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Abstract 

Dual band transmit array design opens way for the reduction of the equipment used in satellite 

communications. Instead of having two antennas for transmitting and receiving at each frequency, only 

one antenna is required for dual band which allows optimizing the space usage and lower the 

connection’s equipment cost.  

A new design of a dual band all-dielectric transmit array for 5G and satellite communications is 

presented for establishing a link between ground and satellite terminals. This solution aims at working 

at satellite ka-band and it is fabricated using 3D printing technology. The goal is to achieve a High 

Gain above 35 dBi while maintaining a good Side Lobe Level with an extremely low cost and simple 

solution. According to the literature, similar designs have not been reported yet. 

Using a finite number of dielectric cells, their distribution throughout the transmit array aims at 

minimizing the error coming from the dual band independent phase correction functions for each band. 

Two transmit arrays are designed and full wave simulations allowed to confirm fulfilment of 

specifications. Results show a solution achieving gains of 36.73 dBi at 20 GHz and 37.30 dBi at 30 

GHz while maintaining SLL below -19 dB. This design is also compared to the single band 

performance at each band for the same scenario resulting in a loss in gain of 1.20 dBi at 20 GHz and 

2.54 dBi at 30 GHz. 

 

Keywords: All-dielectric, ka-band, 3D-printing, transmit array, satellite communications, dual 

band 
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Resumo 

O projecto de antenas com funcionamento em banda dupla abre caminho para a redução de 

equipamento utilizado nas comunicações satélite. Em vez de duas antenas para transmitir e receber a 

cada frequência, apenas uma antena é necessária, o que permite a otimização em termos de espaço 

e custo do equipamento utilizado. 

Um novo modelo composto por uma antena totalmente dielétrica com funcionamento em banda 

dupla é apresentado para aplicações 5G e comunicações satélite. Esta solução visa trabalhar na 

banda ka para satélites e é fabricada recorrendo a  tecnologia de impressão 3D. O objectivo é  atingir 

ganhos na ordem dos 35 dBi e manter os níveis de lobos secundários adequados simultaneamente 

com uma solução de muito baixo custo. De acordo com a literatura, não foram encontrados modelos 

com as mesmas características até hoje. 

Fazendo uso de um número finito de 64 células dielétricas, estas são distribuídas ao longo do 

modelo com o objectivo de minimizar o erro proveniente da independência existente na fase a corrigir 

nas duas bandas. São projectadas duas antenas e feitas simulações de onda completa onde se 

confirmam  as especificações, conseguindo uma solução com ganho de 36.73 dBi a 20 GHz e 37.30 

dBi a 30 GHz com NLS abaixo de -19 dB. Este modelo é também comparado com o desempenho em 

banda singular a cada frequência para o mesmo cenário, o que resulta numa perda no ganho de 1.20 

dBi a 20 GHz e 2.54 dBi a 30 GHz. 

 

Palavras-chave: totalmente dieletrico, banda ka, 5G, impressão 3D, banda dupla, 

comunicações satelite 
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Chapter 1 

1. Introduction 

In this chapter, the context of the purpose of this thesis is explained. The first section shows the 

motivation and objectives by which this thesis was developed. After that, a summary of the state of the 

art related to the concept of satellite communications and transmit arrays, as well as, other notions 

related to the development of this thesis. On the third section the main challenges that entailed the 

whole process. To conclude, the last section gives an overview of the structure of the whole thesis.  

 Motivation and Objectives 1.1

Worldwide, wireless communications have become an enormous part of peoples’ lives. From the 

regular mobile cellular networks to satellite communications or even broadcast radio, wireless 

communications enabled societies to create sustainable interconnectivity among people and services. 

The development of these technologies created simpler and more effective ways to spread information 

and data, allowing them to inevitably become an indispensable mean in the rise of new technologies. 

Fundamentally, the principle of wireless communications is the transmission of data/information 

from one point to another by using electromagnetic waves instead of cables or wires to perform the 

transmission. Propagating electromagnetic waves through an open space allows a transmitter and a 

receiver to exchange information within a specific range according to the transmitter/receiver 

characteristics. With this principle in mind, telecommunication organizations have, throughout the 

years, expanded their networks tremendously, increasing the different types of wireless 

communications used as well as the number of components available for use. Satellite 

communications are a big part of wireless communications, having a diversified distribution of 

equipment in the globe; it allows interaction between users in the most secluded areas.  

In the beginning of satellite communications, military applications were the main focus of the 

deployment and usability of satellites. Nowadays, satellite communications have become of great use 

to telecommunications applications, areas such as television, telephone, radio broadcasting and 

internet rely on satellites to perform effectively. With the congestion of the Ku-band an opening for the 

ka-band appeared, and investigation of this higher spectrum of frequencies demonstrated the benefits 

that it can bring to different applications including larger bandwidths, greater capacity, more cost 

effective antennas. [1]    
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In recent years, different investigations have been made to develop an antenna composed of more 

compact and low cost types of antennas that can generate a high gain beam which is essential to 

satellite communications due to the large displacement between ground and satellite terminals. 

Aperture antennas are a desirable solution to the problem of achieving high gains as it has already 

been proven to be very low cost and simple. [2] [3] 

A low cost and simple way of performing these type of connection is with the help of a transmit 

array. A transmit array allows to enhance the power radiated in wanted directions and suppress the 

radiation in the unwanted directions. Normally, its design is similar to a plate with a specific thickness 

which, according to the distribution of the materials that compose it, performs a collimation of an 

incident beam into a desired direction. When talking about satellites communications, this high gain 

controllable beam is a required feature since the propagation loss of such a long path will require 

higher gains at both the transmission and reception. 

Additionally, with the increasing need to explore more compact antenna designs, a dual band 

scenario is extremely appealing. Dual band refers to the two different frequencies in which the transmit 

array operates in. By designing a single transmit array which can perform both the uplink and downlink 

at different frequency bands, a reduction in the number of antennas requires for performing a 

connection is reduced by half. 

Two different ways of fabricating the prototype are interesting in the context of this thesis with two 
different purposes: 

 3D printing technology: very good solution when planning to fabricate al a low cost and 

adequate for producing small quantities of transmit arrays. Another big advantage is the fact 

that is available at the IT facilities. 

 Injection moulding: At a large scale mass production scenario, this is the best way of 

fabricating the transmit arrays, however, it has a high fixed initial cost for the mould and it is 

not available in laboratory. 

There is a need to create a versatile ground terminal which can perform the connection with the 

satellite antenna. In order to simplify the geometry of the solution and achieve a high gain dual band 

transmit array, an all-dielectric lens is designed, simulated and measured representing the transmit 

array. By designing a transmit array with only one type of material, its geometry will be very simple 

and the cost associated with it will also be severely reduced. Adding to this, the 3D printing technology 

aforementioned allows the fabrication of the final prototype to be low cost. 

By designing this lens, a high gain fixed link with a satellite can be attained by using a simple 

structure which can be fabricated and tested in laboratory. An achievable gain of over 35 dB for both 

frequencies as well as a side lobe level of less than 15 dB are specific targets in the outcome of the 

design and prototype.  

However, in terms of mobile applications this solution would not be desirable since it is only 

possible to control the direction of the beam for a very small angular width. In this case, a phased 
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array which will be explained in the state of the art or a mechanism to integrate in the prototype would 

be necessary in order to correctly perform the steering of the beam into steeper steering angles. 

The proposed solution in this thesis will aim at communicating with GEO satellites and its structure 

will be a dual band dielectric lens with extremely high gain in order to maintain a steady link with the 

satellite. It differs from parabolic antenna by its versatile positioning, for example on buildings walls, 

and being able to achieve a certain degree of beam steering as well as beam tilt angle. From previous 

literature, an all-dielectric dual band transmit array with these gain requirements was not found, 

therefore, this design would result in an innovative structure as an alternative to existing structures 

with the same purpose. 

At the end, a very practical example for the functionality of the proposed solution would be a 

replacement for parabolic antennas on roofs. Due to its unaesthetic looks, parabolic antennas could 

be replaced for a planar structure which could be located in the roof of the house. Furthermore, the 

lens could be designed according to the house aesthetics and, therefore, become more easily 

disguised, for example by producing it with a material with the color of the house roof. Moreover, if the 

previously mentioned injection moulding method for fabrications is used, when produced in large 

quantities this will allow a very low cost solution for these types of applications.  

 State of the art 1.2

This section explains the state of the art behind the development of this thesis, all the concepts 

behind satellite communications and transmit arrays so that a better understanding of the current and 

past state of these antennas can be perceived. There exist two sections, one for satellite 

communications and related aspect and one specific for transmit arrays, particularly in the dual band 

case scenario. 

1.2.1 Satellite communications 

The evolution of wireless communications has become increasingly more important throughout the 

years with different applications and solutions being introduced at a very high pace. With the need to 

increase and improve communications between every point on Earth, satellites have had a crucial role 

on the simplification of connecting people and services. Due to the high reliability and overall range, 

satellites are very benefic when talking about wireless communications [4].  

The purpose of satellites can be easily explained as being an intermediary between two parts. In 

other words, the satellite receives a signal from a source ground station in a specific frequency, 

amplifies the signal and then re-sends the signal to the destination ground station in a different 

frequency. This process allows a transparent internet connection between a earth end user and a 

satellite orbiting. 

These satellite communications will play a major role in overall communications as they will 

complement terrestrial networks in reaching users with broader coverage. Studies have correlated the 

integration of terrestrial and satellite for different application, resulting in technical gains depending on 
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the scenario [5]. Particularly with the emerging technology of 5G, the role of the satellites will be 

extremely important because the combination with terrestrial cellular networks will provide a powerful 

network enabling the innovation of different services [6]. 

Satellites can be deployed in different flight paths or orbits and orientations which can be 

categorized and divided according to its application and geographic placement. Typically, there exist 

three types of orbits differentiated by the height in which the satellite orbits. Figure 1.1 represents the 

different orbits in which satellites are normally categorized. 

 

Figure 1.1.1: Different satellites orbits [7] 

These orbits have different characteristics and specifications which are: 

 GEO: The highest orbit, typically at 36000 km above the equator line, follows the Earth’s 

rotation, therefore, their position appears to be stationary to a fixed observer on Earth. Since it 

is the highest orbit it can provide the largest coverage with fewer satellites. For that reason, it 

makes a great candidate to telecommunications and weather related applications. 

Furthermore, because of its orbital period, the ground based antennas can operate effectively 

without the need to track the satellites motion. Normally three satellites are enough to roughly 

cover the entire surface area of the planet. These satellites are not adequate to wireless 

broadband access on the move applications since the distance is very large and the required 

transmission power is very high which is not compatible with mobile terminals. Also the cost of 

making a satellite orbit is much higher since the distance it has to travel is extremely larger. [8] 

 MEO: situated between LEO and GEO and the orbital period can range from 2 to 24 hours. 

The number of satellites required for full Earth coverage much bigger than for the GEO orbit 

but also smaller than for the LEO orbit. The most common uses for this category are GPS, 

Galileo and Glonass which are navigation constellations of satellites. These satellites require 



 

5 
 

constant tracking by the ground antennas or just a waiting time for the next available satellite 

to pass overhead. MEO satellites end up being a compromise between the advantages and 

disadvantages of both the GEO and LEO orbits [9]. 

 LEO: typically orbiting from 400 km to 900km, the orbital period is much shorter than the other 

ones. This means that the transmitting power required for this orbit would be much lower than 

for the other two. Also, the latency, lag between when a signal is sent and when it is received, 

is inferior in these types of exchanges which benefits some applications like voice services 

and mobile telephony. Due to its low altitude the coverage of the satellite is reduced and are in 

constant movement which requires a large number of satellites in order to have reliable 

connectivity [8] [9]. Communications applications in this orbit would be difficult to attain since 

the satellite is in constant movement, therefore, its displacement in relation to the fixed user 

on Earth would make it impossible to maintain a connection at all times. A big disadvantage of 

these orbits is the fact that most space debris is situated in this area which can provoke 

destruction of equipment. 

Particularly, the low orbit satellite (LEO), with the trademark of proximity to Earth is the most 

suitable candidate when it comes to achieving high capacity and broadband speed [10]. Although this 

amazing feature can be of great interest, the downside is that because it is a low orbit, the range of 

each satellite is limited which results in the need to have a web of satellites to achieve full coverage 

similar to the MEO satellites. Independently of the type of satellite, the interface responsible for 

conjugating radio waves propagating and the electrical currents moving in a metal conductor are 

antennas. The specifics about antennas and type of antennas existing for the satellites 

communications application will be explained in detail ahead. 

In terms of ground antennas, when it comes to avoiding beam steering and monitoring and tracking 

the satellite’s position, the GEO orbit is the most suitable one since its period results in a fixed point 

from an observer’s point of view in a fixed position in Earth. However, since the distance of the 

communication is much larger, a much higher gain antenna will need to be mounted on Earth in order 

to correctly perform the connection. The distance influences massively the gain to be imposed in the 

antennas, from the Friis Formula in decibels (dB):  

 
1 0

2 0 lo g
4

R N T T R o th e r s N
S N R P P P G G A P

d





 
        

 

         (1.1) 

where SNR is the signal to noise ratio, PN is the power associated to the noise, PR and PT are the 

receiving and transmission power, GR and GT are the gains of the reception and transmission 

antennas respectively, the constant parameter is the free space loss which is the loss in power 

depending on the distance d from the transmission antenna to the satellite’s reception antenna and 

Aothers represents all the additional attenuations within the connections such as atmospheric, pointing, 

equipment, environmental and system noise [11]. 

From equation 1.1, it is clear that the power at the reception will decrease with the increase in 

distance, therefore, as stated before, for GEO orbits, in order to obtain the power at reception required 
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for communication, the transmitting power or antennas gains will have to be very high, that is why the 

specifications of the desired solution entail such a high gain and low side lobe level.  

Focusing on typical antennas for GEO satellites, which are commonly parabolic dishes, the ground 

terminal antenna must be composed of two components: a primary feed and a passive surface. These 

components are typical of aperture antennas, which will be described and explained below. The 

primary feed illuminates the passive surface, and the surface is responsible for shaping and directing 

the beam into the right direction. Contrary to the parabolic dishes where the radiation coming from the 

feed is reflected in the surface, in the spectrum of this thesis, the radiation propagates through a 

structure with the same purpose of collimating the beam. In this thesis the structure used is a transmit 

array and they are dealt in section 1.2.2. 

Antenna can be described as an interface that converts a guided wave into a wave propagating in 

the free space and vice versa. There are many types of antennas used as primary feeds such as: 

microstrip, horn, aperture and array antennas. 

