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Abstract 

Shortage of available spectrum is a prominent dilemma in the field of Telecommunications. This thesis studies 

an emerging technology adapted for the sparse bands of higher frequency. Liquid Crystal is an interesting 

substance: it presents anisotropy of electrical properties controllable to a degree. Its use in conjunction with 

mmWave is at its advent. 

This work expands on an existing prototype, adding an axis of freedom to the beam formed. ‘Reconfigurable 

Reflectarray’ refers to a grid of cells with patches forming a reflectarray, its substrate replaced by Liquid Crystal. 

This is done from the ground up, evaluating the phase-law for the unit cell; algorithmically generating the 

differential phase at each cell, represented by nodes; simulating these concepts and verifying the resulting 

radiation patterns. 

The resulting simulations showed a scan loss of around 1 dB; scan range of −24° to 24°, in two planes. The 

maximum directivity recorded was 25.60 dBi, with radiation efficiency of approximately 25%. Though low, the 

main objective of this thesis was to obtain proof of steerability of a pencil beam in two dimensions with 

permittivity variation of the substrate. The SLL varies, with its best value of −20.5 dB and its worst −7.8 dB. The 

angular errors are under 5°, smaller than the beam width of 6°. 

In summary, Liquid Crystal technology applied to reflectarrays is an exciting prospect for future antenna 

development, appealing in space applications, due to its ease and low-cost of fabrication, lightweight 

components, as well as its potential for integrability as flat panels. 
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Resumo 

Escassez de espectro disponível é um dilema pertinente na área de Telecomunicações. Este trabalho estuda uma 

tecnologia emergente, adaptada às bandas esparsas de alta frequência. Cristal Líquido é uma substância 

interessante: apresenta anisotropia de propriedades eléctricas, controlável por voltagem. O uso em conjunto 

com ondas milimétricas está ainda em desenvolvimento. 

Este trabalho expande sobre um protótipo existente, adicionando um grau de liberdade ao feixe. ‘Agregado 

Reflector Reconfigurável’ refere-se à matriz de patches, compondo o agregado refletor, cujo substrato é Cristal 

Líquido. Analisou-se a lei de fase para a célula unitária; gerou-se algoritmicamente a fase diferencial para cada 

célula, representada de forma nodal; simulando estes conceitos, os resultantes diagramas de radiação foram 

avaliados. 

Registaram-se valores de perda em varrimento de 1 dB e intervalo de varrimento de −24° to 24°, em dois planos. 

A directividade máxima foi de 25.60 dBi, com eficiência de radiação de aproximadamente 25%. Apesar desta ser 

reduzida, o objectivo principal deste trabalho é comprovar projeção orientável em duas dimensões de um feixe 

estreito por variação de permitividade do substrato. Há variação no valor de SLL, sendo que o melhor valor é de 

−20.5 dB e o pior −7.8 dB. Os erros angulares são abaixo de 5°: inferior à largura do feixo de 6°. 

Em sumário, a tecnologia de Cristal Líquido aplicado a agregados refletores é uma prospectiva empolgante para 

desenvolvimento de futuras antenas, apelativo a aplicações aeroespaciais. Isto deve-se à facilidade e baixo custo 

de fabrico, componentes leves, assim como a capacidade de integração em superficies planas. 
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Chapter 1 Introduction 

 

1.1 Motivation 

The constant demand for the ability to deliver an ever-increasing volume of information is ubiquitous in the 

topic of technological advancement in the field of Telecommunications. In essence, there is a severe shortage 

of usable spectrum for the frequency ranges of systems in use with the antennas in current widespread 

operation. 

While in some countries, the government is releasing some bandwidth for commercial uses, the rate of data 

being generated in general, as well as data required for other uses such as satellite communication, and even 

other uses relevant to space exploration, is increasing at a disquieting scale [1]. A prominent example of greatly 

increasing bandwidth needs is military usage of the spectrum: communication of larger data; informational 

tether of unmanned systems; more widespread use of sensors; increased bandwidth demands of military radars; 

strong focus on networked connection of military cells [1]. A final example is the advent of cloud services, in 

which the paradigm is large amounts of data at the users’ fingertips, in order to keep the backend processing 

transparent and the given service fluid. 

Creative solutions are required, and this thesis makes use of higher frequencies, which begets the main benefit 

of keeping away from the densely occupied bands. The frequency band between 27 GHz and 300 GHz remains 

largely unused [1]. There are drawbacks, however, as V-band contains oxygen’s absorption peak, in addition to 

the increased free space path loss due to the very high frequency, making line of sight critical [2]. 

Due to these phenomena, the tendency is to lean towards applications that are compatible with point-to-point 

communication rather than a broadcast signal. As such, directivity and manoeuvrability are of utmost 

importance in this context, and a dynamically reconfigurable RF frontends are desirable. Many implementations 

already exist for reconfigurability, but only a subset of these operate in frequency ranges this high. This work 

pertains to the method of variation of dielectric properties by means of Nematic Liquid Crystal (NLC) as a 

specialised medium composing the substrate. Liquid Crystal (LC) is well suited for a phase-shifting medium at 

these frequency bands due to lower dielectric losses at higher frequencies [3]. 

With fast reconfigurability, it becomes possible to track targets such as moving receivers, or adapt the area of 

effective illumination, enabling the use of Liquid Crystal technology with specialized areas in the field of 

telecommunications such as development of the 5G network (which promises great data transfer speeds as well 

as data diversity and inevitably volume, if it is to be the backbone of IoT), intercommunication of autonomous 

vehicles, satellite communications as well as space missions in general. The concept of electrically controlled 

dielectric is contrasted to mechanically moving parts, such as MEMS and translation lenses, both designed to 
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allow reconfigurability to some extent; usually beam-steering. Of these, the latter is typically slow to react, 

cumbersome to integrate in streamlined designs and usually present limited angular resolution [4]. 

In terms of cost-effective implementations of phase-shifting for reconfigurable antenna arrays, this direction of 

investigation is very promising due to its ease of fabrication and low manufacturing costs. This is because the LC 

substrate is generally integrated in every cell in one process (many implementations make use of capillary action 

to deliver the LC into the cavity). This bypasses the step of requiring separate integration of each cell’s 

components, as they may number in the hundreds or thousands in the array [5,6]. Additionally, the array can be 

designed to be maximally flat and thus easy to integrate on the profile of a vehicles, such as the roof of a car or 

train, or even the fuselage of an aircraft, space shuttle or satellites, provided adequate care in regard to 

temperature constraints of the LC. Finally, another main advantage is low energy consumption, in regard to 

beam reorientation; to maintain a static radiation pattern, the mechanism employs a stationary electric field, 

relying on passive elements in conjunction with the biased LC. 

 

1.2 Objectives 

The main objectives of this endeavour revolve around breaking into the practical prototyping and spearheading 

the investigation and development of LC-based electrically steerable antennas in V-band and facilitating access 

to information relevant to this field, in the environment of the Instituto de Telecomunicações, Lisbon. 

The feasibility and attempt of an application utilizing LC were procured, as well as a possible design, based on 

an existing prototype found in past literature [3] and improving upon it. The operating frequency is within the 

V-band, allowing high bandwidth capacity but requiring high directivity, a challenging trade-off. 

In order to achieve high gain and directivity, a matrix of cells makes use of metallic patches which act as 

reflectors, with a waveguide feed aimed at this array. This reflective array (reflectarray) is designed with phase-

tunable cells, using LC as tunable substrate. In this way, the properties of dielectric anisotropy of the LC 

molecules are exploited by means of applied voltage, to each cell. The specific configuration of these cells 

transforms the incoming spherical wave into a directed planar wave. Furthermore, it becomes possible to 

reconfigure the array and redirect the beam to a desired orientation. 

This steerable reflectarray was designed and simulated in CST [7] based on existing notions; its conception, 

operation and algorithmic dielectric control are discussed, and its simulation results commented upon.  

The large number of passive phased elements that are introduced contribute to a high directivity in an effort to 

counteract heavy attenuation caused by the path loss brought by the high nominal frequency, among other 

emerging difficulties. One perspective on the topic is its comparison to a parabolic reflector, in that each 

reflective element reflects the corresponding phase of a theoretical ray striking upon it; with the added benefit 

of being able to modulate the phase, achieving steerability. 
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A physical prototype was planned with the purpose of proving the concept behind this first design of beam 

forming and steering. Alternatively, a lens was proposed to collimate one plane, allowing for a simplified version 

of the LC cell mechanism, in which voltage modulation is only performed row-by-row. 

As the concept of this design is feasible, the next step to undertake should be to implement a functional 

prototype to test the simulated concepts, and verifying the possibility of directionally orientable beamforming. 

1.3 Thesis Outline 

The first chapters of this thesis are primarily directed at laying down the theoretical cornerstones required to 

understand and develop solutions for the issue at hand. Depletion of spectrum availability—the constant hurdle 

in the field of Telecommunications—is addressed and explained in the preceding sections of this chapter. 

Selected instances of published concepts and prototypes relevant to this project are summarised at near the 

end of the following chapter. 

The first half of the second chapter provides a sufficient overview of the concept of a grid-based reflective array 

assembly in order to understand the antenna design projected in later chapters. Following this, relevant insight 

regarding the physical characteristics of liquid crystals is reviewed. 

The prototype is designed and simulated in the remaining chapters of the thesis: 

Chapter three details and explains the design choices of parameters and measurements, in regard to the 

structure of the unit cell. 

Chapter four elaborates on the method used to determine the point-by-point phase, at each elemental cell, 

required to form a coherent spatially orientable beam with any antenna array structure. 

Chapter five compounds all the concepts of the preceding chapters into a demonstration of the steering 

capabilities of the complete array in the simulation environment of CST. The simulated results are presented 

and discussed. 

