at a frequency 

of	2.4 . Figure 6.2 shows the investigated area as depicted in ‘Wireless InSite’. 

For the simulations in ‘Wireless InSite’ the investigated area was modelled including 

all wall characteristics as well as windows, doorways, ceiling, and floor details. It also 

shows the position of the transmitter and receivers that were used for simulations. 
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Figure 6.2: Floor area displayed in ‘Wireless InSite’. 

 

     In order to get an initial idea of the effect of the wall addition, consisting of an FSS 

when these are incorporated in an indoor wireless environment, a square mesh-patch 

array FSS design tuned at	2.4 , was assumed to be in front of the targeted walls. 

     The surface consists of an FSS in the simulated environment which was described 

in such a way as to account for the theoretical and measured FSS behaviour under 

various angles of incidence as suggested by the FIT technique in CST MWS and 

verified through half-wave chamber measurements. 

     A square mesh-patch array FSS design has been chosen to be deployed on the 

environment’s interfaces mainly due to its superiority against other FSS designs in 

terms of its angular insensitivity [7], as presented in Table 2.1. The square mesh-patch 

array was designed on a 0.1  thick dielectric surface,	 3, with a 2.4 	tuning 

frequency. The dimensions of square mesh-patch array are presented in Table 3.1. 

The FIT and EC techniques were used to calculate the reflection and transmission 

coefficients for the FSS - air gap - modified building wall combination. As already 

verified through simulations and measurements in section 5.5.2, when the air gap 

between any FSS and any building material is more than	 10⁄ , then there is no 

significant effect on the FSS tuning characteristics. 
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     For this reason, the square mesh-patch array FSS was placed 12.5  away from 

all building materials, like brick, drywall, and/or concrete. An illustrative example is 

shown in Figure 5.20, where the square mesh-patch array FSS is placed more than 

10	⁄ away from the modified wall. 

     Figure 6.3, Figure 6.4, and Figure 6.5 show the received power for horizontal 

polarisation inside the investigated area with different end wall characteristics. As 

expected in Figure 6.4, where smart bricks are used as a part of investigated area, a 

received power higher than in the other scenarios is shown.  

     An overall improvement, in the received signal power at	2.4 , of around 90% 

of the receiving antenna locations inside the initial investigation scenario, when the 

modified wall is deployed as a part of investigated area,  is achieved over received 

power for investigated area with normal wall. Figures 6.3, 6.4, and 6.5 show a 

comparison between a normal wall, smart brick, and external modules respectively.  

 

 

Figure 6.3: Received power for investigated area with normal wall. 

Normal Wall 
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Figure 6.4: Received power for investigated area with smart bricks. 

 

 

Figure 6.5: Received power for investigated area with external modules. 

 

     In this study, three different variations of the modified wall were used. Figure 6.6 

shows the received power for different receiver locations inside the investigated area 

for each variation. As expected, in Figure 6.6 and Figure 6.7, where smart bricks or 

external modules are used as a part of the investigated area, the mean received power 

Smart Bricks 

External Modules 
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is shown to be higher than for a normal wall by	5 6 . By installing the innovative 

model, the magnitude of certain microwave signal radiation power can be enhanced. 

 

 

Figure 6.6: Received power vs. Receiver number for scenarios in 
Figures	 . 	– 	 .  . 

 

Figure 6.7: Mean received power for scenarios in Figures	 . 	– 	 .  . 

 

     This initial study through indicative coverage plots, has verified the feasibility of 

utilising additive wall treatments  in wireless environments. This application is going 

to be demonstrated in subsequent scenarios and real performances are presented as 

well. 
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6.3 Model Validation 

     To validate this concept, normal bricks, smart bricks, and external modules were 

used inside a small scale indoor environment in the half-wave chamber to measure the 

received power for different receiver locations. The half-wave chamber walls, in the 

model shown in Figure 6.8, are made of absorbers and bricks. The room has a 

reinforced concrete floor, ceiling, and has doorways as well as outside windows. 

 

      

 

 

 

 

 

 

 

 

 

(a) ‘Wireless InSite’. 

 

(b) Plan. 

Figure 6.8: Half-wave chamber (a) Displayed in ‘Wireless InSite’. (b) Plan. 

Absorbers
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     The measurement setup was the same as described earlier in section 3.7 and Figure 

3.19. The transmitter is located at a distance of 1  from the window FSS, at the 

height of 1.4  above the floor. Inside the half-wave chamber a receiver is used to 

measure the received power distribution. Both antennas had the same orientation and 

the same height. The transmitter is fixed and the rotating receiver is moved from 

90  to	90 , as shown in Figure 6.8(b).     

     The transmitter antenna provides a power level of 12  with a 10  gain at a 

frequency of	2.6 . Figure 6.8(a) shows the half-wave chamber area as depicted in 

‘Wireless InSite’. For the simulations in ‘Wireless InSite’ the half-wave chamber area 

was modelled including all wall characteristics as well as absorbers, windows, 

doorways, ceiling, floor, bricks, and the MUT which contains normal bricks, smart 

bricks, or external modules with imported designed square mesh-patch array FSS 

transmission and reflection response details. It also shows the position of the 

transmitter and receivers that were used for measurements and simulations. For 

different end wall characteristics, the MUT is classified to:   

1. Normal wall has the average United Kingdom size of a modern brick 

215 	 	102.5 	 	65 	  is used, as shown in Figure 6.9(a).  

2. Smart brick, as shown in Figure 6.9(b), has a normal brick size and covered 

with aluminium foil. Air gap between the FSS and the brick should be more 

than	 10⁄ .  

3. External module, as shown in Figure 6.9(c), has been made from hard 

cardboard box to minimise the cost with size of 

100 	 	100 	 	100  as designed in section 5.4.2 and covered 

with aluminium foil from inside with an FSS with air gap more than	 10⁄ . 

External modules are connected together to cover the desired area. 

 
Figure 6.9: Single unit of a (a) Normal brick, (b) Smart brick, (c) External 

module. 

(a) (b) (c) 
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     Figure 6.10 shows the calculated and measured received power inside the half-

wave chamber area with different end wall characteristics, normal wall, smart bricks, 

and external modules on brick wall, is used inside an aperture window	30 	 	60  

wide. As expected in Figure 6.10, where innovative model is used as a part of 

investigated area, a received power was higher than in the normal wall is shown. In 

presence of innovative model most of locations’ gained power enhancements 

around	3 5 . A good agreement between measured and ‘Wireless InSite’ is 

achieved. 

 

(a) ‘Wireless InSite’. 

 

(b) Measured. 