Microstrip antennas [12] [13] are considered a valid option to function as an integrated primary feed 

when it comes to the scenario of terminals on the move since they can deal appropriately with 

movement, weather and multipath effect problems while maintaining a smaller size. Furthermore, 

these types of antennas are typically compact, light, easy to manufacture and easily incorporated with 

the other components of the system [14]. Often they are used by creating arrays of large quantities of 

singular microstrips and obtain higher directivity by programming them to shift according to the wanted 

direction of transmission. However, they have low efficiency due to dielectric and conductor losses and 

the gain, when not used in a phased array, is characteristically low.  

In terms of array antennas, as the name suggests, is defined as an arrangement of several 

antennas that, according to their position in the array, are fed with specific amplitude and phase shift 

so that the radiation pattern required is replicated. Normally, they are composed of groups of other 

types of primary feeds, for example in [15] and [14] a microstrip patch solution is presented, or in [16] 

where a set of horn antennas are integrated together. The disadvantage of these arrays is the 

increase in dimensions and the need to control independently the amplitude and phase of each one of 

the components. On the good side, they allow constant configurability of the radiation pattern. 

Numerous different design of horn antennas have been developed throughout the years [17] [18] 

[19] [20], and its use when it comes to satellite communications has become particularly regular since 

it is widely used as a feed element to communication dishes find installed around the world. In addition 

to its utility as a feed to reflectors and lenses it is also commonly used in phased arrays. The gain of 

these antennas increases with its aperture dimensions, therefore, applications where space availability 

is a concern are not the most adequate ones for this antenna. 

Emerging 5G technologies and applications have created the need to shift to the millimetre-waves 

bands in order to achieve high rates of capacity. This part of the spectrum has shown to be a suitable 

candidate to host cellular bands for 5G uses [21]. A variety of antenna technologies has been studied 

to overcome the obstacles of millimetre waves, at these frequencies “the electromagnetic wave suffers 
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from more severe free-space loss and blockage, which substantially degrades the signal-to-

interference-plus-noise ratio (SINR) “ [22]. To mitigate this effect, two different approaches can be 

taken into account, high gain antennas with one directional beam [23], or multi-beam antennas [24] 

[25].  Differences between these two approaches consist on the single directional beam has less 

coverage and the need to be steered either mechanically or electronically or a hybrid of both in order 

to correctly achieve a feasible transmission link. On the other hand, multiple beam antennas can 

become very bulky and less cost friendly [24]. 

Geographically, when communicating with a satellite, according to the orientation and position of 

the ground station the direction in which we want to transmit may vary. Having this into consideration, 

a need for a conventional way of steering the beam arising from the antenna has enabled an 

enormous variety of studies that conclude on three main ways of maintaining a steady link with the 

satellite. 

With this concept in mind, a mechanical solution, which consists of physically moving the feed, the 

array or any part of the array in order to achieve a high beam tilt angle appeared [17], [26], [27] 

[28].These solutions provide a better efficiency as well as being more low cost. Another alternative is 

electronic solutions which can be attained by the use of phase shifters and phased array antennas. 

These different equipment can produce an alteration in the components of the array in order to obtain 

the beam steering in the preferred direction [29] [30]. Additionally, there are methods combining both 

of these solutions for example using a mechanical steering for azimuth and electronic steering for 

elevation [31] [32]. Generally, the most often used mechanism is the mechanical beam steering. 

Examples of these different mechanisms are presented in figure 1.2 below. 

 

Figure 1.2: Beam steering examples, from left to right and top to bottom: [26], [33], [34], [35]  
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The conjugation of both the horn and aperture antennas is the basis for the work proposed. By 

using the transmit array to collimate the beam coming from the horn antenna a high gain can be 

achieved which will then be evaluated according to the specifications defined in section 1.1. 

Additionally, the proposed solution aims at communications with satellites in the GEO orbit, meaning 

that for the purpose of this work, the steering of the beam either mechanically, electrically or hybrid will 

be considered. 

1.2.2 Transmit arrays 

As stated before, the development of this thesis revolves around the design and fabrication of an 

all-dielectric dual band transmit array for communications with a GEO satellite. To achieve reliable 

communication with a satellite at a GEO orbit an antenna has to be able to radiate a high gain and 

extremely directive beam. With the purpose of transmitting or receiving energy in long distances, it is 

necessary to direct the energy in the desired direction and try, as best as possible, to suppress it in the 

other directions. 

In the spectrum of this work and revolving around the concept of transmit arrays, in order to obtain 

the maximization of directivity two types of solutions are considered: transmissive or reflective arrays. 

Typically, in order to easily adapt the geometry of these arrays to correctly collimate the incident beam, 

they are divided into small cells which can be designed independently.  

By dividing the array into cells with fixed dimensions, every individual cell can be planned 

specifically to align the phase of the diffracted/reflected wave so that a high gain is achievable as well 

as low side lobe levels that can disturb the transmission of the desired signal. This different 

characteristics of each cell at each position of the transmit array is what defines the so called 

geometry of the array. 

The feed radiates into the array and by defining at each point of the array its characteristics, the 

array transforms the radiation of the feed into a high gain controllable beam. The geometry of the array 

dictates the wanted direction in which the beam is supposed to radiate and tries to minimize radiation 

in every other direction. By having this change in characteristics between cells, the radiating 

electromagnetic wave coming from the feed will suffer physical modifications which result in the high 

gain beam to communicate with the satellite.  

These physical modifications are related to the phase of the wave which propagates through the 

array. The feed radiates an spherical wave in the direction of the transmit array, the transmit array 

then, according to its geometry, modifies the wave front coming from the feed to a planar wave front at 

its output. This planar wave front is desirable to achieve a highly directive beam since the 

communication entails a very big distance. 

Different arrays, reflective and transmissive, are distinguishable by the physical phenomena 

occurring when the incident wave contacts the array. As the names suggest, the reflective array 

consist of a reflective surface from which incident energy is reflected to produce a unidirectional beam 

of radio waves by transforming the wave front into planar.  
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On the other hand, the transmit arrays let the radiation go through the array and, consequently, by 

regulating the characteristics of each cell, have at the output the planar wave front which enables the 

long distance communication. Figure 1.3 represents the functioning and differences explained in the 

above statements. A very common example for GEO applications is a parabolic antenna, where a 

feed, normally a horn, radiates a reflector, the parabolic dish, to communicate with the satellite. The 

parabolic although being composed by a reflector, don´t fit into any of these categories since the 

components of the reflector are not actively contributing to the output beam, the reflector only acts like 

a mirror. 

 

Figure 1.3: Functioning for the two types of arrays: left - transmit array [36]; right - reflective array [37] 

Reflect arrays foundation comes from about 60 years ago [38] where a waveguide array illuminated 

by an offset feed was simulated. The required phase for the reflected wave was obtained by adjusting 

the length of each individual waveguide. More recently the microstrip patch antennas have become 

the most common solution when it comes to these categories of arrays [39] [40] [41].  

These arrays have low profile nature, easy of manufacturing, low weight, good efficiency and high 

gain. One disadvantage of reflective arrays is the feed blockage effect regarding the position of the 

feed related to the direction of the outgoing wave. This reflected energy will not contribute to the main 

lobe of radiation since it is being blocked by the position of the feed antenna. 

This particular effect can be solved by transmit arrays since instead of reflecting the incident 

energy, they allow the energy to propagate through the array. One particularly important factor when 

talking about transmit arrays, especially all-dielectric like the solution of this thesis, is the choosing of 

the dielectric material.  

With the transmission of the incident energy through the lens some of the energy will be lost due to 

materials ability to conserve energy. In order to have low insignificant losses in terms of the material 
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chosen, the transmission loss characteristics of the material have to be ideal. In section 3.1 this is 

taken into account when choosing with dielectric material will be used as the final substance to 

fabricate the prototype in. Another advantage of the fact that the transmit array is all-dielectric, is that 

all simulations can be confirmed by using known mathematical formulas as explained in chapter 3. 

Throughout the years one of the uses for transmit arrays has been satellite long distance 

communications, differentiating in number of different materials integrated, size and applications [33] 

[42] [43]. One of the problems of both these arrays is that they are designed according to the distance 

between the feed and themselves and, therefore, if for some reason the feed type or distance had to 

be changed, the whole transmit array would have to be designed again. Therefore, the optimal 

geometric solution must be severely tested and corrected in order to achieve the best possible 

outcome when aiming at achieving a reliable connection with a GEO satellite. 

Another valid challenge is the fact that the lens must be dual band. This means that the lens should 

be able to transmit and receive in two different frequencies. Differences between designs at different 

frequencies can be a puzzle to put together as it is explained in section 2.3.  

The need for a balance between good performances at both frequencies creates a very interesting 

solution and concept when talking about satellite antennas since it allows the reduction of the number 

of antennas needed to communicate from end to end. Such concept has already been tested 

integrating dielectric material and metalized components in a dual band circularly polarized transmit 

array. [44] 

In article [44], an approach to a High Gain Dual Band beam steering transmit array for SatCom 

applications is studied which is the most similar to the one being developed in this dissertation. 

Resulting in a physical prototype, this tries to combine “[…] high gain, beam-steering capability, and 

multi band operation.” With the need to develop a “[…] compact, lightweight and cost-effective antenna 

[…]”. The solution consist of an array composed of individual 9.7 mm of height cells, and each cell is 

divided into six sections, each one containing a metal component and dielectric component. The metal 

components are copper square patches and the dielectric is Rogers Duroid 5880 (εr = 2.2, tanγ = 

0.009). There are 7 metal components each one of them independently can be designed with its own 

size in order to tune the phase response. Experimentally, the aim was to achieve a “[…] a gain in the 

order of 29 dBi, wide-angle scanning in the [0, 50°] interval with scan losses below 3 dB, and F/D near 

0.8 to maintain the antenna profile as low as possible.”  After simulations and measuring, the lens was 

able to reach “[…]23–29 dBi gain, with a scanning interval as large as 0°–50°, with scan loss better 

than 3.6 dB and F/D < 1.”, therefore demonstrating innovative and exciting results when it comes to 

dual-band high gain transmit array antennas. 

Nowadays, for GEO applications, most of the proposed solutions tend to be focused on reflective 

arrays similar to the already seen parabolic antennas. The innovation that this thesis provides is that 

the designed transmit array will be all-dielectric and dual band, performing both the uplink and 

downlink communication employing only one single structure. The simple and low cost design allows 

mass production to become a very interesting business model to this solution. 



 

11 
 

 Challenges 1.3

Different challenges had to be taken into consideration before and throughout the development of 

this work. From the dual band scenario to the measurements in laboratory, some things had to be 

carefully planned to successfully come to the end product and the measured results. 

The main design challenge was to design a purely dielectric group of unit cells where each and 

every one of them introduces the adequate phase shift simultaneously at 20 and 30 GHz, having the 

transmission magnitude coefficient as close as possible to 1.5 dB. If this group of cells does not 

correctly introduce the phase shift needed at every position throughout the transmit array, in these 

positions, a balance between the error in phase at both frequencies has to be enforced by manually 

choosing the cell which complies with this requirement better.  

One important factor was the choosing of the cells so that the existence of a big discrepancy in the 

results obtained for both frequencies would be mitigated. The challenge was to control the error 

throughout the array at both frequencies so that, at the end, the simulation and measured results 

would still be compliant with the requirements. 

On other topic, because of the size of the final product being too large, some restrictions had to be 

imposed in order to perfect the overall operation of the transmit array. Due to its large size, the 3D 

printer available in laboratory was not able to print the whole array in one sitting. The designed 

prototype had to be divided into blocks of 20x20 cm because it is the maximum measurements the 

printer would allow. After having fabricated all pieces that constituted the antenna, they had to be 

integrated together by applying a very thin layer of glue to try to minimize errors on the outcome. 

Additionally, because of the size and thickness of the dielectric lens, the time each block belonging 

to the prototype took a great amount of time to fabricate. Each block took approximately three days to 

simulate, therefore, to try to accelerate the simulation process while printing the different pieces, the 

first piece to be printed was the center one. Doing this enables the opportunity of confirming if the 

pieces are being fabricated according to the expected results by confirming the measurements in 

laboratory with the CST simulations. 

Another additional challenge was the fact that the far field distance of the antenna setup is very 

high, especially due to the high frequency scenario. With the available installations for measurements, 

an anechoic chamber, the far field distance cannot be achieved as its value significantly overpasses 

the value of space available in the chamber. The far field distance is given by equation 1.2, where D is 

the larger physical length of the transmit array and λ is the wavelength of the electromagnetic wave. 

 

2
2 D

r


                                                       (1.2)                     

By replacing the values correspondent to the solution measured, it is possible to obtain the values 

of the far field distance for both the 20 and 30 GHz case. With D being equal to 0.6m since it 

represents the bigger physical distance of the transmit array, the far field distance for 20 GHz is 48m 
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and for 30 GHz is 72m. These values represent very big distances when talking about measurements 

inside an anechoic chamber, so some adjustments which are discussed in section 5.1.2 have to be 

made. 

 Overview 1.4

This thesis is composed by six chapters that divide into formulation, design and simulations, 

fabrication and measurements and conclusions. Detailed explanation for each chapter is described 

fellow. 

Chapter 2 represents the analytical formulation for the whole thesis. All the theory behind unit cells, 

transmit arrays and how can they be related together is explained. Additionally, the overall geometry of 

the final solution, as well as the specifications regarding directivity and the focal distance variable are 

described. Because the solution will work as a dual band array, some characteristics have to be taken 

into account when on the designing process. Explanation of these characteristics as well as a 

distinction between the different software programs used throughout the development of this thesis 

can be also found on this chapter. 

In Chapter 3, the individual unit cells design is described. CST Microwave Studio [45] is introduced 

as the software program that will be responsible for the simulation of all available unit cell 

combinations. Moreover, two different sections related to the composition of the unit cells are studied, 

the first combining dielectric material with vacuum and the second introducing different geometries of 

metalized components into the top and bottom of the unit cells. 

The subsequent chapter, Chapter 4, presents the integration of the unit cells developed in chapter 

3 into a functional transmit array. The whole simulation process is explained distinguishing the two 

software programs used, as well as the feeding system used in all simulations. Finally, two different 

scenarios of transmit arrays are tested differing in the focal distance from the feed to the transmit 

array. On this section, the condition which was adopted in the unit cell choosing is referred along with 

the full wave simulations for each transmit array in both frequencies. Moreover, because of some 

adjustments that had to be made in terms of simulation environment, the simulation which will be 

compared to the measured results in laboratory is also performed.  

Chapter 5 involves all the procedures to fabricate and measure a real application prototype in a 

laboratory environment. All the procedures behind creating the physical prototype such as the printing 

technology used behind 3D printing, the type of feeds used and their performance compared to the 

CST simulations, the challenges which had to be taken into consideration and the adjustments around 

it and the supporting structure which had to be built to correctly perform the measurements. To 

conclude, the measured results are compared to the simulated ones to access the reliability of the 

fabricated prototype. 