And to finalise, concluding remarks are discussed in the sixth and last chapter, as well as possibilities regarding 

successive work and the future of this area of telecommunications engineering. 
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Chapter 2 State of the Art 

 

2.1 Reflectarray Theory 

Historically, humans have produced lenses and reflectors for thousands of years, perceiving its effect on incident 

electromagnetic radiation without necessarily comprehending the physics at play. Up till the past centuries this, 

of course, only pertained to the frequency band corresponding to the visible spectrum. Over the course of the 

development of practical uses for EM waves outside the visible range, for communication and radar detection 

among many other applications, reflectors have come into widespread use in the field of telecommunications. 

In layman’s terms, a reflectarray is a collection of cells, each with certain reflective properties, with the purpose 

of producing a progressive phase distribution of the reflection [8]. In contrast to a phased array, the reflectarray 

requires the use of a feed pointing at the aggregated reflective elements, as the source of radiation. Whereas a 

phased array’s elements are (phase-shifted) sources, of radiation higher complexity, in and of themselves, the 

reflectarray’s elements are simpler phase-modifying reflectors, but can however be conceptualized as 

elementary sources, and antenna array theory is nevertheless applicable. 

Its conception took place in the late 1950’s; Jones at al. proposed the concept of an array of phased reflectors 

using two Yagi-Uda antennas as sources [9]. Reflectarrays are used as alternative method to focus an incoming 

radiative source in a given direction, similar to other reflectors such as parabolic dishes, though simpler and 

easier to integrate with flat profile on surfaces. When applied to printing technology, for example 

photolithography processes, they boast further advantages such as mass-producibility at relatively low cost, as 

well as being lighter, easier to manufacture and deploy compared to its full reflector counterpart [9]. 

Integral to any reflectarray is some mechanism of allowing variation of the phase of the incident wave, 

permitting collimation of the beam. There are several methods of tried and tested phase-shifting devices, for 

example, MEMS (microelectromechanical systems) which present switching times in the order of 

microseconds [10]. Dielectric or transmitarray lenses usually depend on the mechanical act of translation, 

limited by movement speed, in order to achieve reconfigurability of the beam. 
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2.1.1 Principle of Operation 

The main purpose of a reflectarray is—similarly to a parabolic reflector—to focus an incoming uncollimated 

source of electromagnetic waves into a directed planar wave; this coincides with the concept of a beamforming. 

A beam with very narrow angular width is said to be a pencil beam, due to its very thin dispersion towards other 

bearings besides its defined orientation. 

Whereas a parabolic reflector uses spatial compensation of the incoming wave’s phase, meaning the distance 

to a directed plane of reference is constant for any given incoming ray, as seen in Figure 1, reflectarrays do not 

require physical curvature to achieve this. Usually planar in geometry, the phase compensation is assured by the 

phase-shifting nature of each of the elements, in order to compensate for the difference of path length. 

The relevance of phase stems from the interaction of the waves at the receiver. When waves from different 

bearings arrive at the same point, they will interfere constructively or destructively (additive or subtractive in 

field intensity), or any degree of interference in between, depending on their relative phases. Through the 

property of superposition, this can be extended to any number of arriving waves. 

Resonant elements utilised as cells of an array can modify this phase in a spatially discrete manner, which suffices 

to provide high enough gain for practical purposes. When the resonant frequency of these elements is adjusted, 

the reflected phase varies as well. 

 

Figure 1 — Parabolic Reflector focusing an incoming spherical wave compared to a Reflectarray. 

To achieve a planar wave, the differential phase 𝜓𝑖  is calculated at each cell 𝑖 with the following equation [11]: 

 𝑘0(�̅�𝑖 − �̅�𝑖 ∙ �̂�𝑜) − 𝜓𝑖 = 2𝜋𝑁 (2.1) 

The concept explained above is illustrated in Figure 1. With wavenumber 𝑘0 =
2𝜋

𝜆0
 ; �̅�𝑖  is the path length between 

the source and cell 𝑖; �̅�𝑖 is the path length from the cell 𝑖 to a given equiphasic plane, whose normal is notated 

�̂�0; 𝜓𝑖  represents the required phase introduced at cell 𝑖 in order to induce a constant total phase delay at the 

chosen fixed aperture plane, with 𝑁 an arbitrary integer, as phase is periodic with integer multiples of 2𝜋. 
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In the event that phase-shifting quality of the cells is possible to modulate, that is, configurable by design, it 

becomes possible to recalculate the phases required at each cell, choosing a different bearing of the equiphasic 

plane, thus changing the orientation of the beam, refocusing it to a different, chosen angle. When this process 

is completely controllable in a timely fashion, this is referred to as beam-steering. 

2.1.2 Methods of Phase-shifting 

Manipulating the phase of an incident electromagnetic wave can be achieved in several different methods, 

generally with the purpose of causing constructive interference towards the desired direction of radiation. 

Relevant to this work, it is the phase difference caused by path difference of travelling rays that is compensated 

by these mechanisms. 

It suffices that the surface be spatially divided into cells, assuming a sampling frequency comparable to half the 

nominal wavelength and implementing any method of phase-shifting element by element. The elemental cells 

interact with the incident EM wave, and exploit a given electromagnetic property, designed to predictably vary 

the wave’s phase. 

As a first example, reflective elements alter the phase of a given frequency by means of resonating at the same 

or neighbouring frequencies. Altering this resonance frequency modifies the phase of the reflected wave. By 

altering the properties of these predictably, it is possible to control the phase. Dipole and microstrip patch 

antennas (among other shapes as seen in Figure 2) are two examples of such elements. 

 

Figure 2 — Examples of resonant elements (a) patches with varied lengths of phase delay lines (b) patches with varied sizes 
(c) split rings with varied rotation angles [12]. 

On the topic of LC reflectarrays: Resulting from combining the concepts of dielectric modification of substrate 

and overlaying a resonant patch structure [13], it is possible to apply a DC voltage and modify the resonant 

frequency of a given unit cell, by constructing the reflectarray with Liquid Crystal in the place of the substrate. 

This produces a voltage-controlled modulation of the effective permittivity of the cell, resulting in a controllable 

reflected phase [14]. Figure 4, in the following section illustrates the use of LC described in this work. 

One method of reconfigurability is through the use of MEMS, microelectromechanical systems, which make use 

of microactuators in order to change the electrical length of stubs by grounding each at distances designed to 

modulate their inductance and thus the phase introduced by each. It is a well-documented technology, which 

can be wideband, and can present relatively low loss for 8 to 120 GHz as well as ease and low-cost of fabrication 

directly onto the antenna element [10]. 
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While these present low insertion loss, low power consumption and a switching time in the order of tens of µs, 

MEMS are very sensitive to electrostatic fields and lack in power handing capability due to the electrostatic 

mechanism of operation. Upon incidence of high RF power, the device may trigger permanently, referred to as 

stiction [15]. For this reason, it is not used in space applications. 

Similar to their use in logic gates and components, FET switches can be used to toggle RF paths, allowing phase 

modulation by means similar to MEMS, i.e. variation of components’ electrical length.  

Varactor diodes can also be used to modulate the phase of a resonant element, as the DC voltage bias of the 

component affects the capacitance presented to the RF signal. Similarly, PIN diodes act as variable resistors 

controlled by current, which can be used as switches or impedance modifiers [16]. These exhibit high energy 

consumption due to current flow associated to their DC biasing, leading to low antenna energy efficiency. 

In a simpler approach, it is possible to design multi-focal reflect- and transmitarrays [17], whose reconfigurability 

stems from mechanical translation of the array, or feed-switching, changing the direction of its main lobe via 

spatial shifting of its relative position to the feed, making use of different focal positions (such as in [18]) . Change 

in azimuth is commonly achieved by mechanical rotation of the entire structure. This is generally utilised for 

applications where a slower, large and possibly heavy device satisfies the imposed requirements. 

Dielectric lenses focus the incident beam through spatial differences of a dielectric medium. The incident wave 

travels a different distance inside the dielectric, depending on the location of approach to the lens. These can 

also be used in multi-focal context, dependant on spatial reorientation of mechanical parts, presenting the same 

disadvantages as the previous method [19]. 
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2.2 Liquid Crystal Theory 

Liquid crystal is the umbrella term given to a molecular state, mesophase, which is half-way between liquid and 

solid. Microscopic orientation order, similar to that of the crystalline lattice of a solid, is a useful property for the 

purposes of the applications discussed in this thesis, as the liquid crystal presents orientable anisotropy of its 

electrical properties, as will be discussed in further detail. Conversely, it takes the form of a viscous liquid, it 

flows and can even fill spaces through capillary action [6,12]. The name liquid crystal was first suggested by 

Lehmann (1889) to characterize this state of matter [21]. 

2.2.1 Properties and Types of Liquid Crystal 

In laymen’s terms, its composition is elongated organic molecules which interact with their neighbour molecules 

in interesting ways. In contrast, molecules in liquids generally move in random directions and orientations. 

Similar to liquid, though, LC’s possess some properties typical of liquids such as high fluidity, inability to support 

shear, and formation of droplets. On the other hand, its presents crystalline qualities: anisotropy in optical, 

electrical and magnetic properties, as well as periodic arrangement of molecules in a direction. 

The type of Liquid Crystal dominating this work is the Nematic Liquid Crystal (NLC). It is characterised by its long 

planar molecules (Figure 3(a)), described roughly as rigid rods (of length in the order of 20 Å, width 5 Å) which 

have a locally preferred alignment, as seen in Figure 3(b), notated by the theoretical director vector 𝒏. While 

unattended, the director is tendentially uniform; orientational order is, however, easily affected by external 

electric and magnetic fields, aligning to these, deviating from their neighbouring molecules. The etymology of 

‘nematic’ is related to the Greek word for thread ‘νηµα‘, due to its visible structural perturbations which appear 

as threads (Figure 3(c)). [22] 

 

(a)         (b)     (c) 

Figure 3 — (a) Typical compounds forming nematic mesophase: PAA (p-azoxyanisole); MMBA (N-(p-methoxybenzylidene)-p-
butylaniline); 5CB (4-pentyl-4’-cyanobiphenyl) (b) Average orientation of rod-like nematic molecules is notated with n 

(c) Nematic thread-like texture [22]. 