Figure 6.10: Received power for vertical polarisation inside half-wave chamber. 
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     To ensure valid measurement results for certain frequency, the following 

instructions should be followed: 

 It is important that the FSS sample is physically large enough in size and tuned 

at the interest frequency. 

 It has an ideal well-aligned FSS installation. 

 An air gap more than 10⁄  between FSS and the innovative model should be 

maintenance.  

 A correct waveguide design is essential. 

     So, it is necessary to be aware of these points where they can be handled by using 

FSS as wallpaper outside the designed innovative model with well-aligned in-between 

FSS sheets. An illustrative example is shown in Figure 5.20, where the FSS is placed 

more than 10⁄  away from the modified wall. 

 

6.4 Overall Improvement 

     Simulations were made before and after the installation of innovative model for the 

initial investigation scenario, shown in Figure 6.2. The respective coverage plots and 

the improvement in the received power by the installation of innovative model are 

shown in Figure 6.6 and Figure 6.7 for	2.4 . 

     The introduction of an innovative model provides a stronger reflected signal inside 

rooms/apartments/offices and the average improvement in received signal power is 

6  and 5  for smart bricks and external modules respectively. In real office 

several positions are severely shadowed by the partitions, humans, and furniture. 

However, the introduction of an innovative model on the modified wall provides a 

stronger reflected signal to those shadowed positions. An overall improvement, in the 

received signal power at	2.4 , of around 90% of the receiving antenna locations 

inside the initial investigation scenario is achieved. 

     Apart from the received signal power, two commonly used issues, the mean delay, 

	, and the root mean square (RMS) delay spread, , can be used to quantify the 

impact of the studied wall additions. These quantities are defined in [8] as: 

∑ .
∑

 6.1

∑ .
∑

 6.2
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where 	represents the signal power of the  path arriving at . The changes in 

the mean delay and the RMS delay spread brought by the installation of the 

innovative model is shown in Figure 6.11. Comparing simulations for a normal and a 

modified wall, as the stronger reflected paths from the modified wall have time delays 

similar to those of the dominant paths from the normal wall. For the same reason, in 

the presence of the modified wall, an increased portion of the total received power 

arrives at times similar to the mean delay time. Therefore, the RMS delay spread is 

reduced slightly. 

 

(a) Mean delay. 

(b) 	delay spread. 
Figure 6.11: Simulated cumulative distribution function (CDF) plots showing the 
comparisons of (a) Mean delay and (b)  delay spread for a normal wall and 

a modified wall, at	 . . 
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6.5 Propagation Path Loss 

     Path Loss or attenuation of RF signals occurs naturally with distance. Obstacles 

between the transmitter and receiver also attenuate signals. The amount of attenuation 

varies with the frequency of the RF signal and the obstructing materials type and 

density. For indoor communication, the construction materials, humans, and furniture 

that make up the obstructions are the largest attenuators. 

     It is clear that the received power of the OBS path is significantly attenuated as 

compared with that of the LOS path, thereby resulting in an additional link budget 

margin as well as increased battery power drain. The LOS path cannot be always 

guaranteed. However, the significant attenuation of the OBS path may be avoidable 

by use of the innovative model. The received power in  can be expressed by [1, 

9]: 

.  6.3

where  is the transmitter power in ,  and 	are the antenna gains in  

for the transmitter and receiver, respectively.	  is the path loss in decibels at the 

distance from the transmitter, which is given by:  

10. . log  6.4

where n is the path loss exponent, the reference distance  is chosen to be 1 , and 

 is the normalized received path loss at a separation distance of . For example, 

if	 2,  describes a free space propagation path loss.  

     Where 	and 	in equation 6.3  are the distance of the transmitter to the reflector 

and reflector to receiver, respectively.  represents the propagation path loss at the 

separation distance of	 , and 	 is called the effective area or radar cross section in 

 [1, 10], representing a reflector gain by specular return from the reflector plate. 

 which is the number of walls traversed and   is the wall transmission loss. 

     There are a few situations where furniture like metal cabinet produces an OBS 

effect on the wireless channel. In the next scenario, shown in Figure 6.12, simulations 

were performed both to quantify the effect of signal obstruction by metal cabinet and 

to assess the enhancement offered by the modified wall. The Scenario shown in 

Figure 6.12 simulates a situation where metal cabinets with different height, 

1.7 	 	3 , and have same width 1.5 , placed near to the wall and faced the other 
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side of the investigated area. The metal cabinet and wall obstruct the LOS path 

between the TX and the RX’s grid. 

 

 

Figure 6.12: Layout of the previous scenario, as shown in Figure 6.2, with same 
characteristics showing the positions of the TX, RX’s grid, and the 

corresponding obstacle positions. 
 

6.5.1 Full Study Area  

     A study area defines a region of the project in which to perform a simulation. The 

Full 3D propagation model is used to solve for the power transferred from any active 

transmitters to all active receivers within the study area. Transmitters, receivers, and 

objects falling outside the study area boundary are not considered. The geometry of 

the room ensures that sufficient additional ray paths exist to sustain a reasonable 

signal level. Figure 6.13 shows the two boundaries area for the study area where solid 

line represents a full study area and dotted line represents part of study area.  

     Figure 6.14 shows the simulated signal level in  in a room within a full study 

area where the receiver antenna faced a modified wall. It is seen that the received 

signal level is improved by 2 7   comparing with and without innovative model. 

This is because the modified wall reflected wave experiences much less reflection loss 

as compared with the normal wall reflected waves. 

Wall Width 10  

Cabinet Height 3m 

Cabinet Height 1.7m 
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Figure 6.13: Same scenario with two boundaries for study area where the solid 
line represents a full study area and dotted line represents a part of study area. 

 

 

Figure 6.14: CDF plots showing the comparison of simulated received power 
with different modified wall scenarios inside full study area, with the LOS path 

obstructed. 
 

6.5.2 Part of Study Area  

     To examine the direct effect of obstacles and the usefulness for using an innovative 

model, a new study area dotted line, which is a reflective wall has been created, as 

shown in Figure 6.13. 
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     The signal level is found to be improved by 2 15  which is higher than that 

for the investigated area inside the full study area boundary including the whole floor. 

This is because waves only have one path to hit the investigated area through the 

modified wall. In case of normal wall scenario some of RXs blocked from OBS this 

mean more reflection loss as the only path is the reflected wave from normal walls 

inside investigated area. In presence of an innovative model, a multiple reflected 

waves, TX-reflector-RX wave and TX-reflector-to-wall-Rx waves, combine to 

produce higher received signal level, as shown in Figure 6.15. 

