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Abstract

Automotive radars can use the wide band at extremely high frequencies (EHF) between
30 GHz and 300 GHz, which has a higher amount of free frequency bands than the lower
part of the electromagnetic spectrum. The focus of this thesis is to develop a horn antenna
to work in this band with the central frequency of 77 GHz, a Field of View (FOV) of 20°
on Elevation and 1309 on Azimuth and a reflection coefficient (S11) below -15 dB. It was
possible to accomplish the requirements set by the company with a single horn antenna,
which is a less complex and more compact solution. This thesis presents the results with
a brief review of a two-element antenna array for possible future works.
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1 Introduction

1.1 Project Description

This thesis aims to design a low sidelobe level waveguide antenna array for automotive
radar working at the frequency of 77 gigahertz (GHz). This work is based on the require-
ments given by the Valeo company.

1.2 Statement of purpose
The objectives defined at the beginning of the project are the following:
1. Become familiar with professional software used to design antennas.

2. Identification and exploration of the critical requirements and parameters related
to the performance of a waveguide antenna array for automotive radar working at
the frequency of 77 GHz.

3. Design of a waveguide antenna array for automotive radar working at the frequency

of 77 GHz.

1.3 Requirements and specifications

The requirements for the antenna design agreed upon with the company at the beginning
of the project were:

1. Operating frequency between 76 GHz and 80 GHz.
2. Central frequency at 77 GHz.

3. Elevation beamwidth from -10° to 10°.

4. Azimuth beamwidth from 25° to 155°.

5. S11 < -15dB

6. Sidelobes > 15 dB apart

7. -30 dB cross polarization in the main direction
8

. Lobe variations 2 dB in the main lobe

1.4 Methods and procedures

This project was started by the need of a company to create an antenna system working
at 77 GHz with the requirements stated in the previous section. It is based on the litera-
ture review of the bibliography indicated in the bibliography section, with the main one
being ” Electromagnetic Waves and Antennas” by Sophocles J. Orfanidis from the Rutgers
University. Besides, the project is accomplished by using software Antenna Magus and
CST Studio Suite, both by Dassault Systemes.
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1.5 Gantt Diagram

Phases of the Project

September | October | November [ December | January [ February

Planning -
Phase 1 i 100% complete

Phase 2 — 100% complete

Phase 3 I 100% complete

Process v -
Phase 4 — 100% complete

Phase 5 — 100% complete .

Final I 1005 complete
1
1

Now
Figure 1: Gantt diagram of the project

The different Phases of the Gantt diagram refer to the following:
e Phase 1: Project definition

Phase 2: Literature review

Phase 3: Software familiarization

Phase 4: Design of prototypes with a focus on the field of view.

Phase 5: Design of prototypes with a focus on Adaptation.

Final: Design of final prototype.

1.6 Deviations from initial plan

As the project description and objectives state, the initial plan for this project was that
the antenna created would be an array of two or more horns. However, with one antenna
the requirements were accomplished, so it was agreed with the supervisors of the project
and the company to focus on a single antenna and don’t design the array. Nevertheless,
a brief study of the array was conducted to see if it would be worth it to develop it in
future works.
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2 State of the art of the technology used or applied
in this thesis:

2.1 History of antennas

Around the 1830s, Faraday conducted the first experiments that addressed the coupling of
electricity and magnetism and demonstrated a clear relationship. He wrapped a magnetic
instrument around the galvanometer-attached wire’s coils. He was essentially generating
a time-varying magnetic field by rotating the magnet and based on Maxwell’s equations,
this magnetic field must have also had a time-varying electric field. The galvanometer,
which performs the function of an antenna, detected the electromagnetic radiation that
was picked up by the coil, which served as a loop antenna.

A few decades later, Heinrich Hertz used a small end-loaded dipole powered by an induc-
tion coil and a spark gap as his laboratory transmitter to perform his classical experi-
ments. His receiver was a tiny loop, and generated sparking was used for detection. Since
the resonant mean frequency of the antenna system determines the frequency produced
by a spark transmitter, his 1887 experiments were carried out at Very High Frequency
(VHF) and Ultra High Frequency (UHF) (60 to 500 Megahertz (MHz)), as the matching
wavelengths (5.0 to 0.6 meter) were suitable for interior experimentation.

