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RESUMEN 

Este Trabajo de Fin de Grado está enmarcado en el proyecto S2013/ICE-3000 (SPADERadar-

CM), SPACE DEBRIS RADAR,y describe el trabajo desarrollado para el diseño de una antena 

que radie simultáneamente un canal suma y un  canal diferencia para que forme parte de un 

sistema que permita la detección de basura espacial trabajando en la banda de 94GHz (banda 

W). 

Esta aplicación está ganando en importancia, ya que la cantidad de basura espacial en las capas 

de órbitas más usadas, como la geoestacionaria, es cada vez mayor (en la actualidad se estima 

que hay más de 10 millones de piezas de desechos en órbita) y las colisiones que se producen 

con los sistemas que están en funcionamiento pueden provocar daños muy serios. Por tanto, un 

sistema que permita ofrecer una contramedida para detectarlos y actuar evitando los daños será 

de gran importancia. 

Para  detectar basura espacial vamos a usar una de las formas más comunes de radar. Consiste 

en la transmisión de un canal suma y canal diferencia. El canal suma permite detectar a un 

objeto acercándose, y el canal diferencia permite localizarlo gracias al nulo. 

Con este objetivo será necesario transmitir una combinación de modos electromagnéticos con 

los que formar los diagramas deseados (canal suma y canal diferencia). En el punto dedicado 

a estado del arte, exploramos los distintos tipos de bocina y explicamos detalladamente las 

consideraciones tenidas en cuenta para decidir el tipo de antena que es más adecuada y los 

modos electromagnéticos idóneos para generar los diagramas que nos interesan. 

Tras desarrollar los temas mencionados en el párrafo anterior, empezamos a desarrollar el 

proceso de diseño seguido para el circuito o estructura de adaptación y de generación de modos. 

En el cual partimos de unos valores iniciales (ancho de las guía-ondas para que se transmitan 

los modos deseados) y empezamos a optimizar su comportamiento para cumplir los parámetros 

necesarios, adicionalmente algunos cambios son introducidos para evaluar su efecto en el 

comportamiento de la estructura. Todo este proceso, y el análisis de las estructuras se realiza 

de forma satisfactoria gracias al uso del software comercial de análisis electromagnético HFSS. 

En el proceso de diseño de la bocina partimos de unos valores iniciales calculados de forma 

teórica (modelo inicial de bocina cónica, su longitud y tamaño de la apertura) y a partir de estos 

realizamos un proceso de optimización y mejora con la ayuda del mismo software comercial 

de análisis electromagnético usado para el diseño de la estructura de adaptación, HFSS. 

Finalmente, la estructura completa es analizada para evaluar el comportamiento que nos ofrece 

el diseño completo (estructura de alimentación y bocina). De esta forma ofrecemos líneas 

futuras de desarrollo para mejorar el funcionamiento y los parámetros eléctricos. 

PALABRAS CLAVE 

Diseño, bocina, HFSS, detección, basura espacial, antena, guía onda,  modo electromagnético, 

diagrama suma, diagrama diferencia 



SUMMARY 

This Final Degree Project has been carried out in the frame of the project S2013/ICE-3000 

(SPADERadar-CM), SPACE DEBRIS RADAR, and describes the work performed in the 

design of an antenna that operates at 94GHz (W band) which radiates simultaneously a sum 

channel an a difference channel to be part of a system able to detect space debris in board 

systems. 

This use is gaining in significance since the amount of space debris in the orbitals more used, 

such as the geostationary one, is growing (it is estimated that right now around 10 million 

pieces of debris are swarming in orbit) and collisions with functioning systems could cause 

very serious damage to the structures. That is why, a systems which offers a way to avoid these 

collisions will become a crucial system. 

To perform this, the kind of system we will need is a radar, and with the tracking function in 

mind, one of the most common ways to get this system is with the radiation of two channels, 

sum and difference channel. Sum diagram is useful to detect an object approaching, and with 

the null in the difference pattern we are able to track the object detected. 

Having this goal in mind, it will be necessary the transmission of a combination of 

electromagnetic modes to generate the radiation patterns we are interested in (both sum and 

difference channels). In the introduction, dedicated to the state of art, we explore the different 

kinds of horn antennas and explain in detail the considerations to decide the best antenna for 

this project and the best electromagnetic modes to generate the radiation patterns we are 

interested in. 

After the introduction we start explaining the process followed to design the matching and 

mode generating structure, in which we start by getting the initial values of the waveguides 

used and then its behavior is optimized to get the results we need, in addition to the optimization 

some changes in the structure are introduced to evaluate its contribution to the complete design, 

the whole process is analyzed successfully thanks to the use of the commercial software of 

electromagnetic analysis HFSS. 

The designing process of the horn antenna was started with initial values obtained from 

theoretical expressions (initial design of a conical horn antenna, length and size of the aperture). 