When an electric field is applied to a Nematic Liquid Crystal, there is a change in relative permittivity, i.e. 

refractive index n. This is due to the reorientation of the molecules, which present anisotropy of many properties 

such as its effective permittivity, with the resting state defined as parallel and its biased state orthogonal. The 

variation of refractive index is conventionally represented by the following equation: 

∆𝑛 = √𝜀𝑟,∥ − √𝜀𝑟,⊥ 
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There are several types of Liquid Crystal such as Smetic type, distinguished by its stratification, as the molecules 

are arranged in layers. Different classes of smetic liquid crystal have been defined, according to its director’s 

predominant direction. Generally, this type of LC occurs at a lower temperature and when compared at the 

same temperature, display a greater degree of crystalline order [23]. 

Another main type of LC is cholesteric, which is characterised by its long-range orientational order and lack of 

long-range positional order of the molecular centre. Its differing characteristic to the nematic type is its regular 

variation of the director vector throughout the crystal, conceptualised by starting with the nematic type linearly 

aligned along y and twisting the molecules about the x axis [21]. 

2.2.2 Basis for Phase-Shifting 

Birefringence is the effect of different incident EM waves interacting differently with a material, effectively being 

subjected to different permittivity. Colours are visible sometimes when rays of visible light are affected by this 

property (visible in Figure 3(c)) and take different paths inside a birefringent material, forming patterns of the 

interplay of constructive and destructive interference. 

This corresponds to a macroscopic analysis of pointwise anisotropy of electrical permittivity. This property is 

exploited when used in conjunction with a resonant structure such as a patch, as the structure’s effective 

permittivity is very sensitive to changes in the substrate’s permittivity. 

The change in director orientation caused by the presence of an external electric field modulates this property 

(as seen in Figure 4), and its manipulation results in a predictable change of effective permittivity [14]. This 

correlates directly to a shift in phase relative to the nominal phase of reflection of this structure, conceptualised 

as a wave travelling in a uniform medium of equal effective permittivity, upon incidence to the cell.  

 

 

Figure 4 — Spatial variation of NLC molecules upon application of external electrical field [3]. 
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2.2.3 Liquid Crystal Displays 

The pixels of Liquid Crystal Displays (Figure 5) operate with twisted nematic liquid crystals and, unlike the 

prototype developed in this work, only a very thin layer of LC is required, as the frequency of the transmitted 

wave is in the visible range (THz). While the concept is similar in that the layer of LC is biased by an externally 

controlled electrical field in order to modify its anisotropic properties, LCD require only binary states 

representing on and off. This corresponds to a predetermined twist which rotates the polarisation 90° of the 

transmitted light, untwisting when an electric field is applied. The LC matrix is sandwiched between two 

orthogonal polarising screens, which blocks the light completely if the light is permitted to travel undisturbed. 

When the LC is twisted 90°, the light is polarised by the first filter, rotated by the LC layer, then is transmitted 

through the second filter, as it is now correctly polarised [24]. 

 

 

Figure 5 — Layers of a Liquid Crystal Display (extracted from [25]). 
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2.3 Existing Technology 

2.3.1 Relevant Constructed Devices 

The design on which this work is based is the planar LC reflectarray (Figure 6) at 77.2 GHz developed in [3] with 

isogeometrical microstrip square reflector patches 16x16. It presents an LC cavity of 50 µm as its tunable 

substrate and its LC mixture is BMW10 from Darmstadt. This mixture yielded 𝜀𝑟,⊥ = 2.49 and 𝜀𝑟,∥ = 3.18. 

The microstrip patches are connected with a thin bias line, and voltage is applied to the entire row. This 

modulates the row’s permittivity between the values discriminated above, with the same physical principal as 

described in later chapters, allowing for beam focussing only in the steerable E-plane. The beam can be 

continuously scanned in the E-plane from 25 to -25° in the E-plane with a sidelobe level of about 8 dB for the 

main beam at 0°. 

 

Figure 6 — Single-axis LC reflectarray presented in [3]. 

Another planar LC reflectarray (Figure 7) was developed at 35 GHz as seen in [26] presents many similar 

characteristics to this work, such as isogeometrical square reflector patches arranged in a 16x16 grid. It utilizes 

a LC cavity of thickness 127 µm and the LC mixture is BL006 from Merck KGaA. The scan angle is uniaxial from -

20° to 20° and presents an SLL of 6 dB at the main lobe. The calculated directivity is 26.4 dBi. 

 

Figure 7 — LC Reflectarray presented in [26]. 
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With the intention of creating cells with greater phase agility, [5] (Figure 8(a)) develops the unit cell as five 

resonant dipoles of unequal length, in order to improve the bandwidth of the device, as well as the phase range 

of the cell. This design uses a filament connecting the rows of unit cells, visible in Figure 8(b), in order to bias 

these with the appropriate voltage. 

This prototype achieves 1-D phase control, utilizing the LC reflectarray as a sub-reflector.  The reconfigurable 

phase-shift is selective of polarisation of the incident electric field, presenting itself transparent to the 

orthogonal field vector. This occurs because of the orientation of the resonant dipoles of the reflector, only re-

emitting waves parallel to these. The measured bandwidth is <1% of its operating frequency of 100 GHz. The 

resulting scanning range is 12°, and its maximum gain is 25.1 dBi. 

 
(a)                                           (b) 

Figure 8 — (a) Reflectarray with resonant elements (b) Example of four cells connected by a row line — overhead view [5]. 

 

2.3.2 Feasibility in space 

Reflectarrays based on Liquid Crystal technology boast advantages such as ease of integration in flat surfaces 

due to low salience as well as its light weight. This is relevant to its implementation along the fuselage of 

spacecrafts, probes and satellites. It has no moving parts and is not cumbersome nor slow. The frequency range 

for which it is designed enables large channel capacity, allowing for fast data transfer. 

Liquid crystals are sensitive to temperature, as their mesophase molecular state is an intermediate state 

between a solid crystalline structure and its liquid amorphous state. As such, if its temperature becomes too 

low, it freezes, and if it is heated, the pressure in the cavity increases. The mixture GT3-23002 was measured to 

exhibit little change in the measured temperature range of -25°C to 75°C [27]. 

Experiments have been performed regarding the effect on LC of the exposure to highly energetic protons. These 

tests varied according to the mixture, as some were affected and others remained consistent [3]. 
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Chapter 3 Foundational Design of Conceived Model 

 

Building upon the theory established in the preceding chapter, the concept of a planar array of reflective 

elements with phase modulation is investigated, as well as its implementation in conjunction with Nematic 

Liquid Crystal as substrate. The latter is built upon the theory presented in Chapter three. Its implementation 

presents innovative bidimensional beam-scanning. The ideas on which it is based are not novel, nor is the 

implementation of a reflectarray with NLC substrate [3]. The workings of this designed model are, however, 

examined and expanded upon in this and the following chapters. 

With the necessary theoretical background established, in order to begin the investigation, a prototype is 

conceived, and its design choices explained. The parameters and dimensions chosen for this prototype are 

justified with simulations and existing published information. 

The achieved phase ranges are discussed, as are their limitations and consequences in the context of this work. 

 

3.1 Design of Prototype 

3.1.1 Initial Deliberations 

As a starting point, the investigation of the use of NLC in the conception of highly-directional and electronically 

steerable antennas at millimetre wave frequencies utilizes the concept of a planar reflectarray as presented in 

the Reflectarray section of [3]. 

  

         (a)       (b) 

Figure 9 — (a) Idealized Reflectarray with Feed (b) Ground-plane, either continuous or segmented (0.2mm spacing). 

The objective of this planar reflectarray (represented in Figure 9(a)) is to form a planar wave with the 

characteristics described above, from the reflection of an incident spherical wave from a waveguide feed 
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positioned above the reflectors, or offset as an alternative, as discussed in later chapters. This objective is 

achieved by modulating the incident wave’s phase at spatially sampled points, corresponding to the centre of 

each unit cell. 

The chosen implementation is suited for the objectives prescribed by the task at hand of investigating antennas 

of sufficiently high frequencies, necessary for supporting modern bandwidth requirements, as well as 

introducing the ability of agile spatial redirection of the main lobe. 

The structure (Figure 10) is built upon a ground plane. The substrate above this is a certain thickness of NLC. On 

top of the substrate, sandwiching the NLC, is a square microstrip patch, centred on top of the unit cell. 

The possible terminals through which voltage is applied to the cell is the filament and the groundplane, thus 

creating an electrical field to which the LC will align and therefore adjust the cell’s effective permittivity. 

Two geometries are mentioned in this work, the first considers fully independent cells and the other describes 

a simplified version in which the cells’ voltage varies only along rows. Respectively, the groundplane is 

segmented (alternatively referred to as gapped ground plane), with 0.2 mm spacing, acting as a backplate to 

each cell, or continuous (both cases illustrated in Figure 9(b)). 

The first makes use of the filaments against each of the segments of the underlying groundplane to establish the 

field. In this case, it is necessary to design an adequate voltage feeding system for each cell, stemming from each 

respective backplate (each cell’s groundplane). In the second geometry, the groundplane can be completely 

connected and set to 0 V, and the voltage injection is performed upon each row’s filament exclusively. 

 

Figure 10 — Layer view of the prototype’s unit cell, with the inclusion of the filament for DC biasing. 

 

3.1.2 Criteria and Selection of Base Construction Parameters 

As mentioned above, the structure and choice of elementary patch type, as well as the feed method and 

approximate frequency were based on the implementation in [3], that is, a planar reflective array with identical 

square patches spaced out equidistantly in a grid. The square geometry was the only investigated patch 

geometry but many more are available [13] and could possible yield higher phase ranges. More complex, 
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intricate geometries weren’t investigated as the on-site lab’s method of photolithography could only just reach 

the edge precision of the order of magnitude necessary for the squares projected in the subsequent section. 