Finally, chapter 6 entails a brief discussion of the conclusions of this works, as well as, some 

possible future work paths that can be taken to further investigate this area. 
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Chapter 2 

2. Analytical formulation  

The main purpose of this thesis is to design an all-dielectric dual band transmit array for GEO 

satellite applications. Due to this intent, and because of the scenario, this implies long distance 

communication functioning using millimeter waves, which relies on a high directivity/high gain design 

of an antenna. As explained in chapter 1, the chosen antenna composition for this thesis will be a 

transmit array fed by a horn antenna. 

However, in terms of the radiation arriving at the reception, the high gain obtained from the solution 

is not the only thing that matters, other factor has to be taken into account are the side lobes. These 

characteristics come from the optimization of the unit cells used at each and every position in the 

transmit array. In this chapter, the formulation of combining both unit cells (chapter 3) and transmit 

arrays (chapter 4) is explained. 

 

Figure 2.1: Visual representation of the transmit array physical functioning 

The transmit array is composed of a finite number of equally divided elements. These elements, 

unit cells, are responsible for introducing a physical change on the phase characteristic of an incident 
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wave in order to compensate the different paths distances across the whole array geometry. With this 

physical change, the different existing electric paths between the feed and each and every unit cell 

integrating the transmit array is compensated, resulting in a collimated beam. Figure 2.1 illustrates the 

overall behavior of the wave before and after going through the transmit array. 

The different phase shifts that occur in the transmit array are provoked by the different 

characteristics of each unit cell located throughout the entire array. Furthermore, because of the 

geometry of the problem, the incident wave is going to be compensated with different phase shifts 

according to the position relative to the feed, creating the need to have unit cells that can compensate 

successfully within a range of 360º. The different phase shifts needed can be attained by simply 

modifying the individual components and its dimensions for each unit cell. 

As stated before, the unit cells are distributed throughout the array with the objective of 

transforming and incoming spherical incident wave into an outgoing planar wave front. This 

phenomenon is achieved by distributing the unit cells according to a phase correction function for each 

position of the transmit array. The basis for this transformation is the different materials and 

dimensions used in each cell throughout the transmit array.  

Consequently, for each position in the transmit array, it is possible to mathematically calculate the 

phase shift needed, using the phase correction function, and assign a pre-prepared unit cell which can 

perform the closest possible to the phase shift needed. With this in mind, the finished transmit array 

can be populated according to a pre-prepared group of unit cells that contain all possible phase shifts 

for both frequencies. 

 Transmit array 2.1

The illustration of the transmit array, in figure 2.1, is representative of the positioning of both 

components in the antenna which include the feed and the transmit array. The transmit array’s center 

is in line with the center of the feed and represents the origin of the (x,y,z) coordinate system. The first 

two coordinates, x and y, will vary according to the position in the array and z will depend on the 

specific height for each of the unit cells. The feed is located at a distance F from the center of the array 

and it is represented by a dot, on following chapters the precise proposal for the design and 

implementation of the feed is described. 

As shown in figure 2.1, the transmit array’s function is to collimate the incident spherical wave front. 

By design, the output collimated beam can be directed along the z-axis, or at any other elevation 

angle. The present thesis considers only the z-directed case as shown in figure. 

For this to happen, every point at the output of the transmit array has to have the same optical 

phase independently of the varying path lengths from the feed to the input of the transmit array. These 

varying path lengths, can be represented by a transmit array phase correction function Φ𝐼𝑁(𝑥, 𝑦, 𝑓) that 

depends only of the position on the transmit array (𝑥, 𝑦)and the operation frequency 𝑓.  
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As this is a dual band transmit array, two different phase distribution will have to be considered for 

each cell, one for 20 GHz and one for 30 GHz. The phase distribution of the incident spherical wave is 

given by [33] 
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where 𝑘0 = 2𝜋𝑓 𝑐⁄  is the free space wave number, 𝑥 and 𝑦 are the coordinates of a given position in 

the array and 𝐹 is the distance from the feed to the center of the array which is a constant. 

Equation 2.1 represents a physical length between the feed and every point of the transmit array, 

this is the distance that will need to be compensated in order to have a collimated output beam. 

Having this into account, the compensation length introduced by the transmit array for achieving a tilt 

arbitrary angle of 𝛼0 in the zenithal direction is given by the equation [33] 
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when 𝛼0 = 0, which corresponds to the broadside Fresnel correction, Φ𝑇𝐴(x, y, f) reduces to the 

physical length traveled by a ray from the feed phase center to up to each point in the transmit array. 

By adding both equations 2.1 and 2.2, the phase of the outgoing wave is simply given by [33] 
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corresponding to a constant term independent of the position in the transmit array. The phase of the 

outgoing wave is always constant for every position in the transmit array. This means that, if the phase 

introduced by the transmit array is the one from equation 2.2, a planar wave front is obtained at the 

output, as desired. 

 Transmit array dimensions, directivity and focal 2.2

point 

The proposed structure to achieve a high directivity dual band communication at a satellite 

scenario has to be designed as small as possible but always complying with the minimum 

requirements. Because directivity is one of the most important factors to take into consideration when 

designing the transmit array, its dimensions where established ensuring the best possible outcome on 

that aspect. 

The transmit array was first set to be a DxD square with a maximum height of H. However, a 

solution was found to make the transmit array smaller by transforming it into a circle with radius D. An 

agreement between the radiation lost by cutting the corners of the square and the total size of the 

(2.3) 
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transmit array had to be made. Therefore, in image 2.2 is shown the transmit array’s final shape which 

is composed by variable thickness the unit cells. 

 

Figure 2.2: Transmit array final shape and size 

By having a transmit array with the characteristic of collimating a beam into the zenithal direction 

with no tilt angle, the distribution of the cells in the transmit array has a symmetry both in the x and y 

axes. The transmit array will then be a composition of rings of specific cells as the radius increases, 

according to the distance to the center of the array as ensured by the phase correction function. 

The focal distance is also very important when it comes to illuminating the transmit array. The ratio 

between the focal distance and the dimensions of the transmit array is an important design parameter, 

since it defines the size of the overall solution and plays a key role in the integration of the antenna in 

the desired application platform. Generally speaking, the variation of the focal distance can make 

impact in two different ways: 

 Directivity of the radiation pattern; 

 Distortion of the main beam and increase in Side Lobe Level; 

The shape of the radiation pattern as well as the SLL typically have better outcomes when the focal 

distance is larger, however, it also increases the spillover which can lead to increasing side lobes. This 

effect occurs when the radiation illuminating the array exceeds the limits of the transmit array, and it 

can be controlled by analyzing a taper between the center and the edges of the transmit array. Another 

factor that benefits the decrease of the focal distance is the fact that the height of the antenna is lower, 

which in these types of applications is always a looked-for characteristic. Balance between these two 

factors has to be ensured in order to have the best possible outcome when it comes to simulating, 

testing and measuring the transmit array.  
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 Dual band design challenges 2.3

The transmit array as explained before intends to collimate the beam. When talking about dual 

band transmit arrays, the correct collimation of the beam has additional more complex adjustments 

that have to be taken into account such as the different phase behaviors at both frequencies. 

From equation 2.2 is deducted the phase correction function the transmit array has to impose in 

order to appropriately serve its purpose. This phase correction function can be represented throughout 

the entire array for both frequencies. In figure 2.3, a representation of the phase correction function for 

the transmit array is shown. As expected, the evolution of the function across the array is different for 

both frequencies, varying more rapidly at 30 GHz than at 20 GHz. 

For a more simple approach and way to visualize, a transversal cut of the transmit array can be 

done, for example for a fixed y. Figure 2.4 shows the evolution of the phase correction function 

regarding the coordinate x when the coordinate y equals to zero. This way it is possible to understand 

how the phase correction varies with the distance to the center of the transmit array for both 

frequencies. 

           

Figure 2.3: Phase correction function (in radians) visualization across the entirety of the transmit array 

 

Figure 2.4: Different unwrapped phase correction functions across a transversal cut for y=0 
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If the scenario was a single band transmit array, the design would only take into account the phase 

correction of one of the frequencies. However, in the dual band scenario, this independence will 

impact massively the geometry of the transmit array. The criteria chosen for the distribution of the unit 

cells will have to be taken into consideration since it allows minimizing the overall phase error imposed 

at both frequencies. 

For both frequencies it is possible to say that they independently have phase correction function 

along the transmit array represented by parabolic functions with different opening widths. It is 

concluded that for both 20 GHz and 30 GHz the phase correction function varies in an interval of 

1700º and 2500º respectively, which is a significant difference. Moreover, it can be noticed that the 

further away from the centre the position in the transmit array is, the bigger the difference in the phase 

correction functions. This would lead to an unmanageable number of different unit cells with different 

phase pairs.  

In figure 2.3, a representation of the phase correction function for the transmit array to help visualize 

the behaviour of equation 2.2 across the transmit array. By observing this figure, it is clear that there 

are periodic 2π rad phase jumps throughout the transmit array. This results from a 2π rad phase 

wrapping used to compensate for the higher phase error values. It can be shown that the phase 

wrapping introduces an operation bandwidth limitation [44].  

   In the dual band scenario this is particularly difficult due to the independent 2π rad phase jumps 

needed at each band. With this in mind it is possible now to represent the phase correction function 

variation with the position along the transmit array for a wrapped situation. Figure 2.5 demonstrates 

exactly how the phase wrapping would behave on a transversal cut for y = 0. An offset value is added 

to the whole function so that at the centre of the x axes both function are zero. It is seen that there are 

infinite combinations of 20 GHz and 30 GHz phase correction values versus x.  

 

Figure 2.5: Different wrapped phase correction functions across a transversal cut for y=0 
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When talking about dual band scenario three main factors have to be taken into consideration 

when designing the transmit array [44]: 

 Need to compensate several wavelengths of phase error which results from a very high gain 

requirement; 

 Unfavorable ratio between frequency bands; 

 Need to find all the phase pairs for all positions in the transmit array; 

Dual band transmit arrays have a more complex approach than the single band situation. By 

looking into the phase correction function as represented in figure 2.4, the number of phase pairs 

needed to populate a transmit array is very high. With figure 2.5, a finite set of phase pairs is ensured 

by the phase wrapping mechanism aforementioned.  

To conclude, a need for a finite number of unit cells is extremely important since it will simplify the 

geometry of the final solution. The biggest challenge of this work is to find the unit cells that can most 

accurately represent all the phase pairs needed throughout the transmit array. 

 Differences between KH3D and CST 2.4

In order to simulate and test the unit cells and transmit array as a whole, two different software 

programs are used before beginning the fabrication process of the final prototype. As a first approach 

to testing, a segment of FORTRAN code available at IT using the Mathematica [46] software called 

KH3D [47] was used and the confirmation of these results was performed by using the CST 

Microwave Studio software. 

The Mathematica notebook and KH3D were adopted by the IT as a fast first approach to evaluate 

the feasibility of a specific transmit array. In reality, it leaves aside a lot of phenomena which can make 

the real results of the simulations change differently. Therefore, to make it a simple, fast way of 

assessing the viability of a transmit array not all physical variations are taken into consideration and all 

the components around the final product are encoded in order to simulate a real physical experiment. 

In a first stage, the Mathematica notebook calculates the fields using the principles of geometrical 

optics. These principles work by dividing the radiation into rays, which means that diffraction or 

interference between the different parts of radiation is not an issue. After this, to introduce some of the 

phenomena that geometrical optics does not take into consideration, KH3D calculates the transmitted 

field using physical optics. 

Physical optics theory concentrates on the areas where geometrical optics fail, phenomena like 

interference, diffraction, polarization. Summarizing, geometrical optics are used to estimate the field on 

a given aperture and then, physical optics, take that field and integrated it over the aperture surface to 

obtain the transmitted field. 

CST Microwave Studio [45] is a high performance tool to design, analyze and optimize 3D 

electromagnetic components and systems. Although it is slower than the KH3D obtaining results, its 
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accuracy and proximity to real-life situations is extremely appealing. In this software, the transmit array 

can be designed so that all the components have the same material and dimensions as in the after 

fabrication physical measurements.  

Although not completely reliable because of unexpected situations that may happen during the 

prototype simulations, this tool is the one which can ensure the best possible simulation results in 

order to access the feasibility of the transmit array. 

This software uses a Finite Difference Time Domain (FDTD) method that relies on the spatial and 

temporal discretization of the Maxwell’s equations, which consists of iterating the E and H-field by 

constantly relating them to each other. This allows for the calculation of both fields everywhere in the 

computational domain as they evolve in time. For example, for the E-field in time, the update value is 

dependent of the stored E-field value and the change in the H-field across space. The same process 

can be described for the H-field. 

Comparing both software programs, a set of different characteristics can be found when it comes to 

the precision of the results withdrawn from each of them. The most relevant ones are explained in 

detail and pointed here: 

 Materials and components: KH3D does not take into consideration the material that compose 

both the transmit array and feed, as well as the geometry of the transmit array, its 

representation is an aperture with no thickness components associated with it. On the 

contrary, CST allows to specify the height of each and every cell, as described in chapter 3, 

and recreate the transmit array and visualize it as a real possible solution; 

 

 Reflections in the transmit array: when a feed illuminates a transmit array, part of the radiation 

is reflected as wells as the reflections between unit cells. Because KH3D does not take into 

account materials, this phenomena is not represented in its simulations which usually results 

in diagrams with more maximum directivity and less side lobes; 

 

 Electric and Magnetic field in transmit array: KH3D only defines electric and magnetic field 

within the dimensions of the aperture, meaning that outside those dimensions both fields are 

considered to be zero. This does not represent correctly the scenario of real life simulation, 

however, CST has the capability to ensure that the electric field is represented correctly 

everywhere in the simulation area; 

 

 Feed characteristics: As will be described in section 4.2, the feeds of both software programs 

are designed differently, this can lead to differences in the radiation pattern of both feeds. The 

Mathematica feed is an approximation of the real feed used in the measurements in laboratory 

but in CST an identical feed can be designed; 

With this being said, both programs are extremely important in the whole process of simulation. 

Without KH3D, the simulation process would be much more time ineffective and would lead to 
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unnecessary simulations. Regardless of the differences, the results obtained with CST, must be seen 

as more trustworthy as the ones from KH3D due to the limitations imposed by KH3D. The combination 

of both these programs makes the overall simulation process much easier and where crucial in the 

whole development of this thesis.  
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Chapter 3 

 

3. Unit cells design 

One of the foundation principles of the design and implementation of transmit arrays, is the 

individual analysis of each component in the array. The transmit array is divided into a finite number of 

cells which will recreate the phase correction function needed to collimate the beam. Each unit cell 

has to be individually simulated in order to acquire a full comprehension of its behaviour when 

integrated within an array. This Section efforts the design and full wave numerical simulation analysis 

of the group of unit cells which will compose the transmit array.   