And based on those initial designs and values it has been performed an optimizing and 

improving process of the radiating parameters, once again using the same commercial software 

of electromagnetic analysis as in the design of the matching structure, HFSS. 

Finally, the complete design is analyzed to see the final behavior offered by the complete 

structure, (matching structure and horn antenna together). And in view of these results, we offer 

future lines that could be followed to improve the behavior of the system. 

KEYWORDS 

Design, horn antenna, stepped horn, detection, space debris, antenna, waveguide, 

electromagnetic mode, sum diagram, difference diagram.  



 

ACKNOWLEDGEMENTS: 

 

A mi familia por apoyarme siempre y ayudarme en todo lo que les ha sido posible. Con el 
esfuerzo económico que ha supuesto el hecho de que yo haya tenido esta oportunidad. 
Muchísimas gracias por todo. 

 

A mis amigos por seguir a mi lado y ayudarme a seguir disfrutando y creciendo todos estos 
años y desde niños a pesar de las dificultades para quedar por las continuas épocas de estudio 
y exámenes. 

 

A los amigos que he hecho en la carrera, mil gracias por todas las interminables tardes de 
biblioteca y resolución conjunta de dudas, sin vosotros este viaje habría sido muchísimo más 
largo y tedioso. 

 

Por último, gracias a todos los profesores que al darme clase consiguieron despertar en mí el 
hambre de conocimiento y me ayudaron a madurar todos estos años. 

 

A todos los que me habéis ayudado a crecer mil gracias por vuestro apoyo y por contribuir cada 
uno un poquito a que sea la persona que soy hoy. Os quiero. 

 

 

 

 

 

 

 

 

 



 

 

 

(Página par en blanco) 

 

  



ÍNDICE DEL CONTENIDO 

 

1. INTRODUCTION AND OBJECTIVES .................................................. 1 

1.1. Motivation and context ........................................................................................................... 1 

1.2. State of art ............................................................................................................................... 2 

1.3. modes necessary to generate the desired patterns ................................................................... 4 

1.4. Objectives ............................................................................................................................... 5 

1.5. Structure of the project ............................................................................................................ 6 

2. DESIGN OF THE FEEDING PORTS AND MODE GENERATING 

STRUCTURE ........................................................................................... 7 

2.1. First calculations ..................................................................................................................... 7 

2.2. Design of the matching port and mode generating structure .................................................. 8 

2.3. T-Junction ............................................................................................................................. 12 

2.4. Elbow .................................................................................................................................... 13 

2.5. Final adjastment .................................................................................................................... 14 

3. DESIGN OF THE HORN ANTENNA .................................................. 17 

3.1. Initial Designs ....................................................................................................................... 17 

3.2. Design of the multiflare horn ................................................................................................ 25 

4. RESULTS ......................................................................................... 29 

5. CONCLUTIONS AND FUTURE LINES .............................................. 33 

5.1. Conclutions ........................................................................................................................... 33 

5.2. Future lines ............................................................................................................................ 33 

6. BIBLIOGRAFÍA ............................................................................... 35 

 

 

 

  



(Página par en blanco) 

  



  1 

 

1. INTRODUCTION AND OBJECTIVES 
 

1.1. MOTIVATION AND CONTEXT 

 

The space debris which surrounds Earth has been increasing up to 17385 objects counted 

during the first three months of this year according to the data provided by the Orbital Debris 

Program Office from NASA which re-counts the space junk orbiting around Earth and looks 

for ways to reduce the creation of new debris and also looks for ways to get rid of the already 

existing debris.. 

Most of these pieces of debris are equal or greater than 10 centimeters. Out of those, nearly 

2000 are stages of rockets nearly out of fuel that played their part of rocketing the satellites that 

they carried. Another over 2000 are objects ejected by spaceships or satellites in their normal 

operation. Over 4000 are different kinds of satellites and nearly 10000 are pieces, result of 

explosions of different kind and collisions. 

For example: the collision in 2009 between the satellites Iridium 33 y Kosmos 2251 which 

generated over 2000 of those pieces, while the destruction of the satellite Fengyun 1C by a 

missile thrown by China in a military demonstration generated over 4000 fragments. 

An object of up to 1cm in size may destroy a critical flight instrument or system in a satellite, 

if bigger than 1 cm, it would be capable of piercing the armor-plate of one of the manned 

modules of the International Space Station, and any object greater than 10 cm might destroy a 

satellite or spaceship. 

To determine how many pieces of very small debris - smaller than 1 millimeter - are in orbit, 

scientists study the space shuttle when it returns from orbit. They look for damage from debris 

impacts. When the space shuttle returns from missions, scientists count the number of impacts 

it experienced. They then compare the number of dents or holes to the amount of space the 

shuttle traveled through. These comparisons help them estimate how many of the tiny objects 

are in orbit around Earth 

This shows why it is important this kind of embarked systems, with the amount of space debris 

increasing by collisions and new missions, and also thinking about the cost of space missions 

and the systems, it is vital that these systems are able to detect and track bits of space junk to 

avoid collisions. 