The projected operating frequency is 62.5 GHz. This value was selected because of the ease of measurement of 

the 60–65 GHz frequency band in the RF laboratory available on-site. This frequency band is close enough to the 

projected 77 GHz in [3] and its physical components while small, are not unfeasible to physically construct as a 

functioning prototype. 

The NLC substrate thickness of 0.254 mm was chosen from the highest observed experimental use of an NLC 

layer. The range of NLC layer depth as observed in past literature ranges from 0.05 to 0.254 mm [3,14]. Values 

larger than these do not permit the NLC molecules furthest from the boundaries to conform to the boundaries’ 

alignment layers, lowering the permittivity dynamic range Δεr  [28]. 

The cells are 2.5 mm by 2.5 mm, that is, the edge length is approximately half of the operating wavelength. This 

spatial sampling is sufficient in the Institute of Telecommunication group’s experience [29]. 

A reflectarray of 21 by 21 elements was projected and simulated, measuring (52.5 mm)2 (an odd number was 

chosen to simplify initial testing in Mathematica [30], but is not a requirement). Generally, the desired directivity 

is around 30 dBi for practical purposes, but due to time constraints and the exploratory nature of this work, this 

was not pursued. 

The illumination area is represented by the edge taper which is computed by measuring the radiation intensity 

drop between the point of maximum intensity on the array and the intensity at the closest point on the edge. 

Distancing the feed from the array diminishes the disturbance the physical structure of the feed causes in the 

array’s reflected far field. In order to keep the edge taper at around −10 dB, a larger array is required, due to 

larger illumination area as the feed is moved away from the array. 

Besides simply broadening the array and changing the F/D (this metric is commonly used in arrays with F 

representing focal distance of the feed to the array and D the array aperture side length), it would be worth 

investigating an improvement to the directivity of the array’s feed. In this work, a simple type of horn antenna 

was employed as feed: an open waveguide WR-15 was used, with dimensions 3.76 mm by 1.88 mm. 

The remaining parameter values, such as the patch size, are chosen based on the simulation results analysed in 

the next section. 
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3.2 Considerations for Implementation 

3.2.1 Choice of NLC 

Ideally, the best phase range at each unit cell would be greater or equal to 360°, assuring a full scope of phase 

compensation of path difference, which would result in the best possible beam coherence relative to an ideal 

parabolic reflector. Insofar, this is not achievable in the single-layered configuration chosen in this project nor 

strictly necessary in order to obtain workable results, as will be shown in later sections. 

In the chosen reflectarray configuration, in which conceptualized incident rays only traverse a small depth of 

NLC as opposed to dielectric propagation along a waveguide or IMSL assembly, mentioned in the State of the 

Art section of Chapter 1. This makes the achievable phase range highly dependent on a high anisotropy of the 

NLC’s relative permittivity (Δεr). 

With that in mind, the selected NLC mixture utilized in this investigation is GT3-23001 (seen in [6]), developed 

by Merck, and its values of orthogonal and colinear relative permittivity were measured to be about 2.46 and 

3.28, respectively. The voltage range required to bias the cell are in the range of 0−30 V. The values of loss 

tangent tan(δ) are 0.0143 and 0.0038, orthogonally biased and colinearly biased, respectively [6]. This was found 

to be the most suitable NLC for this particular prototype, as one of the most anisotropic mixtures available on 

the market and a frequent contender in literature of use of NLC in mmW antennas. 

When designing an experimental prototype, it is recommended to perform one of the many available methods 

of measuring the dielectric anisotropy, a small subset of which is specified in Chapter 3. This should be done in 

order to obtain the most exact values possible of permittivity for frequencies as high as V-band, which are 

generally not presented in current literature nor in the NLCs’ datasheets. 

3.2.2 NLC Height 

Visualising EM waves as rays, the phase shift achieved in each cell of this reflectarray results from the path 

travelled of each ray inside the medium’s varying permittivity, as well as the EM interaction with the metallic 

patch. As such, the longer this travel distance, the wider the range of achievable phase (∆𝜙 = −2∆𝑛𝑘0𝑑, with 

wavenumber 𝑘0 and thickness 𝑑, refractive index anisotropy ∆𝑛 = √𝜀𝑟,∥ − √𝜀𝑟,⊥, with 𝜀𝑟,∥ and 𝜀𝑟,⊥ illustrated 

in Figure 4). Thus, varying the permittivity in this distance results in a shift in phase. 

Some methods of phase-shifting using NLC may employ transverse propagation, that is, internally travelling 

along the structure of arbitrary length, such as a waveguide [31] or along an IMSL [32] with NLC as substrate. 

This type of propagation results in considerably less dependence on dielectric anisotropy of the NLC and can 

withstand reduced thickness of NLC, relying on distance travelled to broaden the phase range instead. 

The method used in this thesis utilises NLC as substrate of a reflectarray, implying minimal penetration into the 

substrate, as opposed to transverse propagation (cf. Figure 4 with the EM wave arriving at the cell from above). 
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As such, it is important to procure the most anisotropic mixture of NLC possible, and implementing a thick cavity, 

according to the premise above. 

The downside however, of excessive NLC thickness, is a longer response time as well as lower anisotropy (relative 

to bias-state transitioning). The increased distance between alignment layer and centre of NLC layer and 

increased necessary voltage [28] for maximum bias are responsible for these undesired effects. In general, the 

response time increases proportionally to the square of the thickness of the NLC layer [33]. The consequence on 

how effective the alignment layer is, is debatable; while [3] states that this mechanism is only functional for thin 

LC layers (under 100 µm, such as [3], [6] and [28]), [23] presents a layer of height 254 µm with surface alignment 

layer, justifying the latter value as possible for the purposes of this thesis. This value is also convenient for testing 

static substrates such as ROGERS 5880, which is available in this height and is close to the desired relative 

permittivity of around 2.2. 

Spacers are always used to maintain the cavity thickness. Sometimes these take the form of spherical spacers 

[6] made of glass or plastic with diameter equal to desired cavity thickness, placed sparingly in the EM-active 

regions. Other times the spacers are substrate [26] or any material of a defined thickness, placed with glue on 

the borders of the device, completely outside of EM-active zones, providing less support, however. 

Besides experimenting with the composition of the NLC mixture composition in order to improve dielectric 

anisotropy, other methods exist to counteract the diminishing effect of thicker layers. To consider a promising 

example, it is possible to impregnate a membrane of PTFE with NLC, placing it in its pores [33]. An alignment 

layer becomes unnecessary, due to the anchoring effect of the membrane surface. The result is fast response 

times independent of layer thickness. A drawback of this method is the requirement of higher voltage in order 

to bias the NLC. 

3.2.3 Superstrate Enclosure 

It is important to consider the supporting structure for the reflectarray as the viscous Liquid Crystal needs to be 

encased in a rigid material in order to guarantee uniform specified thickness of the NLC layer. Generally, glass is 

used as superstrate and substrate [6], as it is affordable, mechanically rigid and transparent (allows for layer 

alignment with ease). Additionally, deposition of conducting material on glass is a well-known practice, with 

processes such as ITO, Indium-Titanium-Oxide and photolithography (as in IMSL), considered in this work. 

The addition of a superstrate has a small refractive effect that is simple to counteract by including it in the phase 

generation algorithm, altering the εr matrix slightly, and thus, altering the voltage matrix mapping. The planar 

glass surface simplifies the calculation, as only the incident path change is relevant. As the reflected wave ideally 

consists of parallel rays, the refraction is linear and non-dispersive, requiring only angle remapping. 

Wafers of quartz (300 µm in [34]) can be used as an alternative material for superstrate, as it has low losses and 

is space qualified [35]. Usage of low permittivity composite ceramic substrates (TMM3) is recorded in [23]. 
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Epoxy glue, while very lossy, is sometimes used in the construction of the encasing structure and therefore may 

only be applied on surfaces that aren’t penetrated by electric field, in order to prevent unnecessary losses [36]. 

Usage of UV curable glue (Ablestik A4086T) or other two-part non-conductive types of glue is also observed [28]. 

3.2.4 Alignment layer 

It is advantageous for the NLC molecules to be pre-aligned orthogonally to the intended direction of the applied 

field, as maximizing the angle difference between biased and unbiased NLC improves the response time and the 

dielectric anisotropy. While usually applied above and below the layer of NLC, it can be applied to only one 

surface according to [28]. 

This is achieved via the concept of surface anchoring, which entails depositing a very thin layer 

(10-400 nm [2,5,10]) with parallel micro-grooves (Figure 11) at the boundaries of the NLC. If the layer were of 

the order of millimetres, it could affect the RF signal traversing it; as it is in the order of nanometres, its effects 

on RF are negligible [6]. The microscopic grooves provide a homogeneous (parallel to the length of the molecule), 

linear alignment layer for the NLC to conform to. 

 

Figure 11 — Representation of alignment layer interacting with elongated NLC molecule with approximate scale. 

The grooves interact with the adjacent NLC molecules and in order to minimize free energy [6], conform to their 

orientation. The general consensus is that the synthetic resin polyimide is adequate for this purpose. 

Alternatively, Nylon 6 can be used instead of polyimide [3,9]. 

The surface must be polished to mirror quality [20] for the polyimide to be deposited by means of spin-coating, 

then cured in a hotplate oven and subsequently mechanically rubbed unidirectionally with a velvet cloth [28], 

to create the required micro-grooves. 

 

  

nm 

0 1 2 
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3.3 Unit Cell Simulations 

3.3.1 CST Implementation Notes 

In order to implement the preceding concepts, design parameters and values, the unit cell structure (Figure 12) 

was modelled in the 3-dimensional high frequency electromagnetic wave simulation tool, CST MWS (Computer 

Simulation Technology Microwave Studio [7]).  

 

Figure 12 — Unit cell implemented in CST MWS. 

In CST MWS, the two methods relevant to this thesis which produce the parameters of the resulting scattering 

matrix and 3D farfield diagrams are Time Domain (TD) and Frequency Domain (FD). Both solvers utilise the 

integral form of Maxwell’s equations, employing hexahedral meshes. 