Designing and implementing a transmit array has as main goal to achieve an agreement between 

size and the efficiency with which the array can successfully collimate the beam. Therefore, this 

chapter efforts the design and software simulation analysis of the group of unit cells which will 

compose the transmit array needed for communication with a GEO satellite at a dual-band scenario. 

In order to fully design and simulate these components, a powerful tool for 3D electromagnetic 

simulation is available for use at the IT. CST Microwave Studio [45] allows the optimization of the 

behaviour of the unit cells in a software environment from the earliest stages of development and 

before the integration in the final transmit array. 

Moreover, the unit cells’ materials and overall characteristics must be compatible with the 3D 

printer used in laboratory [48]. Not all materials can be used in the printer which only allows the 

fabricated product to be made out of a portfolio of specific materials, namely some types of plastics. 

There are four main characteristics of unit cells that will have to be taken into account when 

designing and simulating with the final objective to integrate them in a transmit array: 

 The phase generated at the cell output port for a given incident wave, considering the cell 

length, the dielectric characteristics and the required combined behaviour at 20 GHz and 30 

GHz; 

 The losses from propagation and reflection occurring throughout the unit cells. This will 

directly affect the magnitude of the signal at the output of the unit cell; 
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 The thickness of the cells. Not only to avoid having a very large and heavy final product but 

also because a big discrepancy in heights of adjacent cells can cause additional phenomena 

to occur, for example reflections. 

 The unit cell dual-band design requires an additional concern, there is independent phase 

behaviour at each band as explained in section II which causes its overall project to be 

significantly more difficult than a regular single band transmit array. 

Typically, the transmission magnitude coefficient should be higher than -1.5 dB, this will assure that 

the loss of output signal magnitude is insignificant. In terms of phase, when designing a set of unit 

cells for a single band scenario, typically, a 360º discrete phase wrapping is necessary to fully 

represent a continuous phase radiation pattern result.  

Another challenge is the fact that the two frequencies react differently to the same materials, 

meaning that when it comes to conciliating low error on the phase correction and low transmission 

coefficient magnitude, sometimes the disparity on the simulation results for the same unit cell in each 

band is very substantial. Comparing the phase coefficient that two unit cells have at the two different 

bands, on all-dielectric cells, the phase shift of one unit cell in relation to a reference is 1.5 times 

bigger at 30 GHz than at 20 GHz.  

 

Figure 3.1: Required phase versus the equivalent compensation length, for two generic frequencies f1 
and f2 considering unwrapped phase [44] 

The purpose of the unit cells is to compensate the electric path between the focal point and each 

position in the array. This is achieved by introducing a phase shift at each and every position in the 

array which is imposed by the geometry of each unit cell resulting in a planar phase front in the far 

field region as it is shown in figure 3.2. A priori, the compensation needed for each position is known 

from the phase correction function introduced in section 2.1. Therefore, this allows the simplification of 

the simulation of the unit cells since the goal will be to try to find the unit cells which can perform the 
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behavior known a priori. In order to fulfill a 360º phase wrap at a given frequency it is necessary to 

arrange the material and dimensions in each unit cell so that the simulation results correspond to the 

mathematical calculations done beforehand. 

Each and every one of the unit cells designed was tested using CST software program.  

 

Figure 3.2: Behaviour of each unit cell composing the array when performing the transformation of the 
wave front. 

 

 Dielectric and vacuum composed unit cells 3.1

Obtaining the planar phase front needed becomes a relatively easy task when only using a 

dielectric material to compose each one of the unit cells. Dielectric material has the ability to support 

an electrostatic field with very few insignificant losses in the form of heat. Some of these materials are 

also compatible with the 3D printer in laboratory, therefore, they are practical suitable materials to the 

fabrication process. 

The unit cells geometric representation can be seen in figure 3.3. It is composed of a dielectric part 

and a vacuum part and its shape is a parallelepiped with height H defined before.  These unit cells are 

designed to present different phase shift values attained from the different dielectric heights each unit 

cell has. Unlike the work presented in [16], where the unit cells have all the same height and the 
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metallized components create the phase shift required, this solution relies only on the transition 

between the vacuum material and the dielectric material. This allows a much more simple and low cost 

solution at the expense of not having all the possible phase combinations at both frequencies. 

   The base of the parallelepiped is a 5x5 mm square meaning that the width of the cell is λ/3and 

λ/2 at 20 GHz and 30 GHz respectively. This discretization is determined by the wavelength 

requirement at both frequencies and the study of the step of the cells determined that there were 

insignificant differences on the unit cells behaviour until the width of 5 mm. 

 

 

Figure 3.3: Schematic of the two ports and unit cell simulation setup 

By approximating the phase behaviour of each unit cell only to the phase shift coming from the 

propagation in different materials, it is possible to calculate the phase delay introduced by each and 

every type of unit cell. Of course this approximation does not correspond to the real scenario since it 

does not take into account the multiple reflections within the dielectric material which affect directly the 

phase of the cell. The approximation of the phase delay in an all-dielectric unit cell is given by: 
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where 𝑘0 = 2𝜋𝑐/𝑓 is the spatial frequency of the wave or wave number (in radians per unit distance) 

with 𝑓 and 𝑐 representing the frequency (in Hertz) and speed of light in the vacuum (in meters per 

second) respectively, the √𝜀𝑟 is the refractive index of the dielectric material and 𝑑𝑑𝑖𝑒𝑙𝑒𝑡𝑟𝑖𝑐 is the height 

or thickness (in mm) of the dielectric part of the unit cell. 

Additionally, the phase of a unit cell composed entirely of air or vacuum can also be mathematically 

described in a similar way, 
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where the variables represented are the same except the refractive index √𝜀𝑟 which for air or vacuum 

is 1 and ,therefore, it is omitted in the equation. A particular interesting way of designing the unit cells 

is to conjugate these two materials, air and dielectric to obtain the desired phase shift at each position. 

By rearranging equations 3.1 and 3.2 the phase of the combined unit cell results in 
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    (3.3) 

having equation 3.3, it is possible to calculate the height or thickness of any cell according to the 

phase shift wanted at each position. This allows to correctly calculate the maximum height for the unit 

cells as well as the variation of phase in relation to a given reference cell. The combination of two 

similar 3.3 equations results in 
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and solving the equation 3.4 in order to 𝑑1, 
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with this equation is now possible to calculate the value for the height of each unit cell related to the 

phase shift needed 
1

( )
r e f

   , and then ,with the software simulations, confirm it behaves the way 

it is supposed to.  

For the purpose of this work, the dielectric originally chosen was Polylactic Acid (PLA), which is a 

biodegradable plastic from the polymers family and has a permittivity of 2.9. This material has is 

characteristics very well studied in the IT laboratory and it is the best material to work with when it 

comes to 3D-printing. However, the PLA transmission losses because of the characteristics of the 

material are very high which can result in a reduction in the overall transmit array directivity. Another 

material, the Polyethylene is characterized by its very low transmission losses, however this material 

is not compatible with the 3D-printer since it does not stick well to anything. When thinking about 

injection moulding and mass scale production, this could be a valuable option in terms of increasing 

directivity. 

In terms of outdoor applications, since the PLA is a biodegradable plastic it would not be fit to 

integrate the transmit array, however, in terms of testing it is very appealing for reasons 

aforementioned. Another plastic such as acrylonitrile butadiene styrene (ABS) would be more fit since 

it is not biodegradable and it is very commonly used in moulding processes. The 3D printer available 

in laboratory does not work well with this material, that is why the chosen material was the PLA. 

The reference cell was chosen to be the smallest possible dielectric thickness that could be printed 

by the 3D printer. This resulted in a 𝑑𝑟𝑒𝑓 = 0.27 mm. By replacing, in equation 3.5, the aforementioned 
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values, it is possible to create a table with the results at each frequency. Table 3.1 shows a linear 

relation between the height of the cell and the phase shift the cell is characterized by. 

Table 3-1: Calculations of the height of dielectric correspondent to each phase shift based on equation 3.5 

Phase shift Height calculated at 20 GHz [mm] Height calculated at 30 GHz [mm] 

ref 0.27 0.27 

45º 2.94 2.05 

90º 5.60 3.83 

135º 8.27 5.60 

180º 10.94 7.38 

225º 13.61 9.16 

270º 16.27 10.94 

315º 18.94 12.72 

360º 21.61 14.50 

 

As it can be seen in table 3.1, the two frequencies have a different height evolution according to the 

phase shift value. At 30 GHz, with a full 360º phase wrap, the height of the biggest cell is 14.50 mm 

which corresponds at a phase wrap in the frequency of 20 GHz of between 225º and 270º, therefore, 

not achieving a desirable 360º wrap. As a consequence, in order to achieve a 360º phase wrap at 20 

GHz the cells which have to be used have maximum height at 21.61 mm. 

This particular effect is the main problem of the dual-band scenario because the phase of the cells 

at 20 GHz and 30 GHz vary independently as explained in section 2.3. By means of using only unit 

cells composed of dielectric and vacuum,  a very simple transmit array geometry can be arranged 

composed of only one material and varying its thickness along the transmit array. By having these 

characteristics the transmit array can also be called a dielectric lens as stated before.  

Using the CST software, the design and simulation of the unit cells for a minimum height of 0.27 

mm and maximum height of 21.61 mm was performed using a step of 0.335 mm. Consequently, this 

resulted in 64 evenly distributed unit cells with a phase shift between each other of around 5º/6º at 20 

GHz and 8º/9º at 30 GHz.  

In order to perform the simulations correctly, two ports where placed 10 mm away from the 

beginning and end of each cell as it is shown in figure 3.3. These ports simulate an electromagnetic 

wave transmission and allow the computation of the parameters responsible for determining the 

magnitude and phase response of the unit cell using periodic boundary conditions. In order to obtain 

relatable data between simulations, the distance of the ports to the ends of the cell has to be the same 

throughout all simulations. Therefore, the only parameter which differed between simulations is the 

height of the dielectric component. 
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With the CST simulations, it was confirmed that the mathematical calculations performed above 

and presented in table 3.1 where approximately correct with small insignificant phase discrepancies. 

In terms of phase wrap and geometry, a dielectric only approach is a low cost and simple solution due 

to the fact that it can be 3D printed and it is only composed of one material.  

To have a better representation of the phase behavior of each unit cell designed at both 

frequencies, a representation is made by showing for every unit cell the pair of phases which 

correspond to its simulation results and it is shown in figure 3.4. In this case, the phase of each unit 

cell at both frequencies is treated like a Cartesian (𝑥, 𝑦) pair, therefore, a representation of the 64 unit 

cells can be done by assuming each unit cell, or each pair, is denoted by one cross in the 

representation. 

As it is shown in [44], the lines in figure 3.4 are the lines that need to be populated with unit cells so 

that the full phase wrap for the dual band scenario could be achieved. The lines in figure 3.4 

correspond to the areas of unrepeated unit cells. In order to have all required pairs of phase 

combinations at 20 and 30 GHz, the lines have to be fully populated with the unit cells simulated. This 

means that a dual band transmit array can be populated with a finite number of discrete phase cells. 

The actual slope of the lines is characterized by the equation 
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which shows a typical line equation which slope is 𝑓2 𝑓1 = 1.5⁄  .  

This allows a better understanding of how the phase shifts in dielectric and vacuum unit cells 

behave with respect to the frequency in which the transmission and reception is made. Figure 3.4 is a 

basic groundwork for the population of the transmit array and, for this reason, every unit cell designed 

must comply with the sloped lines in the graph. 

 

Figure 3.4: Dielectric 64 unit cell representation of phase at 20 GHz and phase at 30 GHz 
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An important detail regarding this fact is that the transmit array’s most relevant feature is the phase 

shift between the cells in the array must be constantly increasing as shown in figure 2.4 in chapter 2. 

What this means is that it doesn’t matter the cell at a specific position but rather the relation that that 

cell has with every other in the array.  

However, the phase wrap is not the only parameter important to the design of the unit cells. 

Another very important parameter is the transmission magnitude coefficient (TMC) as explained in the 

beginning of this section. This coefficient translates the overall magnitude transmission loss that each 

cell imposes. As stated before, ideally this coefficient should be 0 dB, nevertheless it is impossible to 

achieve this with any kind of material. In order to have an insignificant influence from this parameter, a 

threshold should be estimated. Therefore, the transmission magnitude coefficient threshold is advised 

to be as low as possible in each and every unit cell used on the transmit array. This will assure that the 

signal will not decay significantly in terms of magnitude.  

 

Figure 3.5: TMC behaviour evolution with the increase in the phase shift value relative to a reference cell 

In order to better analyze this coefficient, the figure 3.5 was produced, showing a graph of all the 

64 unit cells designed and the transmission magnitude coefficient evolution regarding the phase shift 

of every unit cell relative to the reference cell defined earlier. It is clear that there is a relation between 

the TMC and the phase shift relative to the reference cell. As the thickness of the cell gets bigger, the 

phase shift gets bigger, and the overall coefficient increases, this translates into two oscillating 

behaviour with an offset and a slope. 

The third curve in the figure is a threshold curve, as it was explained before. The validation of each 

unit cell is given by the TMC, which depending on its application, it is advised to be below 1dB. This 

threshold curve will allow the correct verification of each and every unit cell designed. In this case, for 

a dielectric and vacuum arrangement, it is demonstrated that at around 180º for 20 GHz and 160º for 

30 GHz a combination of below threshold TMC at both frequencies is almost impossible. With that 

being said and having into consideration the application of this transmit array, the TMC, at this stage, 

will be ignored and all the 64 unit cells found will be considered for implementation on the transmit 

array. 
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 Metalized components in unit cells 3.2

A possible solution to try to reduce the overall size of the unit cells as well as finding new pairs in 

terms of behaviour at both frequencies is to introduce metallic components in between layers of 

dielectric material. As it is demonstrated in [44] for dual-band applications, it is possible to have a 360º 

phase wrap at both frequencies for the entire array by optimizing the dimensions and number of 

metallic components that compose each unit cell.  

However, the aforementioned work relies on 7 layers of metallic components in order to obtain the 

phase wrap needed. With this in mind, it is necessary to achieve a simpler geometry, so it is previously 

defined that only two metalized layers will be used, one at each end of the unit cell. 

Furthermore, the 3D printer used in laboratory doesn’t allow to print different types of materials at 

the same time. Nevertheless, a feasible outcome would be to use the 3D printer to print the dielectric 

parts of each unit cells and then, with an auxiliary metal printer, print the metallic components and glue 

them in a substrate which would then glue to the dielectric part. Resulting in a thin flat transmit array 

with 4 different materials: dielectric (PLA), metal (copper), air/vacumm and substrate (ROger).  