These collisions may be dangerous for the integrity of satellites or spaceships because of the 

speed at which these object are moving (around 30000 Kilometers per hour) 
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1.2. STATE OF ART 

 

High performance feeds are commonly used in millimeter and sub-millimeter frequencies (the 

ones we will use in this design). But most of the horn antennas used are corrugated horns, the 

downside of this kind of antenna is that is the difficulty to implement it plus its prize and the 

time to synthesize it since it is more complex, it takes more time and costs. 

In the next few paragraphs it will be described and explained the reasons why the design is the 

way it is. Afterwards I will talk about the configuration of modes used. There are basically 

three kinds of horn antennas: single flared, multi-flared and corrugated.  

 The single flared antenna (Figure 2) only has one flared stage to match the losses and 

excite the modes for the radiating diagram. It is the easiest to build but on having only 

one flared stage to adjust its behavior, it limits too much the electric parameters 

reachable with this configuration. 

 

Figure 2: Example of single flare horn antenna. 

 

 

Figure 1: Representation of space debris made by ESA (European Space Agency) 
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 The multi-flared horn antenna (Figure 3) is the medium step between the Potter horn 

and the corrugated one, being very easy to produce since it is such a simple and 

structure, and at the same time improving highly the performance of the Potter design. 

This improvement takes place thanks to the combination of modes TE11 and TM11 

(whose electric fields patterns produced in their propagation through circular 

waveguides may be seen in Figure 5), which with the right amplitude and phase of these 

modes, raises the purity of the polarization and as a result reduces the cross-polar 

component. However, proper phasing of the two modes happens only in a certain 

frequency band which may be increased by adding more flares. 

 

Figure 3: Example of multiflare horn antenna 

 The corrugated antenna (Figure 4) is the most complex design and as a result is the one 

that offers better electric results, there are a lot more parameters to adjust and so a 

greater margin to make the antenna work the way we want. But also, as there are more 

parameters to adjust, it takes longer to design it and is more expensive to produce, i.e. 

it is too expensive to be feasible. 

  

 

Figure 4: Example of corrugated horn antenna. 
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Figure 5: Waveguide field distribution (a) TE11 (b) combination of TE11and TM11 taken from [10] 

 

Having all of the factors into account, the design selected for our horn will be a multiflare one, 

since the behavior shown is promising and at the same time, its implementation is inexpensive. 

So, the sum pattern, with this antenna will be constituted by the electromagnetic modes TE11 y 

TM11. 

 

1.3. MODES NECESSARY TO GENERATE THE DESIRED 

PATTERNS 

 

The sum diagram will be generated with the modes mentioned in the prior point, the 

fundamental mode for circular waveguide, TE11, and its combination with TM11 in the 

multiflare horn. 

Now, the difference diagram is normally produced by the modes TM01 or TE21, counting on 

the cutoff frequencies of these modes in circular waveguides, we see that the dominant mode 

(TE11) used for the sum pattern, is closer to the TM01 in frequency than the other mode, TE21 

(the patterns produced by the electromagnetic fields of all of these modes may be seen in the 

Figure 6). This is why, normally when we want both radiation patterns to work at the same 

frequency it is better to use, for the difference diagram, the mode TM01 and when we are 

interested in having each radiation pattern at different frequencies it is better to use the mode 

with a cutoff frequency farther from the dominant one. 
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Figure 6: Field distribution by the propagation of the different modes through circular waveguides. Taken from [9] 

As in the project this design belongs to it is stablished that both diagrams (sum and difference) 

work at the same frequency, the modes used for the difference channel must be TM01. That 

way, the final selection of electromagnetic modes for both radiation patterns are: TE11 and 

TM11 for sum channel and TM01 for the difference channel, with both channels working at the 

same frequency band. 

 

1.4. OBJECTIVES 

 

The main purpose of this project is develop a design of an antenna that allows the detection 

and tracking of space debris as a boarded system, giving the possibility to avoid collisions 

between debris and orbiting systems such as satellites or spaceships. A list of the concrete 

objectives marked: 

 Antenna system with a directivity of over 21dB. 

 Sum and difference patterns radiated by the antenna at the same frequency. 

 A two accesses input section to generate the desired modes. 

 RL of the system lower than 20dB. 

 Cross-polarization lower than 23 dB. 
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1.5. STRUCTURE OF THE PROJECT 

 

The following figure shows the complete structure of the design, it is divided in T-junction, elbows, 

matching circuit and finally the horn as indicated in the figure below. 

 

 

Figure 7: Complete structure divided in its parts. 