The TD solver is used for the final simulation results, as it is better suited for large structures due to higher 

algorithm speed and lower memory usage, in comparison to the FD solver. A single calculation run is performed 

across the entire selected frequency bandwidth, whereas the FD method sets up and solves the necessary 

system of equations for each frequency sample. This latter method is more appropriate for small and strongly 

resonant structures as it produces more precise results with less mesh cells per wavelength, provided that a 

small selection of frequency samples is chosen. These conditions are present in the unit cell simulations. 

In this first analysis of this concept, the LC layer is simulated in its simplest form, that is, while LC is anisotropic 

in reality, it is modelled as a homogeneous, isotropic block of its equivalent dielectric permittivity, given by [5]. 

Wave incidence is only from above, and the LC’s anisotropy is exploited only through molecular rotation, upon 

application of electric field. This is explained further in subsection 3.3.5. 

The unit cell of the designed reflectarray functions of the underlying principle of a change in resonant frequency 

of the structure. Therefore, in the selection of the patch size, both solvers were used to compare the resulting 

phase shift introduced by the varying substrate permittivity, and the adequate cells per wavelength were 

adjusted until both provided very similar values. 
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3.3.2 Selection of Patch Size Based on Phase Range 

The dimensions of the square patch were obtained by sweeping a range from 0.8 to 2.2 mm with the electric 

dielectric permittivity at their boundary values of 2.46 and 3.28. The resulting phase ranges were compiled into 

Figure 13, and the value of 1.2 mm is selected for the patch, with Δφ = 174.1°. Visible in the figure is also the 

sensitivity of the attainable phase range to the patch size. Ideally, the best phase range is 360°. In this work, it 

was demonstrated that around 180° allows steerability, but the final antenna efficiency has much room for 

improvement. 

The resulting Cells Per Wavelength (CPW) which produced agreeing results (comparing solvers) was 45 mesh 

cells per wavelength using TD (mesh cells are voxels used in the simulation, segmenting simulated volume, not 

to be confused with unit cells of the reflectarray). 

 

Figure 13 — Graph relating patch size to phase range (max phase − min phase). 

3.3.3 Addition of Filament 

The usage of a filament to enable the task of biasing a grid of patches was seen in [13] and was briefly mentioned 

in section 3.3.1: voltage is applied between the patches and the ground plane underneath each. In order to 

control a cell’s applied voltage to the NLC inside it, the patches and filaments are electrically connected.  

The bidimensional scanning is enabled by dividing the groundplane into segmented backplates for each cell, 

allowing individual cell biasing. 

The thin filament of microstrip connecting the patches by rows, and therefore the incident wave must be 

polarised in a direction perpendicular to the length of the filament (parallel to the H-plane, defining the E-plane 

parallel to the incident field’s polarisation). Its effect is considered negligible on the phase curve (while varying 

the cell’s permittivity). This is illustrated in Figure 14. 

The thinner the filament, the less obtrusive it becomes. In [13], 0.03 mm is used. For this project a value of 

0.15 mm was selected, as this value is possible to fabricate with sufficient precision with the equipment available 

in the lab on-site. 
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Figure 14 — Comparison with (blue) and without (grey) filament showing negligible effects. 

3.3.4 Phase Bins 

Utilizing the interpolation equation extracted from the acquired data points, maximally distant points of 

phase/permittivity are selected. 6 bins of phase within the range were deemed enough to allow the algorithmic 

approach described in the following chapter to produce sufficient resolution in phase to collimate the beam. 

The phase approximation when extracting corresponding phase/permittivity pairs was rounded roughly, as the 

main objective to this process was to establish a correspondence of φ(εr), taking φ(εr = εr,min) = φ0 = 0° as an 

arbitrary reference phase. 

3.3.5 Realism of Cell Simulation 

Another point to consider is the realism of the unit cell model, which can be improved upon. The proposed cell 

for the design was only simulated by taking the underlying NLC as a complete block, of varying permittivity. 

As has been stated in the preceding chapter, the NLC molecules orient themselves according to the present 

electric field. The choice of patch for the cell of this prototype, used as the terminals of this generated static 

electric field, does not form the full capacitive plate effect of parallel field lines along the borders of the patch, 

and even less away from the patch. Further testing is required in order to ascertain the degree to which this 

effect influences the results. Figure 15 more accurately represents the zones affected by the applied field. 

 

 

Figure 15 — Area of affected NLC by external electric field. 
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Chapter 4 Mathematical Analysis of RA Prototype 

 

Building upon the theoretical concepts of the preceding chapters, the underlying mathematics of the design of 

a tunable reflectarray prototype at 62.5 GHz is explained step by step. Firstly, collimation is verified in one plane, 

and respective sweep. Then, its capacity to bidimensionally collimate an incident spherical wave at the operating 

frequency (beamforming) and beam redirection, i.e. spacial sweeping, are discussed. 

Furthermore, an alternative to full grid voltage addressing is proposed in the form of a contiguous groundplane. 

An overlaying lens was considered, whose purpose would be uniplanar collimation, while preserving one-

dimensional spacial sweeping by means of phase tunability by row. This hypothesis is only expanded upon in 

Appendix B. 

All things taken in consideration, the achievability and details of construction of the designed prototype are 

discussed. 

4.1 Introduction 

This chapter covers the design and the analysis of the prototype of the reflectarray in Wolfram 

Mathematica [30], using KH3D, a near field radiation pattern calculator [38]. This program receives a matrix 

generated in Mathematica, corresponding to the point-sampled grid of electromagnetic field incident on the 

aperture, specifying tangential and normal components, prescribed in the required geometry input file. The 

output file returns the spherical radiation pattern, which can be rendered as a 3d plot or analysed and its data 

extracted, such as directivity and radiation efficiency. 

Several cases are analysed and discussed, with varying degrees of realism, and each added constraint is studied 

as to its reasoning and consequential effects. 

Once verified by the characteristics of the calculated radiation pattern, the data used to generate the beam is 

extracted: the phase required at each node is taken as a matrix and manipulated. After constraining the phase, 

the output radiation pattern is once again analysed, and the matrix is transformed into values of relative 

permittivity by bijection of the function relating phase to relative permittivity, as detailed in later sections. 

Due to this phase constraint, the cells are limited to a range of phase modulation that can be introduced (cf. 

Figure 18). As such, the resulting radiation diagrams and values of directivity are compared, in order to assess 

the feasibility of LC use in conjunction with this design of reflectarray. 

Manipulation of the phase matrix takes the form of limiting the allowed range and also discretisation of the 

phase into regular bins spread out across the range. It is this processed matrix which is converted to relative 

permittivity and inserted in CST simulations in order to produce results more realistic than conceptual node-

point analysis of the rays generated in Mathematica.  
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4.2 Reflectarray Calculations in Mathematica 

4.2.1 Relevant Design Parameters  

As mentioned in the previous chapter, the reflectarray dimensions were chosen to be 21x21 cells, totalling 

(52.5 mm)², as node spacing is equal to cell width of 2.5 mm. The feed selected was an open-ended WR-15  

waveguide for simplicity (inner dimensions of opening: 3.76 mm by 1.88 mm). As such, the directivity 

implemented in the script to best approximate this source is the modest value of 8.0 dBi. 

The area of illumination on the array is determined by the directivity and radiation pattern of the feed, as well 

as the focal distance F to the array (assuming that the feed is placed on the focal point) and also the array 

aperture D. 

Nominally the taper is designed to be close to −10 dB; more negative values mean less area of illumination, 

however there is less energy spillover outside the aperture of the array. The values measured in this script were 

around −5 dB, leaving room for improvement regarding the choice of feed for a more directive one. This resulted 

despite the fact that feed was brought relatively close to the array, decreasing F; and a small F/D of 0.7 was 

used. 

4.2.2 Phase Shifting Mechanism 

A planar wave is one that has flat, parallel wavefronts, that is, points of the same phase are coplanar or contained 

by a parallel plane. The equivalent macroscopic perspective in terms of ray theory is observing how parallel the 

rays of a given radiative model are. 

By definition, the phase of any given EM wave is: 

 𝜙 = −√𝜀𝑟

2𝜋

𝜆0

𝑑 (4.1) 

With relative permittivity 𝜀𝑟 of the medium travelled in, distance travelled 𝑑 and free space wavelength 𝜆0. 

As the feed’s radiation pattern is closer in shape to a spherical wave in the proximity of the reflectarray, there is 

a difference in path (cf. Figure 16 in the following page) that each ray takes to arrive at the surface, interact with 

the reflectarray by reflection and subsequently propagate towards an arbitrary plane of prescribed orientation. 

This path difference implies a phase difference, by (4.1). The sum of both these path differences are 

compensated at each node in order for the outgoing wave to be in-phase along oriented parallel planes. 
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4.2.3 Geometrical Definition of Array 

The Mathematica script in which KH3D is inserted requires a definition of node geometry. Nodes are points on 

the surface of the device upon which the surface field calculations take place. In this case, it was decided to use 

cell width of 2.5 mm, thus defining the nodal spatial periodicity. This fails the Nyquist criteria by undersampling, 

seeing as half the nominal wavelength is 2.4 mm, but it is close enough to warrant no notable aliasing problems. 

The nodes are places in a 21 by 21 grid, each at the position of the centre of a conceptual patch.  

4.2.4 Interpretation by Ray Model 

In Mathematica, it is possible to calculate the phase difference described above with the ray theory 

simplification. All rays are considered monochromatic radiation, at the nominal frequency of 62.5 GHz, in the 

context of this thesis. A single ray entails the path between the source and each node, and its reflection back up 

to the closest point on the arbitrary planar wavefront at the angle chosen by a configurable parameter in the 

script, beam angle (Figure 16). 

The resulting phase difference, relative to the phases of the other rays, is wrapped, that is, reduced to the 

interval of 0° to 360°. Since each ray corresponds to each node, it is possible to infer what the phase deficit at 

each individual patch is. It is this phase difference matrix that is manipulated and processed in order to obtain 

the matrix of permittivities and in later stages, a voltage modulation matrix. 