 

 

Figure 6.15: CDF plots showing the comparison of simulated received power 
with different modified wall scenarios inside a part of study area, with the LOS 

path obstructed. 
 

6.6 In the Presence of Humans 

     The enhancement provided by the modified wall to the received signal power is 

most observable when the LOS path is obstructed by obstacles. For the following 

experiments, stationary humans were used to create OBS situations. In this section, a 

simulation of office environment with presence of a human is considered at 2.4 . 

     Although the temporal variation caused by moving personnel is very difficult to 

simulate, there are a few situations where humans produce a relatively stationary 

effect on the wireless channel. In three experiments, shown in Figure 6.16, 

simulations were performed both to quantify the effect of signal obstruction by human 

bodies and to assess the enhancement offered by the modified wall. Experiment A 
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simulates a situation where a person stands. The standing person and wall obstruct the 

LOS path between the TX and the RX. The layout of Figure 6.16 is based on the 

previous scenario, shown in Figure 6.2, with same characteristics. 

 

 

Figure 6.16: Layout of the office scenario showing the positions of the antenna 
trajectory and the corresponding human obstacle positions. 

 

     Experiment B imitates the situation of a sitting person using an RX with the TX 

behind him. Experiment C is the same in nature as Experiment B except that the 

person is seated further from the TX. These simulations were performed using an RX 

routes which records 5 points spaced 20  apart along a linear antenna trajectory. 

     There are two models to simulate the human body shadowing in an indoor 

environment [11]. The first model is known as "Phantom Human" and the second is 

called "Salty-Lite". For the two models, the human body is modelled as a cylinder 

containing salty water. In this simulation inside ‘Wireless InSite’, the model proposed 

by [12] has been adopted. In this model, the human body is represented as a 

parallelepiped circumscribed with SALTY cylinder model, as shown in Figure 6.17. 

The lengths of sides of the basic rectangle will be equal to	0.305 . The height is 

equal to	1.7 , the thickness is equal to	0.305 . The human body has been modelled 

inside ‘Wireless InSite’ by objects having the finished dimensions in the form of 

parallelepipeds, characterized by a permittivity,  and conductivity,	 . Table 6.1 by 
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[11] summarises some practical values of the permittivity and conductivity used in to 

simulate the human body model. 

 

 

Figure 6.17: Model of human body. 

 

Table 6.1: Permittivity and conductivity of SALTY model with frequency [11] 
Frequency MHz Permittivity  Conductivity 	 /  

100 77 0.70 
200 77 0.71 
400 76.9 0.73 
800 76.8 0.83 

1600 76.5 1.22 
3000 75.3 2.50 

 

6.6.1 Experiment A: With Standing Human Obstruction 
(Position A) 

     Figure 6.18 shows the shadowing effect of a standing human, simulated along an 

antenna trajectory perpendicular to the general direction of the signal arrival. The 

effect of the human is most noticeable over the linear span from 40 	to	80 . 

Outside of this span the received power with and without the modified wall are close 

in value. In the shadowed span, 40 	to	80 , the simulated path loss with the 

modified wall is consistently lower than that with the normal wall. In the shadowed 

span, the average difference in path loss is 3 	and at some points the difference is 

more than	5 . 

Height 1.7  

Width 0.305  

Rectangular Limit 



CHAPTER 6. Propagation Studies in Modified Environments and their Effect in Wireless 
Environments 

155 

 

 

Figure 6.18: Plots showing the received power for experiment A, as shown in 
Figure 6.16, with normal wall, smart bricks, and external modules at	 . . 

 

6.6.2 Experiment B: With Sitting Human Obstruction (Position 
B) 

     In Experiment B, with the sitting human obstruction, the simulation results show 

that the modified wall produces a marked enhancement in signal strength along the 

entire span, as shown in Figure 6.19. An average improvement of 5  is observed by 

using smart bricks over a normal wall. At a distance of	40 , where the sitting 

human obstructs the LOS, the smart bricks reduce the path loss by	4 . 

 

Figure 6.19: Plots showing the received power for experiment B, as shown in 
Figure 6.16, with normal wall, smart bricks, and external modules at	 . . 
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6.6.3 Experiment C: With Sitting Human Obstruction, further 
from the Transmitting Antenna (Position C) 

     It would be incorrect to assume that a modified wall can improve the received 

signal power only over relatively short transmission distances. The results from 

Experiment C show that the smart bricks also significantly reduce the path loss at the 

far end of the room by 5  at a distance of	60 , when the LOS path is obstructed 

by a sitting human, as shown in Figure 6.20. The effect is most noticeable for smart 

bricks over a span of 40 	to	70 . The average improvement in received signal 

power over this span is	3 . 

 

 
Figure 6.20: Plots showing the received power for experiment C, as shown in 

Figure 6.16, with normal wall, smart bricks, and external modules at	 . . 
 

     From Experiments A, B, and C, it is concluded that the modified wall increases the 

reliability of the wireless system by maintaining the received signal power when 

human obstruction occurs. 

 

6.7 Deterministic Ray Tracing Based Model Predictions 

     The ray model simulation suggests an average increase of	5 6 , in received 
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agreement with the measured	5 , improvement. The simulation also estimates 

accurately a minor mean delay change when the innovative model is introduced. 

Similarly, the RMS delay spread is accurately predicted to be smaller in the presence 

of an innovative model. The ray model simulation also accurately suggests that 

system coverage can be maintained by the introduction of innovative model, even 

when the LOS paths are obstructed. 

     However, the ray model simulation enhanced the received power from the 

innovative model when the LOS path is assumed to be obstructed and has no 

contribution to the received signal power. The predicted improvement in received 

power for the furniture obstructed LOS situations averages 6 , while some locations 

the enhancement are as high as 15 , whereas average improvements of 3 ,	5 , 

and 3  were recorded in the presence of humans in scenarios A, B, and C, 

respectively. 

     From the results presented in the previous sections, two important concepts have 

been verified. Firstly, the innovative model, constructed from aluminium foil, can be 

modelled as a perfectly reflecting surface. Secondly, when the LOS path is obstructed 

or heavily attenuated, the additional wall-reflected path becomes the only strong path. 

In such situations, the installation of an innovative model is valuable and can increase 

the reliability of the wireless system. 

 

6.8 The Smallest Effective Size of an Innovative Model 

     The presence of an innovative model yields an improvement in the wireless 

channel in an office environment. However, it may not be desirable to use innovative 

model for the whole room due to cost or other architectural design criteria, such as 

acoustic effects as well as letting another frequency ranges penetrate/escape the area 

by other routes.  