 

 

This project is structured in four parts. The first one consists in the state-of-art and an 

explanation of the selection of modes to generate the radiation patterns we are interested in (1.2 

and 1.3). The second and third parts consist of an explanation of the process of design followed 

with the matching structure (point 2.1) and with the horn (point 2.2). The final part is the results, 

where the final designs are presented in a combined structure and we analyze its performance 

and make conclusions about the design (points 3 and 4.1).  
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2. DESIGN OF THE FEEDING PORTS AND MODE 

GENERATING STRUCTURE  
 

2.1. FIRST CALCULATIONS 

 

The first part of the structure to design is the waveguide that will introduce the signal into the 

antenna to send it. This structure will have two different ports to generate the modes we are 

interested in, TE11 and TM01.  

As we have discussed before, there are two ports, with each one of those we will create the 

different modes we need in order to create de sum and difference patterns. Being the port used 

to generate the mode TE11 a circular wave guide and the one used for the mode TM01 a 

rectangular waveguide. 

The first step was to fix a value for the radius in both cases, only transmitting TE11 and 

transmitting both modes while also having the desired bandwidth of operation (90-98GHz) 

approximately in the middle between the cut-off frequencies of the transmitting mode (TE11 or 

both) and that one of the next mode to propagate. By using the following expressions: 

For circular waveguides and TEnm mode the cut-off frequency 

𝑓𝑐𝑛𝑚=
𝑘𝑐

2 ∗ 𝜋 ∗ √𝜇 ∗ 𝜀
=

𝑝´𝑛𝑚

2 ∗ 𝜋 ∗ 𝑎 ∗ √𝜇 ∗ 𝜀
 

For circular waveguides an TMnm modes 

𝑓𝑐𝑛𝑚=
𝑘𝑐

2 ∗ 𝜋 ∗ √𝜇 ∗ 𝜀
=

𝑝𝑛𝑚

2 ∗ 𝜋 ∗ 𝑎 ∗ √𝜇 ∗ 𝜀
 

And given that the only mode used in the rectangular waveguide is the TE10, the expression 

used was: 

𝑓𝑐𝑛𝑚=
𝑐

2 ∗ 𝜋 ∗ √𝜀𝑟
∗ √(

𝑚 ∗ 𝜋

𝑎
)2 + (

𝑛 ∗ 𝜋

𝑏
)2 

The result obtained, for the circular waveguide is: 

When only transmitting TE11, the diameter should be 2.1mm (having our desired bandwidth in 

the center of the frequencies in which TE11 starts to propagate (83.716GHz) and the one at 

which TM01 starts to propagate (109.36GHz)). 

When transmitting both modes used, the diameter should be 2.7mm (having our desired 

bandwidth in the center of the frequencies in  which TM01 starts to propagate (85.059GHz) and 

the one at which TE21 starts to propagate (108.01GHz)). 

Next step is decide the dimensions of the rectangular waveguide, starting with a width of 

2.2mm and a height of 1.1mm. Using these values the bandwidth we want to use is centered 

between the frequency at which first mode generated in this waveguide, TE10, propagates 

(68GHz) and the one at which the second mode generated, TE20, starts to propagate (136GHz) 
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This means that we are not using a standard model of waveguide, this is because choosing the 

dimensions so that only the modes we are interested to propagate through the waveguide. If we 

desire connecting a standard model, the right transition will be made. 

Then the design of the structure that joins both waveguides started to get the behavior following 

these steps: 

 Simulate a simple structure to see its performance and see what parameters need to be 

improved. 

 Add different stages of different sizes to reduce the reflection found by both modes 

(TE11 and TM01) and optimize it. 

 

2.2. DESIGN OF THE MATCHING PORT AND MODE 

GENERATING STRUCTURE 

 

After following the steps mentioned before, the first result for the structure was the one that 

follows: 

 

Figure 8: First design of the mode generating structure 

This structure was designed, starting with the circular waveguides of different radius and the 

rectangular waveguide intersected with the wider circular waveguide (initial structure) and 

optimizing it to reduce the reflection of both modes (TE11 and TM01). 

After following that process, the shape of the structure was: 

First design of the matching structure 

Stages height (mm) radius/width (mm) 

Stage 1 (cilinder) 1.459 1.050 

Stage 2 (cone) 0.734 1.417 

Stage 3 (cilinder) 0.608 1.192 

Stage4 (cilinder) 0.398 1.284 

Stage 5 (cilinder) 1.500 1.350 

Rectangular waveguide 0.420 2.200 
Table 1: Dimensions of the first design of the mode generating structure 

 



  9 

 

And in the following picture, the resulting RL (return losses) may be seen. The value of RL is 

very good in the bandwidth of 92-96GHz (bellow -20dB) for the mode TM01, and for TE11 it 

is very good (bellow -20dB) starting in 92GHz. We would like to improve both results and 

increase the bandwidth of low RL for TM01. 