 

Figure 16 — Representation of collimation of spherical wave into planar wave. 

 

4.2.5 Implementing Phase Limits and Discretisation 

The phase range at each node for beam steering in an array would ideally be 360° and continuous. The reality 

of the matter is, the phase range simulated for this kind of reflectarray cell, with the characteristics described in 

previous chapters, is deduced from unit cell simulation results to be just under half of this range: approximately 

176° (established in subsection 3.3.2, at the apex of the graph shown in Figure 13). 

As in any digitally controlled system, the range of operation of any continuous variable must be divided into 

discrete bins, in order to permit addressing of these. While a higher number of bins is possible and 

recommended, here 6 bins was chosen as good enough for the proof of concept of beam-steering, in the context 

of this work. 
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Each of the bins selected is paired to a value of relative permittivity deduced in the preceding chapter from the 

unit cell simulations. These can be seen in Table 1, with φ0 = 0° taken for clarity. 

Table 1 — Phase values extracted for given relative permittivies. 

εr 2.46 2.68 2.83 2.97 3.11 3.28 

φ(εr) 0° −34.3° −69.2° −105.4° −140.6° −176° 

 

It is worth noting that it is there is the possibility to nudge the phase curve up or down in absolute phase 

(modifying φ0 does not impact the phase-shifting effect, so long as it is the same for all cells, as only relative 

phase is relevant), before limiting and quantising. This is done in an attempt to align the limited range with zone 

of nodes with least dissimilar phases; by shifting the whole matrix a constant value up or down. For an array of 

this size, the necessary phase wraps around more than once (Figure 17). The applied phase curve can be 

adjusted, as only relative phase is relevant. It is attempted that the restrictions are imposed on places where 

they affect the final result the least. 

 

Figure 17 — Phase approximations taken (at bearing 12°), with abscissa indicating distance from array centre. 

Shown in Figure 18 is a representation of phase at the aperture, comparing the cases of full continuous phase 

and the limited discretised phase matrix, from which the permittivities can be extracted. 

 

(a)       (b) 

Figure 18 — Effects on phase across array comparing unrestricted phase with limited (a) and discretised (b) phase for the 
angle pair (6°, 24°). 
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4.3 Mathematica Results 

As a stepping-stone towards collimation into a pencil beam, firstly single plane collimation and sweep was 

generated, in order to grasp the functioning of the script and program. Once the workings of the phased ray 

upon the aperture are established, the script is expanded to focus the incident spherical wave into one of planar 

configuration, effectively forming a highly directional pencil beam. 

Subsequently, the angle of the outgoing beam is altered, in order to approach the design goal of reorientable 

beamforming. In each of these cases, the results employing full, continuous range of available phase is compared 

to the restricted phase law, limited and discretised, as shown in Table 1. 

The purpose of this is to approach a more realistic model of the reflectarray, taking into account the physical 

characteristic of the cells used, while verifying that the resulting properties of the reflected beam are not 

degraded to an unusable extent.  

The tilt of the projected beam of radiation is discretised, with the step size (angular step) chosen based on the 

measured beam width (angular width between which the gain is not less than 3 dB under the maximum). As 

such, the angular step taken for beam-steering is 6 degrees (Thus, measured angles are 6°, 12°, 18°, 24°). 

Negative angles are assumed equal in performance, due to geometrical symmetry of the device, effectively 

allowing the sweep and steering angle ranges of −24° to 24°, despite not explicitly shown in any table. 

4.3.1 Collimation and Sweep in 1-Plane 

As mentioned, collimation is performed in one axis as a starting point. This represents the reflectarray model 

whose groundplane is continuous, and allows limited uniaxial sweeping capabilities. 

Each row of patches is connected by a filament, set to a calculated voltage against the groundplane, in order to 

create the required phase distribution via the LC mechanism described previously and thus collimate in the E-

plane. As there is no collimation in the H-plane, the resulting 3d radiation pattern resembles a fan (Figure 19). 

  

Figure 19 — Comparison of radiation patterns of full continuous phase range and limited and discretised phase range. 
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Figure 20 — Extracted values of relative permittivity for bearing of 12° in the case of equipotential rows, top view of array. 

The script is performed with varying angles of direction of collimation. Adjusting the wavefront to a given angle 

allows the script to find out the necessary phase, and therefore permittivity (visualised in Figure 20), at the 

patches, by row, in order to change the angle of the ‘fan’. Knowing the phase differential at the nodes at the 

aperture, i.e. the cells comprising the area of the array, allows KH3D to generate the resulting radiation pattern, 

allowing for visualization and data extraction. The extracted directivity values of this “beam” are shown in Table 

1 — the colour scheme adopted is reflective of standard radiation pattern colour-code, with red as high values 

and green as lower values.  

Table 2 — Directivity versus sweep angle. 

 0° 6° 12° 18° 24° 

Directivity with Full Range [dBi] 21.52 21.58 21.51 21.35 21.12 

Directivity with Restricted Phase[dBi] 20.31 20.38 20.38 20.06 20.34 

 

It can be seen that the scan loss is negligible, and not linearly degrading as expected, due to the unpredictability 

of how well or poorly the phase-law limiting and discretisation process affects the resulting radiation pattern. 

Comparing the directivity from the restricted, limited, phases to those of unrestricted continuous full range, a 

relatively small decline in nominal value is presented. In addition, the sidelobes are noticeably more pronounced, 

visible in Figure 19; an expected result given the phase errors introduced by the phase-law manipulation. 

4.3.2 Beamforming and Steerability with 2-Plane Collimation 

Removing, now, the restriction of row dependence; each node corresponding to each patch is allowed to take 

any phase necessary to focus the outgoing radiated wave into a pencil beam. The permitted phase is first 

boundless, then restricted to within the bounds and discretised in the same manner as before. Looking ahead, 

this implementation is an appropriate description of a fully addressed array of voltages applied to each cell via 

each cell’s backplate (taking an angle as example, the extracted permittivity is shown in Figure 22), applied 

against the reference ground voltage imposed on the filaments connecting the patches by row. 
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Figure 21 — Coordinate system defined for directional bearing. 

Expanding upon the uniaxial sweep of the preceding 1-plane collimation, it is now possible to orient the beam 

in azimuth as well as altitude. The angular notation represented in the resulting table of directivity (Table 3 and 

Table 4) is, however, defined differently to the standard spherical coordinates in consequence of a simplification 

in the script, with angle 𝜃𝑂 (variation in E-plane) and 𝜃𝐵 (variation in H-plane) indicating the angular distance 

towards the corresponding axis, taking 𝜃𝑂 =  0°,  𝜃𝐵 = 0° as zenith (this coordinate system is illustrated in Figure 

21). 

The phase-generating algorithm takes as input the tilt of the desired bearing of the beam, in both E- and H-

planes, and applies the geometrical calculations to the resultant planar wave. 

 

Figure 22 — Extracted values of relative permittivity for bearing of (12°, 12°) with full control of cells, top view of array. 
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The directivity results imply some degree of scan loss when attempting to collimate the beam far in both angular 

directions simultaneously, which is weakly compounded by the effect of phase restrictions. The measured 

angular width of the beam (at 3 dB) was consistently measured to be 4°. 

The bottom half of the table is neglected as rotation symmetry is assumed and thus angle pairs are considered 

interchangeable. 

Table 3 — Recorded Directivity [dBi] while varying beam direction with full phase range available (horizontal represents E-
plane variation; vertical represents H-plane variation). 

 0° 6° 12° 18° 24° 

0° 31.74 31.65 31.57 31.45 31.26 

6° - 31.53 31.55 31.43 31.30 

12° - - 31.44 31.35 31.18 

18° - - - 31.19 31.08 

24° - - - - 30.93 

 

Table 4 — Recorded Directivity [dBi] while varying beam direction with restricted phase range (horizontal represents E-
plane variation; vertical represents H-plane variation). 

 0° 6° 12° 18° 24° 

0° 29.73 29.75 29.72 29.25 29.23 

6° - 29.43 29.30 29.62 29.38 

12° - - 29.24 29.62 28.75 

18° - - - 29.21 28.39 

24° - - - - 28.39 

 
Once again, as expected, sidelobes are amplified and magnified due to the imposed phase errors. This is 

corroborated visually by Figure 23, which represents the radiation diagrams of beams oriented to the same 

angle, differing however in phase restrictions. 

 

Figure 23 — Comparison of formed beam between full phase range and restricted phase range (6°,18°). 
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4.3.3 Parameter Extraction to CST 

Given the results presented, the concluding remarks are positive, in that there appears to be a relatively strong 

degree of tolerance when strongly restricting the permitted phase at each node. Proceeding, the resulting 

permittivities established in this chapter are transferred into the generation of the permittivity of the substrate 

by row or patch-wise, discussed in the following chapter. This is done by collecting the matrix of phases at each 

node and producing the corresponding matrix of permittivity, through bijectivity shown in Table 1. 

While this step suffices for the following simulations, it is worth adding that one further conversion would be 

required upon a creation of a real prototype. A correspondence between voltage and effective permittivity is 

obtainable experimentally and is also theoretically bijective. It can be conceptualized as the function 𝑉(𝜀𝑟(𝜙))). 
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Chapter 5 Simulation of Reflectarray Prototype 

 

The results presented and discussed in the preceding chapter originated from a higher level of abstraction, taking 

only a mathematical view of a nodal simplification of the imagined cells. In order to validate the radiation 

patterns and results of Chapter four, a fully 3D geometry is modelled as well as the model’s complete spatial 

interaction of incident EM waves, permittivity variation of modelled materials admitted. 

 

5.1 Introduction 

The final stage of this work culminates in the successful demonstration in a full wave 3D simulation software 

(CST [7]) of the two-dimensional steering of a collimated pencil beam. This beam is formed exclusively through 

the careful algorithmic determination of the relative phase and thus permittivity of the substrate under each 

cell in a regular grid of identical patches, composing the reflectarray. 