     The critical size of the modified wall should be determined. Figure 6.21 and Figure 

6.22 show a comparison of simulated received power for different sizes of modified 

wall in the previous created scenario, shown in Figure 6.2. The incremental 

improvement in received power is very small when the innovative model dimensions 

are increased beyond 4 3 	which is 40%	of wall size.  
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Figure 6.21: CDF plots showing the comparison of simulated received power 
with different sizes of smart bricks centred the modified wall, with the LOS path 

obstructed. 
 

 

Figure 6.22: CDF plots showing the comparison of simulated for received power 
with different sizes of external modules centred the modified wall, with the LOS 

path obstructed. 
 

     Parametric studies undertaken using ‘Wireless InSite’. Scenario 2 is created with 

the only way for wave propagation to the investigated area is through the wall under 

examination to validate and ensure the minimum size required to enhance wireless 

signal. The second scenario into investigation, shown in Figure 6.23, is a simplified 

indoor environment with dimensions	20 	 	25 . The external and internal walls are 
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assumed to be made of brick. The floor and ceiling are made of concrete and has 

doorways as well as outside windows. Typical constitutive parameters of these 

materials, as summarised in Table 6.2, have been used and all the interfaces were 

assumed to be homogeneous. 

     Six omnidirectional TXs with horizontal polarisation, are used and located at a 

distance of 9.5  for TX1, TX2, and TX3 and 1  for TX4, TX5, and TX6 from the 

investigated area at the height of 3  for TX1, TX2, and TX3 and 2  for TX4, TX5, 

and TX6 above the floor. In the investigated area, a grid of isotropic RXs with 0.5  

spacing is used to observe the received power distribution at the height of 1.5  above 

floor. The omnidirectional TXs provide a power level of	5  with a 5  gain 

at	2.4 .  Figure 6.23 shows the investigated area as depicted in ‘Wireless InSite’. 

 

 

 

Figure 6.23: Scenario 2. 

 

     Figure 6.24 to Figure 6.29 show a comparison of simulated received power for 

different sizes of modified wall in the previous created scenario, shown in Figure 

6.23. This allows one to define the minimum size required to enhance wireless signal.  
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(a) Smart bricks. 

 

 
(b) External modules. 

 

Figure 6.24: CDF plots for TX1 showing the comparison of simulated received 
power with different sizes of (a) Smart bricks and (b) External modules centred 

the modified wall. 
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(a) Smart bricks. 

 

 
(b) External modules. 

 

Figure 6.25: CDF plots for TX2 showing the comparison of simulated received 
power with different sizes of (a) Smart bricks and (b) External modules centred 

the modified wall. 
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(a) Smart bricks. 

 

 
(b) External modules. 

 

Figure 6.26: CDF plots for TX3 showing the comparison of simulated received 
power with different sizes of (a) Smart bricks and (b) External modules centred 

the modified wall. 
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(a) Smart bricks. 

 

 
(b) External modules. 

 

Figure 6.27: CDF plots for TX4 showing the comparison of simulated received 
power with different sizes of (a) Smart bricks and (b) External modules centred 

the modified wall. 
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(a) Smart bricks. 

 

 
(b) External modules. 

 

Figure 6.28: CDF plots for TX5 showing the comparison of simulated received 
power with different sizes of (a) Smart bricks and (b) External modules centred 

the modified wall. 
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(a) Smart bricks. 

 

 
(b) External modules. 

 

Figure 6.29: CDF plots for TX6 showing the comparison of simulated received 
power with different sizes of (a) Smart bricks and (b) External modules centred 

the modified wall. 
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     The second scenario has characteristics different from the first scenario. The 

second scenario with new floor plan has more than one TX with 5  transmitted 

power, different heights and distances from investigated area as well as the 

investigated area has got an isotropic RXs antennas.  

     Simulation results suggest that the smallest effective size of the modified wall 

increases with the size of the room. In most situations, the modified wall area only 

needs to be large enough to provide perfect reflections for the wall-reflected paths for 

all the possible RX locations across the floor. The same may be said for a TX antenna 

located close to, or away, from the modified wall. So, when all internal walls are 

covered by the innovative model, the influence of the innovative model will be 

reflected across all RX positions inside the floor area regardless of the TX antenna 

position.  

     Parametric studies undertaken using ‘Wireless InSite’ suggested that the 

innovative model should cover 30% to 50%	of the wall area, at least 10  dimensions, 

to observe signal power enhancement. In this case, Mobile telephone, TV, radio, and 

the majority of communication systems that generally use frequency ranges lower 

than 2  can still penetrate/escape the area by other routes. 

 

6.9 Real Room (Free Space Measurement) 

     A critical step towards realising a commercial product is to create a product 

prototype and examine its performance. This section explains measurements 

conducted on a practical external modules prototype, which was created by attaching 

the square spiral FSS, discussed in section 3.8, as a front cover of a square waveguide 

array on a drywall dividing two offices. This measurement is referred to as the free 

space measurement, although this is not quite accurate. Results of the prototype 

demonstrate the feasibility of creating external modules to enhance propagation for 

indoor wireless systems.  

     Measurements were conducted on the 3  floor of a 4 storey building, W-Building 

at Loughborough University. One lecture room separated by drywall along a corridor 

was selected, as shown in Figure 6.30. The partition walls for the offices consist of 

two 1.3  plasterboard sheets separated by an 8.9  air layer, and at the time of 

measurement the offices were empty. The common wall dividing the two rooms 

was	9 	 	 	3 	 . This wall had the external modules attached. The centre 
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1  of the wall was covered by the 12	assembled sheets of square spiral FSSs on 

square waveguides array, as illustrated in Figure 6.31, and the rest of the wall was left 

as is. Both office doors remained closed during the measurement. 

 
(a) Lecture room before setup. 

 
(b) Floor plan of the two rooms and antenna locations. 

Figure 6.30: Environmental description for the free space measurement.  
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(a) 12 assembled sheets of square 

spiral FSSs. 
(b) Waveguides array. 

Figure 6.31: external modules. 

 

     The frequency of interest is	2.45 . To simulate a typical WLAN system, a pair 

of omnidirectional biconical antennas from SCHWARZBECK SBA9119  was used, 

as shown in Figure 6.32, rather than directional horn antennas. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.32: The biconical antenna with approximately .  antenna gain 

for the . 	free space measurement. 
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     The transmitter at height 1.58  was fixed 1  away from external modules in 

Room1, whereas the receiver at same height was moved manually between 21 

locations at Room2, as shown in Figure 6.30(b). The step size for the positions 

was	1 , and therefore 7 receiver locations were measured along the 6  route with 

3	rows in each set of measurements. By comparing the responses for the 21 receiver 

locations, the performance of using the external modules on a normal wall was 

observed. 