By investigating past literature on dual band transmit arrays with both dielectric and metallic 

components very few examples were found. There were two main works that could possibly be a 

foundation for this work but the characteristics of the individual unit cells were not compatible. 

Meaning that both works had either a bigger number of layers or different materials from the ones 

determined to this works’ solution. Figure 3.6 shows both of these geometries. 

 

Figure 3.6: a) Schematic for metal and air unit cells [49]  b) Schematic for seven layer dieletric and metal 
unit cells [44] 

In figure 3.6 a) there are four identical metallic layers which are separated by air, meaning that 

there are no dielectric or substrate materials between layers. These layers are a metalized square 

patch with 3 slots in total and 2 different types of slot dimensions. In figure 3.6 b) there are seven 

metallic layers printed on a Rogers Duroid 5880 substrate material and separated by a dielectric slab. 

Each metallic layer is composed of a either a square patch or a combination of a square patch and a 

strip loop centred with the patch. 
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As I mentioned before, the solution in mind for this particular work is most relatable with the 

geometry of figure 3.6 b) since it is a combination of metallic and dielectric components. However, the 

number of metallic layers of each unit cell needs to be reduced. Consequently, a complete new 

investigation must be performed in order to arrange the different metalized components that will be 

more advantageous in the scope of this work. 

With this in mind, using the CST software, a variety of possible unit cell geometries, namely the 

metalized components, was put up to the test. Because the main purpose of the insertion of the 

metalized components is to decrease the overall thickness of the cell, a maximum height of dielectric 

of 10,32 mm seems reasonable taking into account the graph of the TMC shown in figure 3.5 and the 

height calculation on table 3.1. The main goal of the metalized components after the reduction in 

overall size is to try and discover unit cell designs that will replace the phase shift that the bigger cells 

impose.  

Having this into consideration, the interactive behaviour the metalized components have with the 

dielectric and between each other create different phase and magnitude reactions at each frequency, 

and it is necessary to understand these reactions in order to correctly vary parameters to define the 

characteristics of each unit cell. Moreover, as aforementioned it is necessary to have a 360º phase 

wrap at each frequency so that all the transmit array is correctly populated.  

For the sake of the argument, a wide range of different geometries are considered. Figure 3.7 

shows examples of metalized layers that were simulated and tested where they are represented by 

the grey colour. 

 

Figure 3.7: Different metalized layers configurations designed and simulated in CST 

Besides having into consideration all the geometries represented in figure 3.7, another factor that 

has to be taken into consideration is the positioning of the metalized components. The metalized layer 

can be place on the top, bottom or both top and bottom of the unit cell. Never to forget that the unit 
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cells with the metallic components also have to comply with the TMC requirements that were stated at 

the beginning of this chapter. 

With the help of the software simulator CST Microwave Studio, the different scenarios and metal 

configurations were ran through a series of simulations in order to correctly assess their usability on 

this design. Although some of them were able to comply with the criteria set above, the majority of the 

simulations results were inconsequent.  

This means that the all-dielectric cells with higher heights were not able to be substituted by these 

metal layer composed cells. As it shows in figure 3.4, on the previous section, it is also possible to add 

to this figure the pairs of phase behaviour at both frequencies for the scenario of metalized unit cells. 

Figure 3.8 represents the visualization of all the pairs of phase that complied with the criteria being 

used both for the all-dielectric and the metalized cells. 

 

Figure 3.8: Metalized and dielectric composed unit cell representation of phase at 20 GHz and phase at 30 
GHz 

 Final used unit cells  3.3

The choosing of the cells is very much influenced by the type of application for which the transmit 

array is going to be designed. Of course there are always factors to have into consideration that 

influence the outcome of the transmit array such as size and performance. In the specific spectrum of 

this thesis, the decision was made based on simplifying the geometry of the transmit array used and 

achieving a fixed link with a GEO satellite which entails high gain that comes from the overall size of 

the antenna. 
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In the application proposed in this work, due to the unit cells being defined by variable thickness 

dielectric material, there are not enough degrees of freedom to impose simultaneously a phase and 

magnitude condition. Therefore, the phase condition was given priority in relation to the magnitude 

condition. This will allow to have a better collimation of the beam at the expense of a bigger loss 

related to the unit cells used in the transmit array.The final geometry of the chosen cells is described in 

sector 3.1. An all-dielectric and vacuum set of unit cells is used to populate the transmit array 

according to the analytical formulation in section 2.1.  

A big advantage of this solution is that in the IT laboratory there exists a 3D printer which can only 

print particular types of materials, metal not included. Therefore, if the solution integrated metalized 

components, an alternative method for printing and assembly would have to be applied. 

The material used to compose the cells is the PLA plastic introduced before and with this material 

is possible to achieve a full 360º phase shift both at 20 and 30 GHz. However the challenge of 

conjugating both frequencies explained in section 2.3 has also to be taken into consideration in future 

chapters when designing the transmit array. 

With this particular type of cells a dual band high gain all-dielectric transmit array is generated 

according to the criteria in sections 4.4.1 and 4.5.1 and simulated and measured in the following 

chapters. This enables the creation of a geometrically simple and all-dielectric dual band transmit 

array which has not been found in previous literature so far. 
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Chapter 4 

 

4. Transmit array design and simulations 

In this chapter, two transmit arrays, using the cells developed in section 3.1 are designed and 

simulated in order to access their viability when it comes to complying with the requirements. The two 

transmit arrays differ on the distance in focal distance, meaning that two different distances between 

the feed and the transmit array are tested. 

There exists a trade-off between the value of F, the phase error to compensate in the transmit 

array due to the missing pairs of phase combinations and the feed edge taper. As F increases, the 

phase error decreases since the phase jumps become less frequent, however, the feed edge taper 

gets worse increasing the spill over which can increase the SLL and decrease the gain. The variation 

of F will have an impact on the outcome of the solution and for this reason two focal distances are 

chosen for simulation, 500 mm and 600 mm. 

Transmit array design is a more complex careful work than unit cells themselves, especially when 

tackled with a dual band scenario. To have a transmit array prepared for transmission and reception at 

both frequencies, an automated simulation process must be applied to ensure the final product has 

the best possible outcome. The goal is to populate the transmit array with a finite number of discrete 

phase unit cell so that the phase correction function of the resulting transmit array is the closest 

possible to the continuous function. 

This optimization process can take a lot of time as the transmit array can be populated according to 

different criteria defined by the user. This creates a very large number of iterations and, subsequently, 

testing until the optimized final product is achieved. However, in order to succinctly explain the final 

product of this chapter, only the most important and relevant simulations will be displayed. 

First, the simulation process is explained. Every step from the two different software programs until 

the fabrication of the prototype is represented in detail. The second section illustrates the two different 

feeds chosen to integrate the antennas and used to simulate and test the arranged solution. Before 

testing the dual band transmits arrays, a section with the simulation results for the single band case for 

both bands is described. This will allow comparing result differences between single and dual band 

scenarios. After that, two different scenarios are chosen for simulation purposes differing in the focal 
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distance from the feed to the transmit array. Within each of these scenarios, the criteria of choosing 

the unit cells as well as all the full wave simulations of the array are exemplified. Finally, for means of 

relating all the data results coming from the simulations, a comparison between both scenarios will 

allow a better visualization of the overall outcome. 

 Simulation process  4.1

To correctly perform all the steps to access the reliability of each dielectric lens, two different 

software tools are used for simulation and optimization. As described in section 2.4, CST can 

sometimes, depending on the simulation size, take a lot of time while performing its calculations and 

plotting results. A different tool is used as a primary evaluation of the potential of the transmit array 

designed in order to assess if the CST simulation is worthy or if modifications are required. 

As a first approach tool, IT supplied a Mathematica notebook [46] which basically consists in a 

coded segment that calculated the radiation pattern and diagram of an aperture with a specific 

illumination as well as a lot of more simple calculations that allow a better understanding of the overall 

system. What the code does is, for a specific size of array, NxM cells; it generates a continuous phase 

correction function for each unit cell throughout the array dimensions according to the formulation in 

section 2.1. 

With this information, and in line with the development of unit cells in chapter three, it is possible to 

distribute the unit cells designed for all positions and create a discrete array which is the closest 

possible to the continuous case. For each cell a different phase correction value is needed therefore, 

after understanding the value of phase needs to be imposed for a specific position, a search through 

the portfolio of available cells defined in section 3.1 is made in order to find the best suitable cell. 

For a single band transmit array, the assignment of unit cells to each position would be relatively 

simple as explained in previous chapters. However, for the dual band case there are independent 360º 

phase wraps at both frequencies, this means that an agreement between using the best possible cells 

at 20 GHz and 30 GHz has to be ensured. 

At the end, the results shown are the results which need to be assessed in order to ensure that 

going to the next step of the simulation is a logic procedure. This is done not only by analyzing the 

resulting directivity diagram but also by checking if a logical error didn’t occur, meaning an incorrect 

assignment of unit cells to the array or incoherent dimensions of the array and number of cells. After 

guaranteeing that the transmit array is suitable for the next step of, the notebook generates an output 

text file, with N columns and M lines, that contains, for each cell, a number corresponding to the 

assigned unit cell for that position. The entire document will then allow to correctly visualize the unit 

cell distribution along the whole transmit array. 

Thereafter, CST has a functionality to perform a more visually appealing conception of the transmit 

array. With the purpose of creating the actual transmit array in the CST software a segment of code 

was generated to employ a more automated and fast way of individually create each cell of the 
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transmit array. This software has the capability to run a VBA macro which contains all the information 

on the creation and positioning of the transmit array. Having this in mind, a macro was coded 

specifically accordingly with the specifications of the solution in order to correctly build cell by cell the 

transmit arrays described in future sections.  

For this, the VBA macro editor takes two input files which contain information relative to the 

transmit array to be tested, these input files are: 

 the output text file from KH3D Mathematica which contains the cell distribution across the 

geometry of the transmit array, therefore, each cell is represented by a number correspondent 

to the cell’s characteristics at that position; 

 

 another text file with information about the characteristics of each cell, in this case, a number 

representing the cell and the height or thickness of the cell; 

After running the macro, the final product is an all-dielectric transmit array represented in the 

simulation software which consist of a group of cells with different thickness arranged accordingly to its 

geometry. A suitable feed is then added at a specific focal distance according to the scenario. The 

characteristics and dimensions of the feeds are explained in section 4.2. 

Using the Time Domain Solver of CST Microwave Studio, two independent full wave simulations 

are performed in both Dual Band frequencies. The feed’s dimensions for both 20 GHz and 30 GHz 

frequencies are different, therefore, two separate simulations are required to achieve correct results at 

each frequency. 

 

Figure 4.1: Flowchart representation of the overall simulation process 
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Subsequently, the results correspondent to phase and magnitude behavior are analyzed and it is 

determined if the designed transmit array is suitable for fabrication or not according to the solutions 

requirements. In figure 4.1 a full flowchart of the simulation process is represented to better 

understand the relations and steps between software programs, as well as description of every step 

from beginning until final product. 

 Feed 4.2

In line with the Simulation process for the transmit array design, and for validating the simulations 

occurring throughout the process, a primary feed is needed to illuminate the transmit array. The 

collimation of the beam, referred on section 2.1, can only happen by allowing a wave front created by 

a  primary feed to radiate the surface of the transmit array. 

Consistent with previous works at IT, there were existing developed antennas that could be used in 

the spectrum of this thesis. Those antennas consisted of typical horn antennas of copper. Therefore, 

these antennas were designed in the CST software and approximated in the KH3D software so that 

they would have the most identical behavior possible to the physical design. These specific antennas 

radiate at their output a spherical wave front in the direction required.  

In KH3D, the simulation of the horn antenna was done by adjusting a value that defined the beam 

width at -3 dB within an exponential function. This defined a shape that reproduced a sufficient 

approximation of the diagram pattern of a horn antenna.  

Depending on the distance between the feed and the transmit array, the intensity of radiation and 

area of the transmit array illuminated by the feed is going to differ. The area illuminated varies with the 

distance and the intensity of radiation inversely varies with the distance, meaning that the smaller the 

distance the smaller the area illuminated by the feed and the higher the intensity within that area. 

KH3D simulates a feed with similar radiation pattern to the horn antenna from CST but it is only an 

approximation. This approximation is represented by the feed directivity and can be described in 

equation 4.1 below: 
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where Prad is the total power radiated by the feed, in W, 
0

Z  is the feed impedance, in Ω,  and Ua(θ) 

represents the power diagram of the feed at each position in spherical coordinates, in W. Equation 4.2 

defines the power diagram which in logarithmic scale leads to resembling a spherical wave front. 
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where σ is a constant defining the -3 dB beam width, in degrees. The combination of the two 

equations above is what gives to the KH3D simulating feed the shape of a spherical wave front. 
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From the mathematical approximations it is possible to see that the feed encoded in the KH3D 

simulation tool does not vary with the frequency of the radiation to be tested, therefore, only one 

radiation diagram is presented to describe it. Figure 4.2 shows the realized gain for both the H and E 

plane in the far-field region. 

 

Figure 4.2: KH3D simulated H and E plane far-field realized gain radiation patterns at 20 and 30 GHz  

Analyzing figure 4.2, it is possible to conclude some characteristics of the feed: 

 The maximum realized gain/directivity for both the E and the H-plane is 14.5 dB; 

 The 3-dB beam width is 36.43º for the H and E-plane; 

 Radiation patterns in both planes are exactly the same, this does not occur for the CST case 

detailed below;  

 Its behavior is very linear and not exactly very real since it is an approximation; 

In CST the antenna can be designed by adjusting its dimensions so that the radiated output beam 

corresponds to the desirable spherical wave front with the directivity required of 14.5 dB. As stated 

before, due to previous work on related subjects these antennas were already developed in this 

software. In figure 4.3 is possible to understand the overall design of these antennas in the CST 

software and how their geometry changes according to the coordinate system. 
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Figure 4.3: Feed Front, Back and Side view from left to right respectively 

Another important factor is that Dual Band applications require different horn antennas in order to 

radiate energy with the same value. Therefore, two distinct horn antennas were designed with the goal 

of correctly simulate both the uplink and downlink scenarios. Figure 4.3, does not show the value of 

the thickness of the horn antennas because this values does not differ according to the frequency and 

its absolute value is one millimetre.  

As a result, the final specifications for each frequency in terms of the design of these antennas can 

be found descripted in table 4.1. 