 

Figure 9: RL of the first design of the mode generating structure 

After trying with consecutive optimizations without considerable improvements we tried to 

reduce the reflection coefficient of the mode TM01 by using a sheet of perfect conductor 

floating in the middle of the structure as may be seen in the Figure 10:  

 

Figure 10: Matching structure with sheet of perfect conductor 

The dimensions of the structure are: 

Matching structure with sheet of perfect conductor 
Stages Height (mm) Radius/Width (mm) 

Stage 1 (cilinder) 1,200 1,050 

Stage 2 (cone) 0,999 1,298 

Stage 3 (cilinder) 0,528 1,298 

Stage 4 (cilinder) 0,448 1,244 

Stage 5 (cilinder) 1,500 1,350 

Rectangular Waveguide 0,420 2,200 

Sheet of Perfect Conductor 0,293 0,523 
Table 2: Dimensions of the structure with sheet of perfect conductor 
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It was supposed to improve the impedance matching, but failed as seen in the Figure 11, the 

improvement was minimum compared to the one obtained in the prior design. While it would 

be very difficult to implement this structure in a prototype, since it consist in a sheet of perfect 

conductor with zero thickness floating in the middle of the guide. So this option was 

abandoned. 

 

Figure 11: RL of Matching structure [1] (BLUE: RL TM01; RED: RL TE11) 

 

Finally, an extra matching for circular waveguide port (PCircular) was needed, so we added 

different flares and optimized it until the final solution was the one in the following figure: 

 

 

Figure 12: Final matching structure 
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The dimensions of the structure (Figure 12) will be shown in the following table (Table 3): 

 

Final Matching Structure  

Stages Height (mm) Radius/Width (mm) 

Stage 1 (cilinder) 1,200 1,050 

Stage 2 (cilinder) 1,164 1,036 

Stage 3 (cilinder) 1,218 1,044 

Stage 4 (cilinder) 1,200 1,050 

Stage 5 (cone) 0,637 1,386 

Stage 6(cilinder) 0,671 1,079 

Stage 7 (cilinder) 0,420 1,436 

Stage 8 (cilinder) 1,500 1,425 

Rectangular waveguide 0,420 2,200 
Table 3: Dimensions of the matching stricture from Figure 6 

 

And with these changes, the final result of the reflection coefficient is shown in Figure 13. 

 

Figure 13: RL of the final matching structure (BLUE belongs to mode TM01 and RED to mode TE11) 

 

To complete the matching port, and the circuit used to generate the mode TM01 the only 

elements left are the T-junction and the elbow. The final design for both is developed in the 

following points. 
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2.3. T-JUNCTION 

 

The T-junction´s design is shown in Figure 11, it is made with three rectangular waveguides 

H-plane that converge together and a perfect conductor post right in front of the input which 

helps reduce the reflection of signal. 

 

Figure 14: T-junction 

The dimensions of the T-junction of Figure 14 are: 

T-juntion 

Height of the Guide 0,420 

Width of the Guide 2,200 

Length of the Post 1,127 

Depth of the Guide 1,830 
Table 4: Dimensions of the T-junction 

And the resulting RL may be seen in Figure 15, staying always below -20 dB. 

 

Figure 15: RL of T-junction 
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2.4. ELBOW 

 

Now speaking of the elbow, it was optimized until the final structure obtained is the one that 

follows (Figure 16). It is made with rectangular waveguides H-plane connected with an angle 

of 90 degrees and 45 degrees between the guide opening and the wall connecting the two. 

 

Figure 16: Elbow 

This is the design used of the elbow, its measures are: 

ELBOW 

Height of the guide (mm) 0,420 

Width of the guide (mm) 2,200 

Depth of the exterior Wall (mm) 2,900 

Depth of the interior Wall (mm) 2,200 
Table 5: Dimensions of the Elbow 

With the resulting RL of Figure 17, staying in our desired bandwidth (90-98GHZ) bellow             

-30dB. 

 

Figure 17: RL of the elbow 
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2.5. FINAL ADJASTMENT 

 

After designing the horn antenna and having finished its optimization, the radius of the circular 

waveguide had to be changed to a value closer to the propagation of the following mode 

(TE21). With this we reduce the impedance found by the mode TM01 in its propagation. That 

made necessary changing the matching structure. The first try was introducing a conical 

structure joining the matching structure and the horn and optimizing its length, but the results 

were not good enough.  

The second idea followed consisted in changing the radius of the last stage in the matching 

structure, the one that is connected with the horn to the new value, and optimize the structure. 

This did show the improvement expected in the behavior of the matching structure. 