     In order to assist the evaluation, a deterministic ray tracing based model simulation 

was undertaken to predict the propagation data. The effect of the external modules is 

examined using the received power for different locations obtained from 

measurements and ‘Wireless InSite’. The measurements were conducted in the 

frequency domain with a 20  bandwidth centred at 2.45  using a Rohde & 

Schwarz spectrum analyser 315  operating in the frequency range	 9

3 . The interior structure of the lecture room was modelled inside ‘Wireless 

InSite’ in a simplified form including the external modules with square spiral FSS 

transmission and reflection response details, as shown in Figure 6.33. Typical 

constitutive parameters of these materials, as summarised in Table 6.2, have been 

used from ‘Wireless InSite’ and all the interfaces were assumed to be homogeneous. 

 

 
(a) Floor plan with normal wall. 
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(b) Floor plan with external modules, in red. 

 

 
(c) Receiver locations. 

Figure 6.33: Lecture room floor area as displayed in ‘Wireless InSite’. 
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Table 6.2: Electrical parameters used for W-Building interfaces 

Interface 
Type 

Material Relative Electrical 
Permittivity  

Conductivity 
/  

Thickness 
 

External Wall Brick 4.44 0.001 0.1025 
Floor & 
Ceiling 

Concrete 7 0.015 0.3 

Internal Wall Drywall 2.8 0.013 0.115 
Door Wood 5 0 0.1 

Window Glass 2.4 0 0.003 
 

     Figure 6.34(b) and Figure 6.35(b) show the measured and simulated power level in 

	with different polarisations in Room2, where the biconical transmitter antenna 

in Room1, with a gain of 1.5 , was oriented towards the wall both without and 

with external modules, as shown in Figure 6.33(a) and Figure 6.33(b), and the 

receiver antenna, placed at different positions, had a gain of 1.5  was also 

oriented towards the same wall, in Room2, as shown in Figure 6.33(c).  

     Simulations were made before and after the installation of external modules. The 

respective improvement in the received power for different locations by the 

installation of these external modules is shown in Figure 6.34(a) and Figure 6.35(a) 

for	2.45 . 

The introduction of an external module provides a stronger reflected signal inside 

Room2, and the improvement in received signal power at some locations is 7 . 1  

of external modules were used on the centre of the wall, which had a width of 9 , as 

shown in Figure 6.33(b), meaning that not all receiver locations enjoyed the benefit of 

using external modules, as some of receiver locations still receive the same received 

power with and without an installation of external modules. Parametric studies 

undertaken using ‘Wireless InSite’, suggested that the external modules mesh should 

cover 30% to 50% of the wall area which receiver located 1.5  away from centre, of 

1 	external modules area, at each side will observe signal power enhancement. 

     An example to explain how the external modules work is done by studying the 

propagation paths from TX to RX5. Path  is the maximum path with greatest power 

from the TX to RX5 with 26  time of arrival, attenuated and reflected by a partition 

as shown in Figure 6.36(a), and path  is the reflected path from the external 

modules to RX5 with 12  time of arrival, as shown in Figure 6.36(b). The measured 

paths, which were recorded before and after the installation of the external modules, 

have similar received power as the predicted path  and , as shown in Figure 6.34 
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and Figure 6.35. The reflected path 	observed after the installation of the external 

modules, is much stronger than path	 , which were recorded under a normal wall. 

The magnitude of path 	matches well with the measured reflected path from the 

external modules, which has been assumed to provide a perfect reflection. This 

indicates that external modules constructed from simple aluminium foil can produce a 

highly reflective surface at	2.45 . 

 

(a) ‘Wireless InSite’. 

 

(b) Measured. 
 

Figure 6.34: Received power for horizontal polarisation antenna inside Room2. 
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(a) ‘Wireless InSite’. 

 
(b) Measured. 

 
Figure 6.35: Received power for vertical polarisation antenna inside Room2. 

 

         Generally, measurements and simulations were made before and after the 

installation of the external modules. The respective improvement in received power 

by the installation of external modules is shown in Figure 6.34 and Figure 6.35 for 

2.45  with horizontal and vertical polarisation respectively. 
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(a) Floor plan with normal wall. 
 

 
(b) Floor plan with external modules, in red. 

 
Figure 6.36: Propagation path with greatest power from TX to RX5 with 

different wall scenarios: (a) Normal wall, (b) External modules, with horizontal 
polarisation biconical antenna. 

 
     The improvement in coverage is not completely uniform. At	2.45 , one of the 

21	receiving locations enjoys an increase in received signal power as high as 9.6  
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but there are a few locations at which the received signal power decreased slightly 

after the external modules were installed. In this lecture room, there is an abundance 

of metal objects; small, and unpredictable variations in the received signal power can 

arise from the scattering effect in a complicated environment. In some locations, 

where the direct paths are marginally obstructed by the metal supporting structure of 

the partitions, slight positioning error of the receiving antenna can produce a few 

 change in the received signal power. Therefore, the variations in the 

improvement brought by the external modules can be expected. Overall, most of 

receiving antenna locations inside the area served by external modules achieves 

improvement in the received signal power at	2.45 . 

     Another scenario created inside the ‘Wireless InSite’ where the centre of common 

wall dividing the two rooms is covered by 1  of external modules and the rest of the 

wall was shielded by metal foil, as illustrated in Figure 6.37(b). Figure 6.38 shows the 

simulated power level in	 . It is seen from Figure 6.38 that the received power of 

the OBS path is expected to be improved by 10  or more by means of the external 

modules. Although the wall scattered waves might also contribute to the received 

power, depending upon the wall materials, the contribution should be extremely 

small.  

(a) Normal wall. 

Metal Foil 
Shield 

Normal Drywall 
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(b) External modules. 

Figure 6.37: Indoor environments with foil shield. 
 

Figure 6.38: Received power for horizontal polarisation antenna inside Room2. 
 

6.10 W-Building (Electronic and Electrical Engineering 
Department) 

     The external modules have been deployed to enhance the radio coverage provided 

to the 4 	floor of the W-Building using installed access points (APs). External 
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modules predictions from a real environment (3  floor of the W-Building, ‘free 

space measurement’) have been compared with results obtained from a ‘Wireless 

InSite’ and with measurements carried out on site. Comparisons indicated a good 

agreement. The ‘Wireless InSite’ also validated through a small scale indoor 

environment where innovative model constructed and measured in a controlled 

environment; half-wave chamber. 