Table 4-1: Dimensions of variables from figure 4.3 correspondent to the feeds measurements for both 
frequencies 

 

Although the same transmit array is used for both the 20 GHz and 30 GHz simulation, the same 

feed cannot be used as they have different dimensions therefore having distinct values of directivity if 

used in the opposite scenario.  

Therefore, in order to correctly simulate both feeds and understand if the geometric design is 

performing in line with the objective, separate full wave simulations of the feeds have to be performed. 

The simulations are performed with the horn placed as in figure 4.12, that is, a horn which the 

resulting plane E is parallel to 𝜑 =  900. The results observed in figure 4.4 and 4.5 are the realized 

gain for both the H and E plane in the far-field for frequencies 20 GHz and 30 GHz respectively. 

Analyzing image 4.4 for 20 GHz, it is possible to conclude some characteristics of the feed: 

 The maximum realized gain/directivity for both the E and the H-plane is 14.5 dB; 

 The 3-dB beam width is 34.6º for the H-plane and 35.9º for the E-plane; 

 The side lobe level is -21.3 dB for the H-plane and -17.7 dB for the E-plane; 

 Radiation patterns in both planes differ after approximately  5 0  º ;  

Analyzing image 4.5 for 30 GHz, it is possible to conclude some characteristics of the feed: 

 Frequency [GHz] D1 D2 W1 W2 L1 L2 

Dimensions [mm] 20 30.500 23.160 12.668 6.318 45.300 20.000 

30 20.800 15.800 9.112 5.556 40.050 20.000 
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 The maximum realized gain/directivity for both the E and the H-plane is 14.6 dB; 

 The 3-dB beam width is 34.9º for the H-plane and 35.3º for the E-plane; 

 The side lobe level is -21.8 dB for the H-plane and -17.8 dB for the E-plane; 

 Radiation patterns in both planes differ after approximately 4 0  º ;  

 

Figure 4.4: CST simulated H and E plane far-field realized gain radiation patterns at 20 GHz

 

Figure 4.5: CST simulated H and E plane far-field realized gain radiation patterns at 30 GHz 
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Regarding the illumination of the transmit array, there is another factor which directly influences the 

results of the simulations, most specifically the realized gain radiation diagram. This parameter is the 

taper. In other words, the difference between the magnitude of the radiation in the center of the 

transmit array and the magnitude on its edges. This allows the understanding of how many dB of 

difference there is across the whole transmit array. This illumination magnitude is independent of the 

frequency of the radiation. In figure 4.6, a comparison between the taper of a focal distance of 500 and 

600 mm is shown. 

        

Figure 4.6: Taper at a focal distance of 600 and 500, left and right respectively 

According to section 2.2 it is confirmed that the actual transmit array is more consistently 

illuminated with higher intensity radiation when the feed is further away from it. However, there is 

energy being wasted with the spill over effect, especially on the case of focal distance equal to 600 

mm.  

 Single Band simulation results 4.3

The evaluation of the performance of the all-dielectric Dual Band transmit array is described in the 

sections to follow. However, a very good comparison point to these simulations is the behaviour of an 

all-dielectric single band transmit array designed with the same criteria to understand the differences 

in the simulation results between the single and dual band scenario. 

Therefore, two different Single Band transmit arrays were designed for both frequencies using the 

same process as is section 4.1, and simulated in the CST software program. The criteria from which 

the cells were chosen was, at each position evaluate which unit cell from the library available 

corrected the phase better according to the phase correction function. By doing this, the phase 

imposed by each cell throughout the array for each frequency almost resembles a perfect continuous 

phase correction function like represented in figure 2.5 in section 2.3. Obviously, this scenario can’t be 

perfectly replicated since the phase values imposed by the library of unit cells available are discrete. 

Figure 4.7 and 4.8 represent the simulated far field realized gain for the E and H planes for the two 

different frequencies, 20 GHz and 30 GHz respectively 
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Figure 4.7: Single band transmit array simulated far field realized gain radiation pattern at 20 GHz for both 
planes 

 

 

Figure 4.8: Single band transmit array simulated far field realized gain radiation pattern at 30 GHz for both 
planes 
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Analyzing figure 4.7, the following data can be extracted for the 20 GHz scenario: 

 The E and H plane diagrams are very similar and only differ slightly in the side lobes; 

 In both planes, there is a realized gain of approximately 37.9 dBi and a SLL of -27.7 dB which 

is considered to be adequate to the scenario; 

 Directivity is approximately 38.5 dBi; 

 The 3-dB angular width of the beam is 1.6º; 

 The main lobe direction is 0º as intended; 

Likewise, analyzing figure 4.8, the following data can be extracted for the 30 GHz scenario: 

 The E and H plane diagrams are very similar and only differ slightly in the side lobes; 

 In both planes, there is a realized gain of approximately 39.8 diB and the SLL for the E and H 

plane is -31.2 and -27.8 dB respectively; 

 Directivity is approximately 40.5 dBi; 

 The 3-dB angular width of the beam is 1.2º; 

 The main lobe direction is 0º as intended; 

Table 4.2 summarizes the measurements obtained by both the KH3D and the CST simulations and 

ensures a clear representation of the values so that they can be more easily compared. 

Table 4-2: Overall simulation results for 600 mm of focal distance 

Frequency [GHz] Plane Realized Gain[dBi] Directivity [dBi] SLL [dB] RE [%] 

20 
E 

37.93 38.47 
-27.70 

39.32 

H -27.70 

30 
E 

39.84 40.53 
-31.20 

27.13 

H -27.80 

 

 Transmit array with focal distance of 600 4.4

In this section, the transmit array for the biggest focal distance is tested. First, the criteria which 

was used in populating the transmit array is explained as well as the errors occurring from this action. 

The second section provides the full wave simulation using the CST software and compares it to the 

KH3D simulations performed for the same scenario. 

4.4.1 Cell choosing and criteria used 

Having as a portfolio the unit cells described in section 3.3, the creation and population of the transmit 

array becomes much easier. In order to optimize the choosing of the cells for each position in the 

array, the process of populating was done manually. What this means is that, according to the distance 

from each position in the transmit array to the center of the transmit array, a specific cell was selected 
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which would ensure the fewer errors in phase as possible. By manually choosing the cells, the 

optimization of the distribution of the unit cells throughout the array has the lower error it can be 

obtained.  

Furthermore, by manually enforcing the most optimal distribution, another important setback can be 

masked which is the dual band phase error. As it is known, and it was discussed in section 2.3, one of 

the most challenging problems this type of transmit array faces is the dual band independent phase 

correction functions. This means that a very big number of phase combinations, at 20 and 30 GHz, 

would have to be ensured in order to have a fully, error free distribution of cells. With the cells at 

disposal, it is not possible to guarantee this error free solution. However, when choosing the cells for 

the most critical cases, the criteria chosen had the purpose of balancing of the error at both 

frequencies as represented in figure 4.9. 

From previous works, it is observed that another big problem when it comes to designing transmit 

arrays composed only of dielectric elements, is the number of 360º transitions that occurs in the 

surface of the transmit array. By manually enforcing the distribution, it was ensured that the first 

transition was the furthest away from the center of the transmit array, as it is the area that receives 

most intense radiation and contributes more to the radiation pattern. This also allows for a smaller 

number of transitions within the transmit array. 

       

Figure 4.9: Representation of the error of the chosen cells (in degrees) relative to the theoretical phase 
correction function at both 20 and 30 GHz, left and right respectively 

Observing figure 4.9, the discrepancy between error and error free areas is divided by rings which 

correspond to the transitions and phase to be corrected at 20 GHz. It is clearly visible that there are 

two types of areas within the different rings across the transmit array. The intervals of error regarding 

the two different frequencies are specified in table 4.3. 

Table 4-3: Interval of errors regarding figure 4.9 and overall mean error 

Frequency [GHz] Blue area [º] Yellow and Green area [º] Mean error [º] 

20 [0 ;25 ] [60 ;100 ] 40.9 

30 [0 ;40 ] [50 ;85 ] 34.8 
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The area in blue corresponds to the use of all cells developed in section 3.1 which ensure a 360º 

phase wrap at 20 GHz and a 540º phase wrap at 30 GHz, meaning that combinations between the two 

phases are existent. After the first transition, the yellow and green regions correspond to cells with 

non-existing perfect combinations of phase at 20 GHz and 30 GHz. Meaning that these combinations 

of phases could not be synthesised with the used cell geometry, therefore, existing cells were used 

trying to optimize the solution at both frequencies according to the manual criteria stated before. That’s 

why a clear jump between error occurs as the position gets further away from the centre of the 

transmit array. Table 4.3 shows the differences between the error distributions at both frequencies, as 

a conclusion: 

 At 20 GHz the mean error is bigger, which means that overall, the phase in the cells is more 

deviated from the value of the phase to be corrected. Nevertheless, the error in blue areas is 

more concentrated and close to 0º, and the error in yellow and green areas is more 

concentrated to the high end of the scale, meaning a bigger error in these areas; 

 At 30 GHz the mean error is smaller. But it is also possible to understand that in the blue 

areas the overall error is bigger than at 20 GHz. On the contrary, in the yellow and green 

areas a concentration of the error on a lower end of the up half of the scale is detected 

meaning a bigger error in the blue areas and smaller error in yellow and green areas; 

 

Figure 4.10: Theoretical phase correction function in orange and unit cells used to populate transmit 
array in blue crosses 

Figure 4.10 and 4.11 show the distribution along the x direction when y = 0. Each cross represents 

a unit cell designed in the previous chapter and it is already position according to the criteria explained 

above.  
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Figure 4.11: Theoretical phase correction function in blue and unit cells used to populate transmit array in 
orange crosses 

 

4.4.2 CST simulation 

In this section, the full wave simulations using CST Microwave Studio are represented for both 

frequencies and both planes. In order to simulate the transmit array’s behavior a feed must be put into 

place. This feed is designed according section 4.2 and it is positioned has shown in figure 4.12 below. 

In regards of the polarization, because the transmit array is both symmetrical in the x and y axes, the 

simulation results with the horn rotated are considered to be identical. 

             

Figure 4.12: Front and side view of the designed transmit array 

The dimension of the transmit array itself makes the simulation process in CST harder, since the 

number of mesh cells is close to the limit to simulation in CST. Therefore, the simulation performed 

had a running time of 15-20 hours even considering symmetries in the xz and yz planes. 
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The transmit array is generated as explained in section 4.1, and its software representation can be 

seen in figure 4.12. It is possible to see the 4 phase jumps that occur as the cells are further away 

from the centre. As stated before, the thickness of the dielectric cells vary linearly with the phase to be 

corrected, therefore, the transmit array as a shape resembling the phase correction function at 20 GHz 

shown in figure 2.3 in section 2.3. 

Since there are no similar transmit arrays in the literature to compare the results with, a good 

comparison of the performance of the designed transmit array is to relate the dual band with single 

band performances. This means that single band transmit arrays were optimized for each frequency 

using the same unit cells developed in section 3. This comparison will allow to understand how much 

is the loss that this work’s solution because of its dual band characteristics. The criteria from which the 

cells were chosen was as follows: at each position evaluate which unit cell from the library available 

corrected the phase better according to the phase correction function. By doing this, the phase 

imposed by each cell throughout the array for each frequency almost resembles a perfect phase 

correction function. Obviously, this scenario can’t be perfectly replicated since the phase values 

imposed by the library of unit cells available are discrete. 

Figure 4.13 and 4.14 represent the simulated far field realized gain for the E and H planes for the 

two different frequencies, 20 GHz and 30 GHz respectively, along with the single band simulations. 

 

Figure 4.13: Simulated far field realized gain radiation pattern at 20 GHz for both planes  
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Figure 4.14: Simulated far field realized gain radiation pattern at 30 GHz for both planes  

Analyzing figure 4.13, the following data can be extracted for the 20 GHz scenario: 

 The E and H plane diagrams are very similar and only differ slightly in the side lobes; 

 In both planes, there is a realized gain of approximately 36.7 dB and a SLL of -21.8 dB which 

is considered to be adequate to the scenario; 

 Directivity is approximately 37.3 dB; 

 The 3-dB angular width of the beam is 1.7º and 1.6º for the H and E plane respectively; 

 The main lobe direction is 0º as intended;  

 Aperture efficiency is 34.64% and the radiation efficiency is 30.31%. 

Likewise, by looking into figure 4.14, for 30 GHz: 

 The E and H plane diagrams are very similar and only differ slightly in the side lobes; 

 In both planes, there is a realized gain of approximately 37.3 dBi and a SLL of -19 dB which is 

considered to be adequate to the scenario; 

 Directivity is approximately 38.2 dBi; 

 The 3-dB angular width of the beam is 1.1º; 

 The main lobe direction is 0º as intended;  

 Aperture efficiency is 18.77% and the radiation efficiency is 15.12%; 

There is a bigger deformation of the radiation pattern between the two scenarios at 30 GHz than at 

20 GHz, this shows that the phase error across the array is affecting one frequency more than the 

other. A decrease in the radiation efficiency can also be observed from the single to dual band 

scenario, this is one of the consequences of dual band design as stated before. Table 4.4 is done in 

order to compare the simulations results between the dual band and single band scenarios; RG 

corresponds to the realized gain, SLL to the side lobe level and RE to the radiation efficiency. 
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Table 4-4: Overall simulation results comparing single band scenario with scenario from section 4.4 

Scenario Frequency [GHz] Plane RG [dBi] SLL [dB] RE [%] 

Single Band and 

F= 600 mm 

20 
E 

37.93 
-27.70 39.32 

H -27.70 

30 
E 

39.84 
-31.20 27.13 

H -27.80 

Dual Band and 

F= 600 mm 

20 
E 

36.73 
-21.80 30.31 

H -21.80 

30 
E 

37.30 
-19.00 15.12 

H -19.00 

 

   From table 4.4 there are also some differences as expected. The realized gain of the dual band 

transmit array reduces 1.20 dB and 2.54 dB at 20 GHz and 30 GHz respectively from the single band 

transmit arrays. A bigger loss at the higher frequency is encountered, however the losses in relation 

with an all-dielectric single band transmit array are very small, especially when taking into 

consideration the practicality of having only one transmit array performing both the uplink and 

downlink.  

By obtaining these values some performance measurement calculations can be done in order to verify 

the reliability of the results. These range of values agree with the typically efficiency values obtained 

for these types of antennas. The radiation efficiency is the relation between the simulated realized gain 

and the maximum directivity obtained by an aperture with the same dimensions as the above transmit 

array. This relation can be translated into this equation: 
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where G and MaxDir are the gain and maximum directivity in dB.  The maximum directivity is given by: 
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       (4.4)  

where A is the area in square meters of the transmit array. In this case the area of the transmit array is 

calculated as the area of a circle of radius 300 mm. This results in a maximum directivity for 20 GHz 

and 30 GHz of 41.98 dBi and 45.51 dBi respectively. 