In the following figure, we can see the final structure designed: 

 

Figure 18: matching structure with new radius 

The dimensions of the matching structure in Figure 18 are shown in Table 6: 

Matching structure with new radius 

Stages Height (mm) Radius/Width (mm) 

Stage 1  (cilinder) 1,200 1,050 

Stage 2  (cilinder) 1,166 1,030 

Stage 3  (cilinder) 1,166 1,051 

Stage 4  (cilinder) 1,200 1,050 

Stage 5 (cone) 0,734 1,365 

Stage 6 (cilinder) 0,608 1,477 

Stage 7 (cilinder) 0,398 1,284 

Stage 8 (cilinder) 1,500 1,350 

Rectangular waveguide 0,420 2,200 

Table 6: Dimensions of the Matching Structure with new radius 
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And its RL is the one shown in Figure 19. We can see that the RL for the mode TE11 (RED) is bellow -

23dB, getting our objective, whereas the RL for the mode TM01 is only bellow -20 dB in the band of 

90-93,6 GHz, still far from the objective (bellow -20dB in the bandwidth). However it is lower than       

-15dB in the desired band of operation. This value has been assumed as acceptable. 

 

 

Figure 19: RL of the matching structure with new radius (RED: RL for mode TE11.  BLUE: RL for mode TM01) 
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3. DESIGN OF THE HORN ANTENNA 

 

3.1. INITIAL DESIGNS 

 

As a starting design, I will make a conical horn antenna and perform the simulation of different 

models using fixed values of directivity (18dB and 21dB) and phase error (3/8, 1/10 and 1/20). 

According to this, we will obtain six different designs. One of them is discarded because of its 

size (directivity of 21dB and phase error of 1/20). For each design, I have used these 

expressions to calculate the shape and simulate its performance: 

𝐷 = 10 ∗ log10(∈∗
4 ∗ 𝜋

𝜆2
∗ 𝜋(

𝑑

2
)2) 

𝑠 =
𝑑2

8𝜆𝑙
 

Using ϵ=0.51 (efficiency) and obtaining for the different values of D and s d (diameter of the 

aperture) and l (length of the horn). 

Before showing the initial results, we have to define the factors we will look for in the designs 

to choose one over another and continue working with our selection. 

1. Directivity: Specified value (18 or 21dB) varying less than 0.5dB in the bandwidth (90-

98GHz). 

2. Reflection coefficient lower than -20dB in the bandwidth 

3. Lower level of cross-polar possible. 

The procedure to do the last measurement has been, search for the beam width of co-polar 

component of 10dB below the maximum value and differentiate the maximum of co-polar and 

cross-polar components in the beam width. 

DESIGN 1: D=18dB and s=3/8 

 

Figure 20: Conical Horn (Design 1) 
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In Figure 20 we have the horn, with these dimensions (Table 7): 

Design 1 

Length (mm) 11,827 

Radius (mm) 2,766 
Table 7: Measures of Conical Horn Design 1 

 

In Figure 21, we can see the variation of directivity for the first design 0.55dB. 

 

Figure 21: Directivity in bandwidth (conical horn design 1) 

 

In Figure 22, we realize that the reflection coefficient is far from the objective.  

 

Figure 22: RL in bandwidth (conical horn design 1) 
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The obtained cross-polar level in this design in our band width is: 

 f=92GHz -> 17.5327dB 

 f=96GHz -> 18.0621dB 

 f=100GHz -> 16.7737dB 

DESIGN 2: D=21dB and s=3/8 

 

Figure 23: Conical Horn (Design 2) 

This is the second design of the conical horn (Figure 23), and its dimensions are (Table 8): 

Design 2 

Length (mm) 24,854 

Radius (mm) 3,907 
Table 8: Dimensions of Conical Horn (Design 2) 

In the Figure 24, we can see that once again directivity´s variation is over 0.6dB. And also 

slightly over the specified value. 

 

  Figure 24:  Directivity in bandwidth (conical horn design 2) 
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The reflection coefficient still does not achieve the -20dB (maximum in the bandwidth of               

-17dB). 

 

Figure 25: RL in bandwidth (conical horn design 2) 

The cross-polar level is: 

 f=92GHz -> 18.06dB 

 f=96GHz -> 18.4857dB 

 f=100GHz -> 18.4575dB 

DESIGN 3: D=18dB and s=1/10 

 

Figure 26: Conical Horn (Design 3) 

The dimensions of the Design 3, visible in Figure 26 are: 

Design 3 

Length (mm) 48,965 

Radius (mm) 2,766 

Table 9: Dimensions of Conical Horn (Design 3) 
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In the figure, the directivity may be seen to have a variation of over 0.7dB in the bandwidth for 

this design. 

 

Figure 27:  Directivity in bandwidth (conical horn design 3) 

In the following figure, we can see that this is the first design to obey the specification for the 

design (except the first 200MHz in the bandwidth). 

 

Figure 28: RL in bandwidth (conical horn design 3).  

RED and PURPLE represent the fundamental mode TE11 and BLUE representsTM01 

The level of cross-polar is: 

 f=92GHz -> 17.8166dB 

 f=96GHz -> 20.568dB 

 f=100GHz -> 19.1587dB 
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DESIGN 4: D=21dB and s=1/10 

 

Figure 29: Conical Horn (Design 4) 

 

The dimensions of the fourth design (Figure 29): 

Design 4 

Length (mm) 97,659 

Radius (mm) 3,907 
Table 10: Dimensions of Conical Horn (Design 4) 

 

 

Again, the design has a directivity variation of over 0.7dB. 