     To study the enhancement achieved by using the external modules for building 

using drywall for its partitions such as 4  floor of W-Building at Loughborough 

University, and to avoid the cost to apply the external modules for a whole building. 

‘Wireless InSite’ gives a confidence to predict the results reflecting the usefulness of 

using the external modules. 

     For surveying generally, wireless sniffing tools are used to sniff wireless packets 

from an ad-hoc network setup using an AP. VisiWave Site Survey [13] is a complete 

	802.11 / / /  site surveying solution. It collects survey data using a 

standard wireless adapter while walking around the survey area clicking on a floor 

plan image, either using a Global Positioning System (GPS) receiver to track the 

location, or a customized navigation device. 

     This test was performed over a Wi-Fi link from a laptop (Toshiba Satellite Pro 

U400) to an AP (Cisco Aironet 1131AG) on channel 6 (centre frequency 

of	2.437 ). The WLAN system installed in the W-Building consists of a number 

of wireless APs (Cisco Aironet 1131AG series) which provide an indoor covered 

connectivity to WLAN terminals. It is based on the 	 	802.11 / / 	 protocol 

5.15 	to	5.725 	and	2.412 	to	2.472 	and offers data rates up 

to	54 . Typically the transmitting power of the APs can be configured between 

1  to	100 . The APs consist of built-in omnidirectional antennas with 

gain	3 	for 2.4 	with horizontal beamwidth. 

     In order to exhibit the effectiveness of the scenario simulator, an experiment was 

conducted in a working indoor environment situated in W-Building at Loughborough 

University. An AP has been installed at a known location and signal strengths were 

measured at 15 measurement locations. A similar scenario was created in ‘Wireless 

InSite’ to compare the signal propagation, strengths, and positioning information 

estimation. 
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     Figure 6.39 shows the W-Building investigated area as depicted in ‘Wireless 

InSite’. The office walls, in the model, are made of drywall. For the simulations in 

‘Wireless InSite’, the investigated area was modelled including all wall characteristics 

as well as windows, doorways, ceiling, and floor details. It also shows the position of 

the AP and receiver locations that were used for the simulations. 

 

  

Figure 6.39: W-Building area displayed in ‘Wireless InSite’. 
 

     The AP, with a built-in omnidirectional antenna providing a power level of 5 , 

is located at a fixed spot set by the information technology (IT) services at 

Loughborough University, in the W-Building. The AP is placed at a height of 3  

above the floor. In the investigated area a number of locations were used to measure 

the received power distribution. 

     The power from the AP is automatically balanced by the wireless control 

system.  The system will automatically balance the channel and power of APs so they 

don't interfere with each other. This may cause problems for the survey. All APs are 

transmitting 5  power while conducting the survey. The experiment was 

conducted at 7:00 AM with no people in the area.  

     External modules are used to cover 30% to 50% outside the wall area and cover 

each indoor partition to ensure enhancement inside the room regardless of the location 
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of the AP.  Figure 6.40 shows the modified W-Building inside ‘Wireless InSite’ when 

external modules consisting of square spiral FSS wallpaper, shown in Figure 6.31(a), 

are used outside a wall. Signal power enhancement is still observed, as shown in 

Figure 6.41.  

 

Figure 6.40: Modified W-Building area displayed in ‘Wireless InSite’, external 
modules in red. 

 

 

Figure 6.41: Received power vs. Receiver locations comparison. 
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6.11 Summary 

     Two types of environmental modification have been examined in this chapter. The 

installation of a smart bricks or external modules in/on the wall has been shown to 

improve the reliability of indoor wireless signal propagation. The metal reflectors 

used in the innovative model were constructed from aluminium foil in the 

experiments. 

     The results showed that 30% to 50%	of the wall area covered by innovative model 

provides significant enhancement to the received signal power, especially when the 

LOS path is obstructed by humans or metal furniture. With the installation of the 

innovative model, the average increase in received signal power was about 5

6 	at	2.4 , while in some severely-shadowed locations the improvement was as 

high as	15 . With the LOS path obstructed by a sitting human body, the signal 

power enhancement ranged from 3 	to	6 , depending on the position of the 

human body and the angle of arrival of the path. In some situations where the 

furniture produces an OBS effect on the wireless channel, it is seen that the received 

signal level is improved by 2 15  by using an innovative model. 

     Based on the innovative model, various indoor wireless environment scenarios 

were simulated, highlighting typical enhancement figures that can be obtained. 

Results suggest that the innovative model deployment can be used in wireless 

environments in order to selectively increase coverage for specific wireless system 

transmissions without affecting the operation of other wireless networks operating on 

different frequencies. Increasing signal strength would enable the reception of 

services that require higher data rates such as video streaming providing a more 

reliable and stable solution. 

     Also, innovative model deployment can also assist signal coverage in specific 

areas that are difficult to access with a conventional setup of a single transmitter. This 

can be used as an alternative solution to the conventional methods proposed over the 

years for improving wireless coverage, having its own advantages. Conventional 

methods include leaky feeders, active and passive repeaters, and distributed antennas 

[14-18]. Distributed transmitters, APs, or active repeaters which both require power to 

operate with the latter one requiring good isolation between the receiving and 

retransmitting antennas. Otherwise, the system might become oscillatory. Also with 
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active repeaters, the received noise and interference is reradiated on both the forward 

and reverse link [19]. 
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CHAPTER 7 

Conclusions and Future Work 
 

7.1 Conclusions 

     It is clear that almost all communication systems are turning wireless. Unlike 

conventional wired systems, where the information follows a predetermined path 

along a wired grid, the information in wireless communication is passed through 

multiple routes by the propagation of radio waves in space. Radio wave propagation 

through this invisible channel is more difficult to define and is governed by complex 

parameters and propagation mechanisms. In order to support the need of high data 

rates and assist signal channelling coverage in specific areas, such systems need to be 

carefully designed and deployed. 

     The frequency selectivity exhibited by building structures has raised the idea of 

transforming the building into a frequency selective one, where signals of specific 

frequencies are allowed or not allowed to enter and/or escape the building. However, 

since the internal structure and parameters of building periodic interfaces are usually 

unknown, it would be more or less impossible to utilise this natural frequency 

selectivity until an easy way will be found to “ ” a building. A way to easily 

transform building interfaces into frequency selective ones, tuneable at a desired 

frequency range, is to deploy surfaces on those interfaces which have frequency 

selective characteristics. These surfaces are called frequency selective surfaces whose 

principles and deployment on building walls are studied in Chapter 2, Chapter 3, and 

Chapter 5.  