As previously mentioned, the projected nominal frequency is 62.5 GHz, targeting the sparsely exploited V-Band. 

The algorithm describing the process of obtaining the necessary phase alterations at each unit cell is extensively 

explained in the previous chapter. The algorithm’s final output data takes the form of a permittivity 

configuration matrix of the reflectarray containing every cell’s relative permittivity, which is then mapped to 

each solid dielectric block in CST, representing the NLC cell layer. 

Many of these permittivity configurations, of varying aimed angles, are simulated, with the intention that if a 

prototype were constructed, they would be quickly interchangeable through voltage addressing at each cell. 

This enables agile array reconfigurability, and allows for fast-moving target tracking in its possible real-life uses. 

All full reflectarray simulations were performed with 15 cells per wavelength (to reiterate, mesh cells are voxels 

used in the simulation, segmenting simulated volume, not to be confused with unit cells of the reflectarray), 

which was found to be a good compromise of accuracy and hardware limitations. The simulation results are 

compiled and discussed as follows. 

 

5.2 Voltage Matrix Control 

Mentioned previously, a simplified control of a sweep was thought out, as well as the complete bidimensional 

control of aiming a collimated pencil beam. The former concept took the groundplane as a continuous metallic 

surface used to establish the reference voltage. In this case, the filament superimposed across the patches serve 

as primary drivers of voltage, and bias the rows of NLC in the reflectarray accordingly. 
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In the latter case, of beam steering within a conic angular region, as opposed to planar sweeping, the patches’ 

filaments serve the antipodal purpose of setting the reference voltage relative to each separate cell’s metallic 

backplate. Conceptually, microstrip lines would connect each cell’s backplate (in a similar fashion as LC displays) 

to a DAC (digital-to-analog converter). 

 

5.3 Reconfigurable Reflectarray 

5.3.1 Prototype Modelling in CST 

The design is replicated in the modelling tool available in CST, with the aforementioned dimensions. The metallic 

portions of the reflectarray are created and only after, via a scripted macro, are the solid blocks representing 

the dielectric substrate of NLC generated. This script directly takes the matrix of relative permittivities generated 

in Mathematica, and effectively creates each cell with the desired characteristics. 

To clarify, one remaining simplification of the complex physics of NLC molecule is that its anisotropy is not taken 

into account in this model. Only the resulting shift in effective permittivity is taken as main point of study, as the 

level of abstraction intended is to consider each cell a phase-shifting device, expanding upon its internal 

mechanisms only as far as an explanation as to the voltage controllability of the molecular orientation, which is 

the cause of the change in effective permittivity this thesis is based on. 

The modelled feed is a section of WR-15 waveguide, at the prescribed F/D and emitting E-plane polarized 

radiation at 62.5 GHz by means of the wave port functionality. As this is the first full wave simulation, the issue 

of shadowing due to centre positioned feed arose. It is noted that there is a possibility of adjusting the source 

spatial position and angle in the initial Mathematica scripts, in order to algorithmically generate an offset feed, 

which can aid the shadowing effect. 

 

5.3.2 Simulation Results 

In a similar fashion as the angle combinations observed in the results of the previous chapter, all positive non-

repeating angle pair were simulated and performance indicators extracted, as approximate symmetry is 

assumed throughout (while the geometry of the reflectarray with only patches is rotationally symmetrical, the 

addition of the filament may have a small effect, as well as the choice of vertical polarization). Reiterating the 

point, the full scanning range for the collimated beam is taken to be all combination angles (𝜃𝑂 , 𝜃𝐵) between 

−24° and 24° for each degree of freedom. The radiation patterns represented in Figure 24 are the best 

reproduction that was possible with the variations of substrate permittivity, as described previously. 

The incremental angle is 6°, as this is the approximate −3 dB angular width of the beam. 
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Figure 24 — Radiation patterns of simulated beams comparing angle pairs (0°, 0°) and (6°, 12°). 

 

Recorded in Table 5 below are the extracted values of Directivity presented by the final simulated pencil beam, 

at the angle combinations indicated. These present a relatively low scan-loss, and are promising as a first stage 

approximation of the prototype designed. (To reiterate, the colour scheme adopted is reflective of standard 

radiation pattern colour-code, with red as high values and green as lower values). 

Relative to the equivalent ideal aperture (31.77 dBi), these values represent a radiation efficiency of 

approximately 25%. 

Table 5 — Simulated Directivity [dBi] versus angle of beam. 

 0° 6° 12° 18° 24° 

0° 25.10 25.35 25.36 24.96 25.13 

6° - 25.60 25.13 25.32 24.45 

12° - - 24.52 24.54 24.02 

18° - - - 24.57 24.50 

24° - - - - 24.56 

 

The spacing of 0.2 mm between the backplates (gapped groundplane) was simulated in review, and found to 

affect the directivity by −2 dB. Further investigation is required, in order to guarantee the operating frequency 

does not fall inside a possible bandgap. 

5.3.3 Sidelobe Level 

Another important figure is the measured SLL (Sidelobe Level). This was obtained by observing the two main 

planes of the beam in cartesian representation and noting down the least negative value; these are recorded in 

Table 6. As SLL is a measurement of directional purity of the beam, with lower values implying less intense 

sidelobes. It is favourable for the values of SLL to be −15 dB or more negative. Defining −10 dB as the maximum 

acceptable threshold, there are indeed combinations of angle which do not fall within. 

The reason for the worst value to be at (6°, 24°), is that there is a requirement for large jumps in phase in order 

to represent it accurately, whereas (0°, 24°) conforms to the simpler, more linear case of unidimensional 
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panning. Inexact collimation is the result of these large jumps in phase which are bluntly approximated due to 

the phase restrictions applied in Chapter three. 

Table 6 — Observed SLL [dB]. 

 0° 6° 12° 18° 24° 

0° −11.5 −11.6 −9.6 −11.3 −11.1 

6° - −13.0 −11.2 −13.4 −7.8 

12° - - −10.1 −9.3 −10.4 

18° - - - −12.2 −10 

24° - - - - −20.5 

 

 

5.3.4 Angular Error 

When tuning the angle, it is expected that the maximum of the main lobe points exactly in that direction. This 

was not the case in many angle pairs. In Table 7, the angle error of the maximum is recorded. The largest 

discrepancies are explained with similar reasons as in the preceding subsection, in that (6°, 24°) presents the 

least exact collimation, due to inability to accurately replicate large phase jumps with the imposed limitations. 

 

Table 7 — Recorded angular error. 

 0° 6° 12° 18° 24° 

0° 0° 0.5° 1° 0.5° 1° 

6° - 0.5° 0.5° 1° 4.5° 

12° - - 0.5° 3° 3.5° 

18° - - - 0.5° 2.5° 

24° - - - - 1.5° 
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Chapter 6 Summary and Future Work 

6.1 Thesis Summary 

In conclusion, this thesis thoroughly explained the functioning and demonstrated the proof of concept of a two-

dimensionally steerable beam reflectarray, utilizing Nematic Liquid Crystal substrate whose permittivity is 

controllable. Further development of this technology will certainly open many doors in the field of 

Telecommunications. It is sorely required in order to improve issues of bandwidth shortage, as well as allowing 

for novel forms of high capacity telecommunication in the context of space exploration missions and even 

satellite communications. 

The final prototype tested was a reflectarray of 21 by 21 elements. Its unit cell consisted of identical square 

patches, and its substrate simulated to mimic the effective permittivity of a selectively biased NLC. 

While the final simulated results yielded less than hoped in regard to directivity, with a maximum value of 

directivity of 25.60 dBi, representing a radiation efficiency of approximately 25%. This is far under the 40–60% 

generally accepted as satisfactory for a practical antenna. As proof of concept, it is redeeming that the scan loss 

measured was around 1 dB, and only certain angles provoked slight de-collimation of the pencil beam. This is 

seen at the angles where the SLL is worse, ranging from −20.5 dB to −7.8 dB. At these angles, an angular error 

was presented, confirming the slightly incorrect collimation of the beam, caused by imposed limitations. 

6.2 Future Work 

The continued research on this topic of Telecommunications is guaranteed due to the promising nature of Liquid 

Crystal technology. Many engineers around the world are actively working on prototypes and experimental 

antennas utilizing NLC. 

In regard to future investigations at Instituto de Telecomunicações, the following steps will likely encompass 

obtaining and experimenting with a variety of NLC mixtures. The main focus will likely be permittivity extraction 

(referenced in Appendix A) and analysis of its interaction with different patch types and other structures besides 

reflectarrays. 

Other geometries of patch and further work in the area will likely provide improvements to phase range 

permitted, and finer discretisation is very possible can only improve the antenna efficiency. Directivity can be 

improved by testing arrays of larger dimensions. The source has much room for improvement, firstly its 

exchange for one of higher directivity, and secondly possible offsetting it from the array’s zenith. Another 

possibility is using the LC reflectarray as a sub-reflector, as in [5]. 

Referenced in Appendix B, a simpler possibility of constructing a beam with scanning along a single axis is 

discussed. The NLC is arranged in rows and its reconfigurability allows the array to sweep in one dimension, and 

an overlaid lens conducts the collimation in the orthogonal plane. 



40 
 

  



41 
 

References 

 

[1] P. O. F. View, “The Role of New Technologies in Solving the Spectrum Shortage,” vol. 104, no. 

6, pp. 1163–1168, 2016. 

[2] M. Marcus and B. Pattan, “Millimeter Wave Propagation: Spectrum Management 

Implications,” IEEE Microwave Magazine, no. 70, 2005. 

[3] A. Gaebler et al., “Liquid Crystal-Reconfigurable Antenna Concepts for Space Applications at 

Microwave and Millimeter Waves,” vol. 2009, 2009. 

[4] R. A. Stevenson et al., “Rethinking Wireless Communications : Advanced Antenna Design using 

LCD Technology,” pp. 827–830, 2015. 