 

Figure 30:  Directivity in bandwidth (conical horn design 2) 
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The reflection coefficient obeys the specification perfectly (lower than -20dB). 

 

Figure 31: RL in bandwidth (conical horn design 4) 

And the level of cross-polar is: 

 f=92GHz -> 19.5932dB 

 f=96GHz -> 19.626dB 

 f=100GHz -> 19.6386dB 

DESIGN 5: D=18dB and s=1/20 

 

Figure 32: Conical Horn (Design 5) 

 

The dimensions of the last design of the conical horn (Figure 32): 

Design 5 

Length (mm) 97,774 

Radius (mm) 2,766 
Table 11: Dimensions of Conical Horn (Design 5) 
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The directivity obtained is (with a variation of over 0.6dB in the bandwidth): 

 

Figure 33:  Directivity in bandwidth (conical horn design 5) 

 

The reflection coefficient not only achieves the goal of being under -20dB, but improves it 

being bellow -23dB in the whole bandwidth 

 

Figure 34: RL in bandwidth (conical horn design 5) 

 

Finally, for this design, the cross-polar level is: 

 f=92GHz -> 19dB 

 f=96GHz -> 19.38dB 

 f=100GHz -> 20.141dB 
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Looking at the results obtained for the five initial designs considered, I choose as the best the 

design 3. It is my preference because it is the first design to obey all the specifications and 

because of in both other cases which also do, designs 4 and 5 the length of the horn antenna 

starts to be too big (97.7mm both while in design 3 the length is 48.65mm).  

 

3.2. DESIGN OF THE MULTIFLARE HORN 

 

The next step to improve the behavior of the horn was to use a multiflare structure to reduce 

cross-polarization thanks to superior modes. The first try was directly adapting the antenna 

from the paper [1] specified in the bibliography to my operating frequency, and had a great 

performance except for the reflection of the mode TM01 which was around -6dB, far from the 

goal (-20dB). In order to improve its performance, the first try was adding an extra flare. Being 

made of three conical stages with different aperture angles, obtaining the following structure 

and behavior: 

 

 

Figure 35: Extra flare stepped horn antenna 

 

The dimensions to the different segments in the horn design of Figure 35 are indicated in the 

following table (Table 12): 

 

Multiflare Horn Antenna 

Stages Height(mm) Radius(mm) 

Stage 1 (Cilinder) 3,000 1,350 

Stage 2 (Cone) 5,104 2,513 

Stage 3 (Cone) 1,314 3,637 

Stage 4 (Cone) 3,071 4,433 

Stage 5 (Cone) 58,894 8,936 
Table 12: Dimensions of Multiflare Horn Antenna 

 

With RL of: 
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Figure 36: RL of the extra flare stepped horn antenna 

Though still far from the goal, it has been reduced notoriously. What made a difference and 

helped get closer to achieving the goal was increase the radius to reduce the wave impedance 

and help the mode propagate. The selected radius is such that the cut-off frequency of the next 

mode to propagate is just above our bandwidth (92-98GHz). Obtaining, with a radius of 

1.425mm a cut-off frequency of the mode TE21 of 102.33GHz. 

The final design of the horn antenna is the one that follows (Figure 37). Again made with three 

conical stages with different aperture angles: 

 

Figure 37: Final design of the horn antenna 

 

The dimensions correspondent to Figure 37 are: 

Multiflare Horn Antenna New Radius 

Stages Height(mm) Radius(mm) 

Stage 1 (Cilinder) 3,000 1,425 

Stage 2 (Cone) 5,088 2,514 

Stage 3 (Cone) 1,314 3,637 

Stage 4 (Cone) 3,171 4,759 

Stage 5 (Cone) 58,870 8,936 
Table 13: Dimensions of the final design of the horn 
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With a performance in RL shown in the following figure, which approaches to the desired 

objective in the bandwidth of 92-96GHz. 

 

Figure 38: RL of the final design of the horn antenna (BLUE belongs to mode TM01 and RED to mode TE11) 

 

As the behavior of this last design is fairly close to our initial goal, it will be our final design 

for the multiflare horn antenna. 
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4. RESULTS 
 

The performance of the complete structure (the one in the figure) with the matching circuit all 

together and the final design of the horn antenna is the one that follows: 

 

Figure 39: Complete structure of the final design 

 

First, the directivity in the bandwidth is the one that follows: 

 

Figure 40: Directivity in the bandwidth of the final design (sum pattern) 

 

We may observe that the variation in the maximum value of the directivity varies in 2dBs in 

the bandwidth considered. But is reduced to over 1dB in the final bandwidth decided for the 

design (92-96GHz). This result is higher than our first objective, but the improvement in the 

rest of electric characteristics make this an assumable result. 
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Second, the RL of the complete structure will define the bandwidth in which the circuit obeys 

the specifications for the design, since it has shown to be the hardest point to obey. 