     The main objective of this research was to improve the efficiency of 

communication systems in an indoor environment. A practical pass band FSS 

wallpaper was designed, simulated, and measured. The custom designed pass band 

FSS structure, along with perfect conducting sheets, is used inside a brick as smart 

brick or outside the wall as external module to increase the strength of received signal 

in indoor environments [1-3]. Applying the innovative model as a part of investigated 
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area can also assist signal coverage in specific area that are difficult to access with a 

conventional setup of a single transmitter. This can be used as an alternative solution 

to the conventional methods proposed over the years for improving wireless coverage, 

having its own advantages. Conventional methods include leaky feeders, active and 

passive repeaters, and distributed antennas [14-18]. Distributed transmitters (APs) or 

active repeaters which both require power to operate with the latter one requiring 

good isolation between the receiving and retransmitting antennas, otherwise the 

system might become oscillatory. Also with active repeaters, the received noise and 

interference is reradiated on both the forward and reverse link [19].  

     The innovative model prototype can easily be applied or used in building walls to 

enhance 2.4  WLAN transmissions. Prior to designing this prototype, the 

properties and performance of FSSs have been analysed intensely at S-band 

frequencies 2 4  with theoretical modelling and practical measurements. 

The square pattern was chosen as the FSS element shape for this research because of 

its simplicity and its satisfactory pass band frequency characteristics. FSS has been 

designed and analysed theoretically with a simple EC model and FIT technique using 

CST MWS. In the EC model, square mesh-patch array FSS elements are divided into 

vertical and horizontal strips which are modelled as equivalent inductive and 

capacitive components. 

     Improvements in FSS design such as roll-off rate and improvement in maintaining 

a consistent angular response would both be beneficial. To include these features in an 

FSS design, the FSS would probably consist of a more complicated element pattern 

than the simple square mesh-patch array FSS used in this research. A new square 

spiral has been investigated and compared against a square mesh-patch array, whereas 

the square mesh-patch cell is more than	13	times the square spiral’s area. The figure 

of merit ⁄  has been raised from 2.8 to	11.13. Accordingly, an analysis technique 

that is capable of modelling arbitrary element shapes and substrates like CST MWS is 

used. 

     It is common practice that, prior to the implementation of any wireless system, a 

radio prediction tool is used to predict radio coverage in order to optimise the design. 

For the proposed application such a tool needs to incorporate the innovative model. 

The simulation tool ‘Wireless InSite’, based on a deterministic model (3D ray tracing) 

which incorporates the innovative model behaviour. To study ray tracing techniques 
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the work started with a literature survey, this covered the basic principles of 

electromagnetic wave propagation relevant to path loss prediction in wireless 

communications, highlighting all its relevant propagation mechanisms and 

parameters. These mechanisms, namely reflection, refraction, diffraction, and 

scattering, together with basic antenna and environment parameters; electrical or 

constitutive parameters, are of great importance in order to implement a propagation 

model that can be used to predict radio propagation for a wireless system.  

     The indoor environments have been examined through the use of analytical model. 

This model has been verified, by comparing it with results obtained from a 

commercial EM simulator, CST MWS, and used to examine the frequency selectivity 

and scattering behaviour of periodic structures such as smart bricks and external 

modules.  

     In addition, it is usually the case in indoor environments that walls have different 

morphological and geometrical properties. This would necessitate fabrication of 

various FSS designs so as the overall structure, FS-MWALL, be tuneable to the 

desired frequency considering also the different effects of the different supporting 

walls. Therefore the investigation was concentrated on finding a “breakpoint” air gap, 

beyond which the FSS response is not affected by the presence of any building wall. It 

was observed that for air gaps greater than	 10⁄ , the FSS standalone tuning frequency 

is affected by any homogeneous or periodic structure that exists behind it [4]. This air 

gap appears to be dependent only on the wavelength of transmission and is not 

affected by the FSS design and the morphological/geometrical properties of the 

building walls. This would effectively give the flexibility to the designer to fabricate a 

single FSS design and safely deploy it on any building wall without worrying about 

any possible detuning effects. To ensure valid measurement results for certain 

frequency, the following instructions should be followed: 

 It is important that the FSS sample is physically large enough in size and tuned 

at the interest frequency. 

 It has an ideal well-aligned FSS installation. 

 An air gap more than 10⁄  between FSS and the innovative model should be 

maintenance.  

 A correct waveguide design is essential. 
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     The results showed that 30% to 50%	of the wall area covered by innovative model 

provides significant enhancement to the received signal power, especially when the 

LOS path is obstructed by humans or metal furniture. With the installation of the 

innovative model, the average increase in received signal power was about 5 6  

at	2.4 , while in some severely-shadowed locations the improvement was as high 

as	15 . With the LOS path obstructed by a sitting human body, the signal power 

enhancement ranged from 3  to	6 , depending on the position of the human body 

and the angle of arrival of the path. In some situations where the furniture produces an 

OBS effect on the wireless channel, it is seen that the received signal level is 

improved by 2 15  by using an innovative model.  

     The ‘Wireless InSite’ predictions for a real environment (3 	4  floor of the 

W-Building at Loughborough University) have been compared with measurements 

carried out on site. The comparison has indicated an excellent agreement. The 

‘Wireless InSite’ results were also validated through a small scale modified indoor 

environment where the innovative model was constructed and measured in a 

controlled environment; half-wave chamber. The measured results also showed that it 

is appropriate to construct the innovative model from aluminium foil as perfectly 

reflecting surfaces. 

     Based on the innovative model, various indoor scenarios wireless environments 

where simulated, highlighting typical enhancement figures that can be obtained. 

Results suggest that the innovative model consisting FSS deployment can be used in 

wireless environments in order to selectively increase coverage for specific wireless 

system transmissions without affecting the operation of other wireless networks 

operating on different frequencies. When using 30% to 50%	of the innovative model 

of a wall area, mobile telephone, TV, radio, and the majority of communication 

systems generally use frequency ranges lower than	2 . These frequencies can still 

penetrate/escape the investigated area by other routes. Increasing signal strength 

would enable the reception of services that requires, higher data rates such as video 

streaming, providing a more reliable and stable solution. 

     Next section discusses an initial investigation showing that the usage of innovative 

model in an indoor environment can increase capacity in MIMO systems. This is due 

to the presence of stronger multipath components which give rise to a low correlated 

channel. 
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7.2 Future Developments and Work 

     This section discusses issues for future developments and work. The effect of the 

deployed innovative model on the potential capacity increase from using a MIMO 

system is briefly discussed later in this section. 