[5] G. Perez-Palomino, M. Barba, J. A. Encinar, R. Cahill, R. Dickie, and P. Baine, “Liquid crystal 

based beam scanning reflectarrays and their potential in SATCOM antennas,” 2017 11th Eur. 

Conf. Antennas Propagation, EUCAP 2017, pp. 3428–3431, 2017. 

[6] O. H. Karabey, “Electronic beam steering and polarization agile Planar Antennas in Liquid 

Crystal Technology,” in Electronic Beam Steering and Polarization Agile Planar Antennas in 

Liquid Crystal Technology, Springer, 2014. 

[7] “CST MICROWAVE STUDIO® (CST MWS).” [Online]. Available: https://www.3ds.com/products-

services/simulia/products/cst-studio-suite/. 

[8] S. Finich, N. A. Touhami, and A. Farkhsi, “Design and Analysis of Different Shapes for Unit-Cell 

Reflectarray Antenna,” vol. 181, pp. 526–530, 2017. 

[9] A. G. Roederer, “Reflectarray Antennas,” pp. 18–22. 

[10] G. M. Rebeiz, G.-L. Tan, and J. S. Hayden, “RF MEMS Phase Shifters: Design and Applications,” 

IEEE Microwave Magazine, no. June 2002, pp. 72–81, 2002. 

[11] D. M. Pozar, S. D. Targonski, H. D. Syrigos, and S. Member, “Design of Millimeter Wave 

Microstrip Reflectarrays,” vol. 45, no. 2, 1997. 

[12] S. Xu and F. Yang, Handbook of Antenna Technologies. Singapore: Springer Singapore, 2014. 

[13] G. Perez-Palomino, J. A. Encinar, M. Barba, and E. Carrasco, “Design and Evaluation of Multi-

resonant Unit Cells based on Liquid Crystals for Reconfigurable Reflectarrays,” IET Microwaves, 



42 
 

Antennas Propag., vol. 6, no. 3, p. 348, 2012. 

[14] P. Yaghmaee, O. H. Karabey, B. Bates, C. Fumeaux, and R. Jakoby, “Electrically Tuned 

Microwave Devices Using Liquid Crystal Technology,” vol. 2013, 2013. 

[15] J. H. Park, “Fabrication and measurements of direct contact type RF MEMS switch,” IEICE 

Electron. Express, vol. 4, no. 10, pp. 319–325, 2007. 

[16] M. Corporation, “The PIN Diode Circuit Designers’ Handbook,” no. 617, 1998. 

[17] S. A. Matos, J. R. Costa, E. Lima, C. A. Fernandes, and N. J. G. Fonseca, “Prototype of a compact 

mechanically steered Ka-band antenna for satellite on-the-move,” 2016 IEEE Antennas Propag. 

Soc. Int. Symp. APSURSI 2016 - Proc., pp. 1487–1488, 2016. 

[18] E. B. Lima, S. A. Matos, J. R. Costa, C. A. Fernandes, and N. J. G. Fonseca, “Circular Polarization 

Wide-Angle Beam Steering at Ka-Band by In-Plane Translation of a Plate Lens Antenna,” IEEE 

Trans. Antennas Propag., vol. 63, no. 12, pp. 5443–5455, 2015. 

[19] J. R. Costa, E. B. Lima, and C. A. Fernandes, “Compact beam-steerable lens antenna for 60-GHz 

wireless communications,” IEEE Trans. Antennas Propag., vol. 57, no. 10 PART 1, pp. 2926–

2933, 2009. 

[20] F. Yang and J. R. Sambles, “Determination of the microwave permittivities of nematic liquid 

crystals using a single-metallic slit technique,” Appl. Phys. Lett., vol. 81, no. 11, pp. 2047–2049, 

2002. 

[21] M. J. Stephen and J. P. Straley, Physics of liquid crystals, vol. 46, no. 4. 1974. 

[22] D. Andrienko and D. Andrienko, “Introduction to liquid crystals,” no. September, 2006. 

[23] S. Muller, P. Scheele, C. Weil, and M. Wittek, “Tunable Passive Phase Shifter for Microwave 

Applications using Highly Anisotropic Liquid Crystals,” pp. 1153–1156, 2004. 

[24] M. Schadt, “Nematic liquid crystals and twisted-nematic LCDs,” Liq. Cryst., vol. 42, no. 5–6, pp. 

646–652, 2017. 

[25] T7world, “LCD Backlight Technology.” [Online]. Available: https://t7world.com/lcd-backlight-

technology/. 

[26] A. Moessinger, R. Marin, S. Mueller, J. Freese, and R. Jakoby, “Electronically reconfigurable 

reflectarrays with nematic liquid crystals,” vol. 42, no. 16, pp. 3–4, 2006. 

[27] D. Doyle, “Analysis, Implementation and Considerations for Liquid Crystals as a Reconfigurable 



43 
 

Antennas Solution ( LiCRAS ) for Space,” 2016. 

[28] D. F. Gölden, “Liquid Crystal Based Microwave Components with Fast Response Times: 

Material, Technology, Power Handling,” 2010. 

[29] A. Sofia and C. Nunes, “Development of 5G Antennas for Millimeter Waves,” no. November, 

2017. 

[30] Wolfram Research Inc., “Mathematica 11.3.” [Online]. Available: 

https://www.wolfram.com/mathematica. 

[31] S. Mueller, C. Felber, P. Scheele, M. Wittek, C. Hock, and R. Jakoby, “Passive tunable liquid 

crystal finline phase shifter for millimeterwaves,” 35th Eur. Microw. Conf. 2005 - Conf. Proc., 

vol. 1, pp. 297–300, 2005. 

[32] O. H. Karabey, B. G. Saavedra, C. Fritzsch, S. Strunck, A. Gaebler, and R. Jakoby, “Methods for 

improving the tuning efficiency of liquid crystal based tunable phase shifters,” Eur. Microw. 

Week 2011 "Wave to Futur. EuMW 2011, Conf. Proc. - 6th Eur. Microw. Integr. Circuit Conf. 

EuMIC 2011, no. October, pp. 494–497, 2011. 

[33] T. Kuki, H. Fujikake, H. Kamoda, and T. Nomoto, “Microwave variable delay line using a 

membrane impregnated with liquid crystal,” IEICE Trans. Electron., vol. E86-C, no. 8, pp. 1699–

1703, 2003. 

[34] W. Hu et al., “Liquid crystal tunable mm wave frequency selective surface,” IEEE Microw. Wirel. 

Components Lett., vol. 17, no. 9, pp. 667–669, 2007. 

[35] W. Hu et al., “Design and Measurement of Reconfigurable Millimeter Wave Reflectarray Cells 

With Nematic Liquid Crystal,” vol. 56, no. 10, pp. 3112–3117, 2008. 

[36] R. Marin, “Investigations on Liquid Crystal Reconfigurable Unit Cells for mm- Wave 

Reflectarrays,” PhD , Thesis, Tech. Univ. Darmstadt, 2008. 

[37] A. Moessinger, R. Marin, J. Freese, S. Mueller, A. Manabe, and R. Jakoby, “Investigations on 77 

GHZ tunable reflectarray unit cells with liquid crystal,” Eur. Sp. Agency, (Special Publ. ESA SP, 

vol. 626 SP, no. October, pp. 6–9, 2006. 

[38] C. A. Fernandes, “KH3D.” Instituto de Telecomunicações, Lisbon, 2014. 

[39] M. N. Afsar, X. Li, and H. Chi, “An Automated 60 GHz Open Resonator System for Precision 

Dielectric Measurement,” vol. 38, no. 12, 1990. 



44 
 

[40] C. A. Fernandes and J. R. Costa, “Permittivity measurement and anisotropy evaluation of 

dielectric materials at millimeter-waves,” 19th IMEKO World Congr. 2009, vol. 1, no. May 2014, 

pp. 602–606, 2009. 

 

  



45 
 

Appendix A 

Fabry-Perót Resonator 
As an initial step towards measurement of permittivity, an unelaborate array of patches was created via a 

photolithographic process, in the RF Laboratory on campus. This was done with the intention of corroborating 

CST results of effective permittivity with concrete measurements utilizing the Fabry-Perót Resonator. This was 

unsuccessful, possibly due to imprecision of the method of fabrication of these reflectarrays, or more likely, due 

to incorrect interpretation of results or erroneous design of test, or even the narrowness of the frequency band 

projected for the array. 

The FP resonator makes use of a Gaussian beam, directed at a reflecting platform upon which the device under 

test lies [39]. The reflected radiation is received by a receptor near the emission feed. By way of a sweep in 

frequency, the received radiation intensity is measured, registering peaks at the resonant frequencies, as 

exemplified in Figure 25. The multiple resonances imply the electrical distance “seen” by the incoming radiation. 

Through this electrical distance, the effective permittivity is inferred, assuming the thickness of the DUT is known 

[40]. 

 

 

Figure 25 — Recorded resonances, from which effective permittivies might be extracted. 
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Appendix B 

Lens Hypothesis 
In order to realise the simpler single-plane sweep of a reconfigurable reflectarray, it was proposed that the cells 

in each of the rows of the reflectarray be connected, and the same voltage applied to all elements of a given 

row. This is done by controlling the voltage via the filaments, taking the groundplane common to all cells as 

ground reference. While this allows the collimation and sweep of a sort of beam, in order to be a useful prospect, 

it is necessary to collimate in the other axis as well.  

  

Figure 26 — Dielectric lens placed on array in CST. 

This was hypothesised to be possible with an additional overlying lens, designed to focus the beam in the other 

plane as seen in Figure 26. 

The concept was abandoned due to lack of time required in order to fully include the lens model in the KH3D 

[38]script, in order to compensate the phase discrepancy introduced by the non-planar dielectric structure. It 

was verified that for the central rays, it was possible to focus a spherical wave into a planar wave, as shown in 

Figure 27, applying the image theorem, to observe a reflectarray as a conceptual transmitarray. 

 

Figure 27 — Representation of possible collimation of lens. 