 

Figure 41: RL of the complete structure (BLUE belongs to mode TM01 and RED to mode TE11) 

 

Now, counting on this result, the defined bandwidth centered in 94GHZ offering a good 

behavior in RL might be 92-96GHz (being bellow -15dB instead of -20dB). 

Finally, the behavior in directivity in the bandwidth of operation will be shown every 2GHz 

within the bandwidth. That means that the figures of this section represent the directivity of 

both diagrams (sum and difference) and to the frequencies 92, 94 and 96 GHz. This way we 

can see the performance of the whole structure in the bandwidth available according to the RL. 

Figures 42, 43 and 44 are the sum diagram for frequencies 92, 94 and 96 GHz respectively. We 

can observe in all three frequencies but specially the higher frequencies (94 and 96 GHz) that 

the diagram is very similar for all three values of phy and the cross-polarization is very low, 

both desirable assets for an antenna. Also the directivity is close to the desired value (over 

22dB in our design while we wanted 21dB).  

The level of cross-polar is: 

 92GHz: 24dB 

 94GHz: 26dB 

 96GHz: 26dB 

This improves in over 6dB the results obtained with the initial design of the conical horn. 

This is shows that the radiation pattern of this design in these frequencies is closer to meet our 

expectative.  
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Figure 42: Pattern in dBs at 92GHz (Sum) 

 

 

Figure 43: Pattern in dBs at 94GHz (Sum) 

 

 

Figure 44:  Pattern in dBs at 96GHz (Sum) 
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Figures 45, 46 and 47 show the far field radiation of the difference diagram for frequencies 92, 

94 and 96 GHz respectively. We can see that in all three frequencies, the null (in theta=0) is 

very deep, over 30 dB below the maximums. This is a positive feature to be able to determine 

accurately the direction from where the debris is approaching. 

 

Figure 45: Pattern in dBs at 92GHz (Difference) 

 

Figure 46: Pattern in dBs at 94GHz (Difference)

 

Figure 47: Pattern in dBs at 96GHz (Difference) 
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5. CONCLUTIONS AND FUTURE LINES 
 

5.1. CONCLUTIONS 

 

The amount of space debris is increasing at an unsustainable rate, and though very important 

organizations are taking on the compromise of not creating any more by making sure of the 

reentrance on Earth were it disintegrates, it is still an important factor to keep in mind when 

sending a new satellite or spaceship. 

Being able to detect and track small pieces of space debris (proportional to wavelength on 

vacuum, approximately 3mm) let us make sure of the integrity of the systems so that it may 

continue to do its mission. 

Solutions like this or protocols to avoid creating new debris are carried in the last years (to save 

the systems that have been displayed or will be) have been applied by important organizations 

such as NASA or ESA (European Space Agency). 

Our structure as a solution gets close offer the working parameters we decided as goals. If we 

review the objectives of the project (section 1.4) of the project we may affirm that: 

 Directivity with a variation below 0.5dB. In the final design of the complete structure, 

we haven´t been able to meet this goal, the variation on the final bandwidth is of over 

1dB, doubling the quantity marked as an objective. 

 RL below -20 dB. We have not been able to provide this result with the structure, in the 

bandwidth decided (92 to 96GHz) the result we have been able to achieve is under -

15dB. In the point of future lines, we will talk about ideas to improve this data and get 

closer to the specified goal. 

 Cross-polar component bellow -23dB. This objective is respected by the final design 

with values in the bandwidth (92 to 96 GHz) between 24 and 26 dB.  

 

5.2. FUTURE LINES 

 

After seeing the results of the complete final design, we have a few ideas of ways to improve 

the behavior of the structure, each in some aspect of the system as a whole. The reason why it 

is indicated in future lines but not developed in the body of this file is that there was no time to 

explore the chance or we have not got the information to implement it. 

The ideas applicable are:  

 One of the possibilities is using a magical T-junction or Wilkinson power divider 

instead of the T-junction used in the design, this would improve its behavior and in 

terms of RL it might be one of the most important factors. Since this is one of the 

elements with a greater value of RL. 
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In the long term and counting on what may be expected according to the information we have 

access to: 

 In a few years, according to what it is said about 5G, it will use a frequency band of 

over 60GHz and 80GHz, it would reduce the design and development of these systems 

and give a chance of designing more optimum circuits, for example giving us a chance 

to design a corrugated horn antenna instead of a multiflare one. One of the best options 

would be a horn with both horizontal and vertical corrugations. The horizontal ones 

help decreasing the length of the horn (important in space applications) and the vertical 

ones improve the radiation properties. 
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