 

7.2.1 Improvement in FSS Design 

     This section discusses several desirable FSS performance features which should be 

considered when refining the prototype. Apart from the resonance attenuation level, 

the FSS angular performance, and the roll-off rate have been the focus of this 

research, the tuneable FSS is one of features which can be potentially employed but 

have not yet been analysed.  

 

7.2.1.1 FSS Reflection Behaviour 

     Throughout this thesis, the analysis has been focused on the FSS transmission 

response, rather than its reflection behaviour. With a highly reflective FS-MWALL, 

signals will undergo severe multipath within a room, leading to an undesirable 

multipath fading phenomenon which may degrade the performance for non MIMO 

systems. But on the other hand, a highly reflective interior surface can be useful in 

enhancing the coverage of indoor wireless systems as studied in [5] and will be 

discussed in section 7.2.3. 

     As presented in Figure 7.1, for the square mesh-patch array, discussed in Chapter 

3, though the pass band transmission response perfectly suits the desired application 

in enhancing the wanted signals. This implies that by enhancing the interest signal 

inside offices, those signals outside the pass band will reflect about the room. Such 

reflections could result in a strong multipath fading environment and can be desirable 

in terms of improving the signal coverage and especially along office corridors [5, 6]. 

Therefore, the reflective property of an FS-MWALL should be considered during 

planning.  
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(a) Simulated	 -wave. 

 

 

 

 

 

 

 

 

 

 

(b) Simulated	 -wave. 

Figure 7.1: The simulated - and -wave incidence angular responses 
	 	 	 	 	 	for square mesh-patch array FSS, with 

	used in the CST MWS simulation. 

 

7.2.1.2 Tuneable FSSs 

     In addition, this research may go further by designing variable tuning FSS 

wallpaper inside modified environments. The FSS frequency response is determined 
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by the element dimensions, and is not changeable unless external dielectrics are 

attached to the FSS.  

     In reality, the dielectric property of a building material may be time-varying 

because of environmental or ageing factors [7, 8]. The continuity of this research in 

the field of variable tuning FSS starts from embedding an active device in the FSS or 

using the electro mechanical tuneable FSS, which leads to more feasibility in the use 

of FSS [9-15]. Also the use of pumping the dielectric liquid that acts as dielectric 

loading. Liquids are used as a varying  material in order to design an FSS with 

variable frequencies [9].  

 

7.2.2 Alternative FSS Fabrication 

     For mass production, a more economical manufacturing process than the current 

foil cutting technique needs to be developed. Cost wise, conductive ink can be used to 

manufacture multi-layered PCB boards [16, 17]. Modern inkjet technology allows 

printing of a variety of materials including conductive polymers [18] or metal oxides 

such as indium-tin-oxide (ITO) [19, 20]. Therefore, further investigation of cost and 

performance of these conductive inks and paints is necessary. 

     In addition, rather than transforming a wall into an FS-MWALL by the application 

of FSSs, a frequency selective wallboard may be created by doping the wallboard 

with random thin metal wires [21]. 

 

7.2.3 MIMO in Modified Environments 

     Multiple Input/Multiple Output (MIMO) systems, initially introduced by Winters 

[22] consist of an array of transmitting and an array of receiving antenna elements, as 

shown in Figure 7.2.  

     Such systems have the potential to achieve high capacities as well as diversity gain 

depending on the propagation environment [23]. The increasing capacity of a MIMO 

system relies strongly on the richness of multipath rays which provide uncorrelated or 

low-correlated channels [24]. This means that the MIMO capacity increases as 

correlation decreases. It has been proven theoretically that the capacity of a MIMO 

channel also increases linearly with the number of transmitting and/or receiving 

antenna elements [25, 26]. This is due to the decomposition of the channel into an 

equivalent set of spatial sub-channels [27]. 



CHAPTER 7. Conclusions and Future Work 191 

 

 

Figure 7.2: 	MIMO system. 

 

     Literature includes some work on the applicability of MIMO systems for indoor 

wireless environments. The authors of [23] have performed measurements of a MIMO 

system under strong and weak LOS conditions. They verified that the capacity 

decreases as the distance from the transmitting array increases because the 

transmission correlation increases. The [24] and [28] show that the performance of a 

MIMO system is influenced by the arrangement of the array antenna elements as well 

as the indoor propagation environment. The authors of [29] have studied the influence 

of homogeneous and complex building structures on the capacity of indoor MIMO 

systems. They have shown through FDTD simulations that the complex structure can 

produce lower correlation and effectively higher MIMO capacities. 

     For the conventional Single Input Single Output (SISO) systems studied so far the 

fundamental formulation of capacity proposed by Shannon is given by, 

log 1  7.1

where 	is the capacity in ⁄ , 	is the signal power in watts and 	is the noise 

power in watts. For the  MIMO system shown in Figure 7.3, channel capacity 

is calculated using [30]: 

log ⁄  7.2

where  is the signal to noise ratio (SNR) at every receiver position,  transmit 

antennas at transmitter, 	is the 	identity matrix, and 	is the channel matrix 

with 	being its conjugate-transpose matrix. 

     Since the presence of innovative model in an indoor environment can increase the 

presence of strong reflected components in every receiving location it would be 
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interesting to investigate any potential benefits in terms of capacity and diversity gain 

from using MIMO systems in a modified indoor environment. The idea is that the 

presence of various multipath components at every receiving element would make the 

channel more Rayleigh, lower K-factor, achieving lower correlation and hence higher 

capacity. 

 

7.2.4 Future Work 

     The work can be further extended in the following fields: 

 Apply same technique for different frequencies inside indoor environments. 

 Among the possibilities for environmental modification, electromagnetic 

shields, and reflectors are the most significant and secure information. While 

shields can be deployed to actively control the propagation of interfering 

signals, innovative model can be used to promote the propagation of desired 

signals, which in turn reduce the overall transmitting power and mitigate the 

interference to adjacent wireless systems. In order to support the need of high 

data rates and without ignoring the secure passing of information, such 

systems need to be carefully designed and deployed. The use of shields and 

innovative model as combinations in indoor office environments can be 

further investigated. 

 This work has given an initial flavour of the effect of innovative model on 

MIMO systems in indoor environments. Work can be further extended by 

investigating the capacity increase and diversity gain that can be achieved for 

various types of environments and antenna element combinations. 

 The investigation of the potential of environmental modifications should also 

be extended to multiple floor environments, and the coordination of 

installation of innovative model and base station deployment should be 

studied. Eventually, indoor wireless systems should be integrated as part of the 

building services, such as lighting and electricity, so that the goal of a 

‘wireless-friendly’ building can be realised. 
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