The near field amplitude and phase diagrams for the XZ plane for the two different frequencies can be 

seen in figure 4.15 and 4.16, 20 GHz and 30 GHz respectively. On the same matter, the near field 

amplitude and phase diagrams for the YZ plane are shown in figure 4.17 and 4.18. 
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Figure 4.15: Simulated near-field and phase for 20 GHz and the transmit array in plane XZ 

       

Figure 4.16: Simulated near-field and phase for 30 GHz and the transmit array in plane XZ 

       

Figure 4.17: Simulated near-field and phase for 20 GHz and the transmit array in plane YZ 

       

Figure 4.18: Simulated near-field and phase for 30 GHz and the transmit array in plane YZ 
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The collimation of the beam in the near field conditions is correctly performed as it can be 

confirmed by analysis of the figures above. On the phase case, all the transmit arrays transform the 

spherical front into a planar one with insignificant errors. The further away from the centre of the 

transmit array and when the thickness transitions occur, the phase starts deviating slightly from the 

correct planar wave front it should be seen. On the magnitude case, by observing it is concluded that 

the centre of the array is the part that most contributes to the high directivity beam and the transitions 

will also contribute to the main beam, however, they will ensure the increase of side lobe level as well.  

All the magnitude diagrams are normalized to the value at the centre of the array, meaning that is 

possible to confirm that the taper of the feed represented in section 4.2 is of 7 dB as described. From 

figures 4.15 to 4.18 the intensity of radiation from the centre of the array to the edges goes from colour 

red representing the maximum which is 33 dB to a mixture between yellow and green which 

corresponds to about 26 dB, therefore confirming the value of 7 dB of taper at this focal distance. 

Looking back to the requirements and specifications of the final solution, the simulation results 

comply with what was defined. A gain of more than 35 dB is attained at each frequency as well as very 

low side lobe levels below the 15 dB mark. 

 Transmit array with focal distance of 500 4.5

In this section, the transmit array for the smallest focal distance is tested. First, the criteria which 

was used in populating the transmit array is explained as well as the errors occurring from this action. 

The second section provides the full wave simulation using the CST software and compares it to the 

KH3D simulations performed for the same scenario. 

4.5.1 Cell choosing and criteria used 

The process of choosing the cells for this section was similar to the section 4.4.1. All the same 

steps were taken when it came to populating the transmit array with specific unit cells, the only 

difference was on the distance from the feed to the transmit array, having to translate the feed 100 mm 

in the direction of the transmit array. 

In the same way as before, the criteria from which the design complies is equilibrium of the error at 

both frequencies. These criteria which is represented in figure 4.19, allowed a balance between the 

error at 20 GHz and 30 GHz. 

Observing figure 4.19, the discrepancy between error and error free areas is divided by rings which 

correspond to the transitions and phase to be corrected at 20 GHz. It is clearly visible that there are 

two types of areas within the different rings across the transmit array. The intervals of error regarding 

the two different frequencies are specified in table 4.5. 
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Figure 4.19: Representation of the error of the chosen cells relative to the theoretical phase correction 
function at both 20 and 30 GHz, left and right respectively 

Table 4-5: Interval of errors regarding figure 4.19 and overall mean error 

Frequency [GHz] Blue area [º] Yellow and Green area [º] Mean error [º] 

20 [0 ;30 ] [65 ;100 ] 42.4 

30 [0 ;40 ] [50 ;90 ] 35.4 

The explanation of the different colour regions found in the figure 4.19 is explained in section 4.4.1 

for the focal distance of 600 mm. The reasons are equivalent for this case where the feed is closer. 

Figure 4.20 and 4.21 show the distribution along the x direction when y = 0. Each cross represents a 

unit cell designed in the previous chapter and it is already position according to the criteria explained 

above. 

 

Figure 4.20: Theoretical phase correction function in orange and unit cells used to populate transmit 
array in blue crosses 
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Figure 4.21: Theoretical phase correction function in blue and unit cells used to populate transmit array in 
orange crosses 

4.5.2 CST simulation 

In this section, the full wave simulations using CST Microwave Studio are represented for both 

frequencies and both planes. In order to simulate the transmit array’s behavior a feed must be put into 

place. This feed is designed according section 4.2 and it is positioned has shown in figure 4.22 below. 

In regards of the polarization, because the transmit array is both symmetrical in the x and y axes, the 

simulation results with the horn rotated are considered to be identical. 

Similarly to the case for focal distance of 600 mm, the transmit array is represented by four phase 

jumps that occur as the cells are further away from the centre. As stated before, the thickness of the 

dielectric cells vary linearly with the phase to be corrected, therefore, the transmit array as a shape 

resembling the phase correction function at 20 GHz shown in figure 2.3 in section 2.3. 

             

Figure 4.22: Front and side view of the designed transmit array 



 

54 
 

The geometrical distribution of the cells differs from the previous section since the focal distance 

decreases. Figure 4.22 shows the transmit array perspective for this case scenario. Figure 4.23 and 

4.24 represent the simulated far field realized gain for the E and H planes for the two different 

frequencies, 20 GHz and 30 GHz respectively. 

Analyzing figure 4.23, the following data can be extracted for the 20 GHz scenario: 

 The E and H plane diagrams are very similar and only differ slightly in the side lobes; 

 In both planes, there is a realized gain of approximately 36.3 dBi and the SLL for the E and H 

plane is -21.3 dB and -21.1 dB respectively; 

 Directivity is approximately 37 dBi; 

 The 3-dB angular width of the beam is 1.8º; 

 The main lobe direction is 0º as intended;  

 Aperture efficiency is 31.74% and the radiation efficiency is 27.01%. 

 

Figure 4.23: Simulated far field realized gain radiation pattern at 20 GHz for both planes 

 

Figure 4.24: Simulated far field realized gain radiation pattern at 30 GHz for both planes 
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Likewise, by looking into figure 4.24, for 30 GHz: 

 The E and H plane diagrams are very similar and only differ slightly in the side lobes; 

 In both planes, there is a realized gain of approximately 36.6 dBi and the SLL for the E and H 

plane is -19.1 dB and -19.5 dB respectively; 

 Directivity is approximately 37.6 dBi; 

 The 3-dB angular width of the beam is 1.2º; 

 The main lobe direction is 0º as intended;  

 Aperture efficiency is 16.20% and the radiation efficiency is 12.86%. 

Like in the previous case, the deformation of the far field radiation pattern is bigger at 30 GHz than at 

20 GHz. A decrease in the radiation efficiency can be observed from the 600 mm to 500 mm of focal 

distance as a consequence of a decrease in the realized gain of 0.43 dBi and 0.74 dBi at 20 GHz and 

30 GHz respectively. Table 4.6 summarizes the results. 

Table 4-6: Overall simulation results comparing both scenarios for the different focal distances 

Scenario Frequency [GHz] Plane Realized Gain [dBi] Directivity [dBi] SLL [dB] RE [%] 

F=600 

20 GHz 
E 

36.73 37.72 
-21.80 

30.31 

H -21.80 

30 GHz 
E 

37.30 38.18 
-19.00 

15.12 

H -19.00 

F=500 

20 GHz 
E 

36.30 37.02 
-21.30 

27.01 

H -21.10 

30 GHz 
E 

36.56 37.62 
-19.50 

12.86 

H -19.10 

The near field amplitude and phase diagrams for the XZ plane for the two different frequencies can 

be seen in figure 4.24 and 4.25, 20 GHz and 30 GHz respectively. On the same matter, the near field 

amplitude and phase diagrams for the YZ plane are shown in figure 4.26 and 4.27. 

       

Figure 4.25: Simulated near-field and phase for 20 GHz and the transmit array in plane XZ 
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Figure 4.26: Simulated near-field and phase for 30 GHz and the transmit array in plane XZ 

       

Figure 4.27: Simulated near-field and phase for 20 GHz and the transmit array in plane YZ 

       

Figure 4.28: Simulated near-field and phase for 30 GHz and the transmit array in plane YZ 

The collimation of the beam in the near field conditions is correctly performed as it can be 

confirmed by analysis of the figures above. On the phase case, all the transmit arrays transform the 

spherical front into a planar one with insignificant errors. The further away from the centre of the 

transmit array and when the thickness transitions occur, the phase starts deviating slightly from the 

correct planar wave front it should be seen. On the magnitude case, by observing it is concluded that 

the centre of the array is the part that most contributes to the high directivity beam and the transitions 

will also contribute to the main beam, however, they will ensure the increase of side lobe level as well.  

All the magnitude diagrams are normalized to the value at the centre of the array, meaning that is 

possible to confirm that the tapper of the feed represented in section 4.2 is of 10 dB as described. 
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From figure 4.25 to 4.28 the intensity of radiation from the centre of the array to the edges goes from 

colour red representing the maximum which is 36 dB to the end of the green colour which corresponds 

to about 26 dB, therefore confirming the value of 10 dB of taper at this focal distance. 

It can be seen that both the realized gain and radiation efficiency are better for the case of 600 mm. 

In terms SLL, all values for both frequencies are good enough for them to be insignificant in terms of 

alterations on the correct signal processing. The reason of choice of which transmit array to fabricate 

is decided strictly by performance simulation results because the antenna height is not such an 

important factor in these types of applications. Therefore, in the spectrum of this thesis, the transmit 

array with focal distance of 600 mm is the one selected for the fabrication and measurements 

processes. 

Looking back to the requirements and specifications of the final solution, these values comply with 

what was defined. A gain of more than 35 dBi is attained at each frequency as well as very low side 

lobe levels. However, in terms of comparison with the transmit array previously simulated for a bigger 

focal distance the results are worse.  

  Simulations with only the central plate 4.6

It is not possible with currently available FDM 3D printers to print the 60 cm diameter transmit-array 

as a single block. It was divided into nine parts with square projected area of 200 mm x 200 mm. The 

elapsed time for printing each block was in the order of 50 hours. Long duration prints of 100% fill rate 

blocks such as these, tend to detach from the printer bed in the process, and create deformations.  

On the other hand, the existing antenna measurement infrastructure at IT is not equipped for direct 

far-field measurement of a 60 wavelength aperture antennas. The measurement distance is 1.6 m. 

Therefore a decision was taken to print and measure the radiation pattern of the central part of the TA 

only, keeping the focal distance at 600 mm. This experiment is enough to validate the full-wave 

simulation model, which we postulate then that provides the correct result for the complete 600 mm 

diameter antenna simulation. 

Additional simulations using the CST software were carried out so that the measured results in Section 

V can be compared with simulations in the same conditions.  With this in mind, this section aims at 

performing the simulation of the central plate in the same scenario of the previous sections along with 

some adjustments that will be further explained. 

   The simulations presented below are done taking into considerations all the challenges and 

structures presented in section 5.1.2. Additionally, all the supporting material presented in section 

5.1.3 is considered in the simulations so that the simulation scenario is the closest possible to the real 

measurements’ scenario. A block of Styrofoam was used to keep the transmit array in place, and a 

block of absorbing material was integrated surrounding the transmit array so that the spill over 

radiations would affect the least possible the measurements. The resulting CST representation is 

presented in figure 4.29. 
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   The supporting structure already existing in the IT laboratory is not considered since it does not 

affect the results of the simulations. Since the far field distance for the plate is bigger than the 

dimensions of the anechoic chamber, the simulation performed aimed at calculating the E-field at a 

distance of 1.6 m from the transmit array. 

  

Figure 4.29: Front and side view of the CST simulation for the final prototype, in the centre is the central 
plate, in light blue the absorbent and in white the Styrofoam 

Figure 4.30 and 4.31 represent the simulated field at a distance of 1.6 m for both planes for the two 

different frequencies, 20 GHz and 30 GHz respectively. 

 

Figure 4.30: Simulated E-Field radiation pattern at 20 GHz for both planes at a distance of 1.6m 

When using CST to perform the simulations, the only parameter that can be calculated at a specific 

distance from the transmit array is the E-field. The E-field can then be compared to the realized gain 

so that the comparison with the measurements performed in 5.2 can be much simpler.  
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Figure 4.31: Simulated E-Field radiation pattern at 30 GHz for both planes at a distance of 1.6m 

Analyzing figure 4.30, the following data can be extracted for the 20 GHz scenario: 

 The E and H plane diagrams are very similar and only differ slightly in the side lobes; 

 In both planes, there is a E-Field of approximately 34.7 dB and a SLL of -10.3 dB; 

 The 3-dB angular width of the beam is 4º for both planes; 

 The main lobe direction is 0º as intended;  

Likewise, by looking into figure 4.31, for 30 GHz: 

 The E and H plane diagrams are very similar and only differ slightly in the side lobes; 

 In both planes, there is a E-Field of approximately 37 dB and a SLL of -9.4 dB; 

 The 3-dB angular width of the beam is 2.7º for both planes; 

 The main lobe direction is 0º as intended;  
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Chapter 5 

 

5. Experimental results 

In this Chapter, the experimental results for the final structure are presented. At first, in section 5.1, 

a basic overview about the definition of the prototype definition and fabrication constraints is given. 

Section 5.2 contains the experimental results and their comparison with the simulation results for the 

transmit-array presented in section 4.7. 

 Prototype definition and fabrication  5.1

The definition and fabrication of the overall set of equipment needed for the final prototype is 

performed according to the equipment needed for simulation. There are three main components which 

allow the simulation of the prototype to be reliable and complete: 

 Feeds: reported in section 4.2, these particular feeds for both 20 and 30 GHz will not require 

their fabrication since they are already developed and stored in the laboratory; 

 Vector network analyzer: measures amplitude and phase proprieties of an electromagnetic 

wave, equipment used was VNA Agilent Technologies W8361A; 

 Dual Band Transmit Array: simulated and studied in section 4.4, this transmit array is the main 

focus when it comes to the fabrication of equipment; 

In order to proceed with the fabrication, the definition of the final product entails decision making so 

that the fewer mistakes as possible appear at the end. With this in mind, and by analyzing the results 

from sections 4.4 and 4.5, a decision had to be made between the two possible transmit arrays that 

were studied in the CST software. According to the objectives of this dissertation, the most logic 

choice to be made is to fabricate de transmit array from section 4.4 which is characterized by being 

designed for a focal distance of 600 mm.  

The main focus of the fabrication is the transmit array, as stated before, this process will be made 

using a 3D printer available in laboratory named ULTIMAKER 2 EXTENDED+ [48]. The specifications 

of this individual 3D printer constrain the dimension of the size of the plates to be printed. Due to its 

size and other characteristics, the maximum size that it allows is 200x200 mm, this means that, 

according to the dimension of the array to be fabricated, the number of plates in which it would have to 
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be divided has to be defined beforehand. The dimensions of the transmit array can be found described 

in section 2.2, which states that the size of the total array is about three times larger than the size 

which the 3D printer can endure. As a consequence, the transmit array has to be divided into sub-

plates that will after be put together to recreate the final prototype. 

The dimensions of the divisions of the transmit array was made having into consideration the 

regions that contributed the most to the output beam. From section 4.4.2, in the CST simulations of 

this array, it can be shown that the main contribution for the shape of the beam is the center of the 

array, since the feed radiation intensity is higher there and gradually diminishes with the distance from 

the center. Therefore, having less divisions in this area would allow a better performance by the overall 

transmit array. This can be achieved by setting the center sub-plate to be the maximum size allowed 

by the 3D printer which is 200x200 mm. After setting this first sub-plate, all the remaining ones are 

defined as seen in figure 5.1.  

 

Figure 5.1: Transmit array division into the plates to be printed 

Since the transmit array is symmetrical in both the x and y axes, there are only three different types 

of sub-plates. In figure 5.1, these three different types are represented by numbers, having the center 

plate as the only one of type 3 and then 4 sub-plates each of type 1 and 2. This result in a 3x3 matrix 

containing all the sub-plates integrating the final prototype transmit array. 

5.1.1 Printing technology and process 

Ultimaker 2 extended + uses a specific printing technology named fused filament fabrication (FFF) 

or fused deposition modeling (FDM). This technology is widely used as a process for 3D printing. 

FFF is an additive manufacturing technology. This means that the product being printed is created 

layer by layer by defining layer heights and the geometry of the design so that the addition of all these 

layers result in the finished prototype. Each layering consists of heating a thermoplastic filament using 
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a moving heated, printer extruder head and depositing, according to the design, on the areas where 

there was previous material, therefore creating the so called additive layering. 

Generally, there exist three steps in which all the process of the transmit array fabrication can be 

divided into: 

 Make the CST output file compatible with the 3D printer; 

 3D printing stage; 

 Removal of unwanted excess and verification of reliability; 

The first step requires a software program so that the file conversion can be successfully made. 

Cura is an open source 3D printer slicing application, it works by slicing the model file provided by the 

user into layers and generating a code specifically for the printer. A great advantage of this software is 

that it is compatible with several extension files, including .stl which is the extension that the CST 

software uses as an output file for the transmit array. Therefore, the transmit array created in CST in 

section 4.4 for testing, is exported as a .stl file to be an input in Cura software. At this stage some 

specifications regarding the prototype are also defined: 

 Layer height : 0.335 mm 

 Initial Layer height : 0.27 mm 

 Line deposition width : 0.35 mm 

 Filling of structure : 100% 

In terms of the printing stage, after having performed all the programming to ensure the geometry 

of the transmit array is correctly defined at the 3D printer, some other details have to be taken into 

account. At this stage, the thermoplastic filament is heated to a semi-liquid state by an extruding 

nozzle and the layering process begins. The nozzle can be moved in both the horizontal and vertical 

directions and it is mounted on a stage which moved mechanically along the z direction.  

 

Figure 5.2: 3D printing technology [50] 
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The very first layer has to be placed onto the glass that comes with the printer, by adding a layer of 

glue to the glass it is possible to create enough adherence so that the thermoplastic sticks and doesn’t 

move out of place. As the nozzle moves over the table deposits a thin bead of extruded plastic which 

solidifies very quickly. After the completion of a layer, the stage is lowered mechanically in order to 

begin the process of the next layer, this continues until the number of layers is completed. Figure 5.2 

is representative of the basic principle and process that FFF or FDM entails. The material used in the 

fabrication was Polylactic Acid which is thermoplastic aliphatic polyester. 

The final stage of the process is after completion of the prototype and it is a checkup stage where 

the manufacturing of the plate is analyzed and all the unwanted parts are taken out. This stage is also 

an evaluator to the overall plate and it is determined here if the plate needs to be optimized and re-

printed or not. 

5.1.2 Fabrication and measurements challenges 

There were three main challenges when talking about fabrication and measurements. Two of them 

regarding fabrication and related to the time any plate that composed the transmit array took to be 

fabricated. The other one, concerning the measurements, had to do with the limited dimension of the 

measurements installations. 

As mentioned in section 5.1.1, the final design of the transmit array had to be divided into 9 plates 

in order to be compatible with the 3D printer available in laboratory. The amount of time each of these 

plates takes to be printed is very high, approximately three days, and due to time restrictions only one 

plate was fabricated in time for the measurements. Because the part of the transmit array that 

contributed the most to the collimation of the beam is the central one, as confirmed in 4.2.2, the only 

plate that was fabricated was the central one. Figure 5.3 shows both the perspective and upper view 

of the central plate fabricated using 3D printing technology. 

 

Figure 5.3: Perspective and upper view of the central plate 

The second challenge regarding the fabrication had to do with the printing process and the time of 

the printing of the plate. As explained in 5.1.1, the printing technology of the 3D printer relies on the 

heating of the PLA filament so that it can attach to the existing material or the glass where the first 
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layer is printed. Sometimes, due to the total time that it takes for printing, the extremities of the printed 

lens can start to curl and go out of place. On the fabrications of the central plate, one of the corners of 

the plate started to curl and end up staying a little deformed in relation to the original design as it is 

shown in figure 5.4. 

 

Figure 5.4: Deformed corner of the dielectric lens, perspective and side view 

Finally, regarding the measurements of the radiation pattern of the transmit array, a challenge with 

the available installations arises due to the size of the transmit array. As explained briefly in section 

1.3, in order to measure the antenna’s performance at a far field distance, the measurement 

installations required a very big dimension. With the existing anechoic chamber at the laboratory 

installations, even when simulating only the central plate, the far field distance at both frequencies, 

according to equation 1.2, would be 8m and 5.33m for 30 and 20 GHz respectively. 

On the far field distance, the magnetic and electric fields are orthogonal relatively to each other and 

transversal relatively to the direction of propagation. This zone generally is ideal to perform wireless 

communications. However, the far field distance for the transmit array is too high, even for an outdoor 

environment. Outdoor simulations have several factors that cannot be controlled such as atmospheric 

conditions, reflections and electromagnetic interferences. Therefore, the anechoic chamber allows for 

the measurements to be as close to the far field environment as possible by minimizing interferences 

with absorbing material and being invariable to atmospheric conditions. 

With this restriction in terms of space, the measurements of the radiating field coming from the 

dielectric lens need to be performed at a smaller distance than the far field distance. This distance is 

the largest that can be attained inside the anechoic chamber and it is defined at 1.6m away from the 

transmit array. In order to understand if the behavior of the central plate is in line with the simulations, 

an identical scenario is simulated in section 4.7 using all the restrictions explained in this section. 

With the time challenge and measurement challenge aforementioned, the feasibility of the full 

transmit array cannot be ensured, however, if the simulations and measurements regarding the 

available central plate prototype match, a hopeful scenario is in sight when simulating the full transmit 

array. By confirming that the measurements with the central plate are consistent with its simulations, it 

is possible to say that if no other problem occurs, the measurements of the all-dielectric transmit array, 

has a highly promising outcome. 
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5.1.3 Supporting structures 

In parallel to the fabrication of the transmit-array, a supporting structure was built in order to hold 

the primary feed and the transmit-array in the correct positions to be used during the measurements. 

This supporting structure guarantees that the primary feed is placed relatively to the transmit-array 

according to setup described in section 4.4. 

The anechoic chamber available for measurements at the laboratory has a pre-defined structure in 

place which has to be adapted to the scenario of the work of this thesis. Because the available 

prototype has a big size and focal distance a way of fixing the transmit array in the right position had to 

be designed. The transmit array is fixed in its position with the help of a Styrofoam block with a small 

square compartment as represented in figure 5.5. In order to hold the Styrofoam block in its place, two 

wooden pieces are put together and integrated in the supporting structure already existing in 

laboratory. Figure 5.5 describes all this setup and additional structures to replicate the scenario from 

section 4.4. 

 

Figure 5.5: Overall CST representation of the entire structure used for the experimental results 

The structure used for simulation also integrated a block of an absorbent material so that the 

exceeding taper coming from the feed influenced the least possible in the measurements. This 

absorbent material was fixed in its position using a small 3D printed shelve. Because the 

measurements are made with a very big focal distance in relation with the size of the central plate, the 

radiation coming from the feed would diffract on the edges of the plate as influence the results. 

Therefore, to avoid this effect, a block of absorbent material was put in place around the transmit array 
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and in front of the Styrofoam as figure 5.5. The absorbent material used was ECCOSORB AN-77 

which was available in laboratory and also present in the library of material in CST for the simulations. 

Figures 5.6, is representative of the both the Styrofoam and Styrofoam plus absorbent structures. 

As it is possible to see, the transmit array is inserted in a cavity in the Styrofoam which then is covered 

by the absorbent material with a window for the transmit array. The structure was successfully 

manufactured and all dimensions were identical to the CST design. 

                   

Figure 5.6: Representation of the fabricated prototype and supporting structures for measurements 

 Measured Results 5.2

  

Figure 5.7: Perspective and front view of the manufactured central plate integrated with all the structures 
and the horn feed 
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The fabrication and assembly of all the parts composing the antenna was successful. According to 

figure 5.5, all the parts from the antenna parts to the supporting structure were put together in the 

anechoic chamber available in laboratory. After setting up all the components, the structure ready for 

measurements had the display shown in figure 5.7. 

Primarily, the measurements were going to be made using the VNA equipment described in section 

5.1. However, due to malfunctions of the equipment, this instrument had to be replaced with a different 

measuring system. This system is represented in figure 5.8 below.  

 

Figure 5.8: Representation of the setup equipment used in the laboratory for the measurements 

 

Figure 5.9: Measured and simulated radiation patterns at 20 GHz 
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Figure 5.10: Measured and simulated radiation patterns at 29.45 GHz 

Figures 5.9 and 5.10 present the normalized radiation pattern superimposed on simulations for the 

aforementioned scenario of measurements for 20 GHz and 30GHz respectively. The measured results 

for the frequency for the 30 GHz band were made at a frequency of 29.45 GHz, therefore, the 

measured results have bigger deformations and magnitude losses than if they were made at 30 GHz. 

 

Figure 5.11: Measured cross polarization for 20GHz for both planes 
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For 20 GHz the agreement between both diagrams seems reasonably good, except that the 

measured realized gain is 1.06 dB below the simulated value. However, there is a bigger difference at 

30 GHz of around 3.28 dBi. This difference can be mainly explained by the difference in frequency at 

which the simulation and measurements are made. The simulation is considering a feed at 30GHz and 

the measurements at 29.4 5GHz.  

Additionally, the cross polarization is kept at very low levels for both frequencies as represented in 

figure 5.11. The cross polarization values are normalized identically to the radiation patterns and below 

-18 dB for both frequencies. 

 It is concluded that the central plate was manufactured accurately for 20 GHz since the difference 

between the radiation patterns is low. Unfortunately the measurements for 30 GHz were not made 

since the equipment only allowed the simulation at a frequency of 29.45 GHz. A similar behavior to the 

simulations section 4.7 was found in the measurements, with radiation patterns looking very similar in 

terms of shape and magnitude. 
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Chapter 6 

6. Conclusions and Future Work 

In this chapter some conclusions and achievements in regards of this thesis are summarized. After 

that, the future work perspectives are presented. 

 Achievements 6.1

The main goal of this thesis was to design, simulate, manufacture and measure an experimental 

fully 3D printed prototype consisting of an all-dielectric dual band transmit array and a primary horn 

feed. The 3D printed transmit array advanced in relation to the existing literature by being all-dielectric 

and having the ability to communicate in two different frequency bands, namely the 20 GHz and 30 

GHz bands. The horn feeds were already studied and available in the IT laboratory. Two software 

programs were used in order to design and simulate the transmit array feasibility: KH3D and CST 

Microwave Studio. 

In order to reduce the geometry complexity and overall cost of the alternatives already existent in 

the literature for communicating with GEO satellites, an all-dielectric transmit array populated with a 

set of 64 unit cells designed was designed. Moreover, with the ability of performing transmission and 

reception at two distinct frequency bands, a decrease in the number of antenna elements needed for 

communicating between ground and satellite terminals is achieved. The difficulty of the dual band 

scenario is the independent phase wrapping needed at each band which can create a very large 

number of phase pair’s combinations at both frequencies. By using a finite set of dielectric cells not all 

the phase pairs needed are available, however, the cells can be distributed so that the error across the 

whole transmit array is minimized.  Furthermore, the dielectric compatible with the 3D printer available 

in the laboratory was PLA which has the disadvantage of having very high transmission losses. A 

possible use for these types of arrays would consist on the replacement of parabolic reflector 

antennas on roofs. The transmit array would create a very low cost and aesthetic alternative to these 

antennas. 

Two transmit array with different focal distance designs were simulated using full wave simulations 

in CST. The results obtained from both these transmit arrays were compliant with the specifications 

defined at the beginning of this work achieving a gain of over 35 dB at both frequencies, as well as, 

very low SLL of under -19 dB. Of the two transmit arrays, the best performing one was chosen to the 
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manufacturing process. This array was able to achieve a realized gain of 36.73 dBi at 20 GHz and 

37.30 dBi at 30 GHz while maintaining SLL below   -19 dB at both frequencies. Due to the size of the 

transmit arrays and time restrictions, only the central plate of the transmit array was manufactured and 

available for measurements. Measurements of one of the plates of the array showed good results 

especially for the 20 GHz frequency.  

By looking into the available literature, an all-dielectric dual band 3D printed transmit array was not 

found. The dual band scenario allows optimizing a very important factor when it comes to 

communications which is space availability. This paper also proves the possibility of manufacturing 

simple all-dielectric transmit arrays by minimizing the error coming from the independent 360º phase 

wrapping at each frequency.  

 Future work 6.2

the goal behind this thesis was the manufacture and measurements of a whole transmit array and 

that goal was not achieved. Due to the size of the transmit array and time restrictions, only the central 

plate was fabricated. Therefore, as future work the whole transmits array should be fabricated and 

assembled together in order to correctly access the viability of the simulation results.  

Additionally, one of the biggest problems of the designed and simulated transmit arrays, regarding 

the dual band scenario, is the error that the limited set of dielectric cells imposes when correcting pairs 

of phase values which are not available in the developed set. This error causes the degradation of the 

signal both decreasing its realized gain and increasing the SLL. Therefore, more combinations of 

phase pairs can be investigated in order to try to reduce as much as possible the error margin coming 

from this problem.  

Finally, if the entire transmit array measurement results are successful, the possibility of switching 

to injection moulding manufacturing should be tested. With injection moulding, the cost of the 

manufacturing of the transmit arrays would be much lower if produced on a mass scale. This would 

allow improving the solution even more in terms of cost reduction.  
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