Marconi started experimenting with Hertz’s apparatus in 1894. He was fascinated by
the idea that by means of Hertzian waves, it might be possible to send telegraph signals,
without wires, far enough for such a system to have commercial value. By 1896 he achieved
a transmission distance of 2.5 kilometers using a long-wire hang-up on a kite.

Figure 2: A drawing of the kite aerial used at Signal Hill for reception of the first
transatlantic wireless signal. [3]

As a result, he employed a wire antenna whose length was determined by the wavelength.
The quarter wavelength monopole was utilized for the first radio link across the Atlantic
Ocean.

Then he attempted transatlantic communications in 1900, employing a wire antenna
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whose length was determined by the wavelength extrapolating the values used in shorter
distances. In December 1901, the antenna system at Poldhu, Cornwall, broadcasted signals
in the MF band (about 850 kHz).

Figure 3: Quarter-wavelength dipole antenna of Marconi. [4].

2.2 Extremely high frequency motivation

The region of radio frequencies in the electromagnetic spectrum from 30 to 300 GHz is
known as extremely high-frequency (EHF) by the International Telecommunication Union
(ITU). It is located between the far infrared band, whose lower portion is the terahertz
band, and the extremely high frequency band. It is also known as the millimeter band
because the wavelengths of the radio waves in this band range from ten to one millimeter,
and the term "millimeter waves” (MMW or mmWave) is frequently used to refer to this
band of radiation. Indian physicist Jagadish Chandra Bose conducted the first studies of
millimeter-length electromagnetic waves between 1894 and 1896, generating waves with a
frequency of up to 60 GHz.

Radio waves in this band have higher atmospheric attenuation than those in lower bands
because they are absorbed by atmospheric gases, as we can see in figure 4. The waves
are attenuated to zero within a few meters at the top end of the band as absorption
increases with frequency. Except in arid conditions, there is significant attenuation caused
by atmospheric humidity, and rain (rain fade) is a serious issue even over short distances.
However, compared to lower frequencies, the limited propagation range allows for shorter
frequency reuse distances. The short wavelength makes it possible for antennas of average
size to produce a narrow beam, further enhancing the possibility of frequency reuse.
Short-range wireless networks, airport security scanners, military fire-control radar, and
scientific research all make use of millimeter waves.

The newest generation of mobile phone networks, 5G networks, are using specific frequency
ranges at the bottom of the band in a significant new use of millimeter waves. Because
of the shorter wavelengths in this band, smaller antennas can attain the same high gain
and high directivity as bigger ones in lower bands. The prospect of more effective use

10
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Specific Attenuation for Atmospheric Oxygen and Water Vapour

Specific Attenuation {dBlkm)

Frequency (GHz}

Figure 4: Specific attenuation (dB/km) for atmospheric oxygen and water vapour. [11].

of frequencies for point-to-multipoint applications is the immediate result of the high
directivity and significant free space loss at these frequencies.

2.3 Automotive Radar

Automotive radar is becoming a crucial component of intelligent and autonomous features
in contemporary cars, including the elimination of boring chores for drivers, a reduction
in driving stress, and the addition of life-saving automatic interventions. Adaptive cruise
control and automatic emergency braking, which allow a vehicle to abruptly slow down
without the driver’s intervention in order to avoid a potential collision, are just two of
the essential safety and comfort features that have recently been made possible by the
implementation of the automotive radar in many high-end cars. Due to the expensive ex-
pense of sensor technology, the usage of these functions has only been possible in high-end
automobiles up until this point. In order for automotive radar technology to successfully
penetrate the anticipated massive global market, both national and local regulatory bod-
ies must collaborate with the auto industry to create relevant and harmonized standards.
The penetration of vehicle radars is predicted to be around 65% in Europe and 50% in
the United States by 2030.

2.4 Thesis Contribution and Overview

This thesis has presented first a really brief introduction to the history of antennas, the first
wireless communications systems, and the current state of automotive radars. We have
taken a special focus on the first designs of the horn antenna and the following advances
that happened in the following decades. Then, it will be presented the comprehensive
background of the fundamental horn antenna parameters and the theoretical analysis
that should be considered in designing any Horn antenna.

Moreover, some previous works involving similar conditions and objectives will be reviewed
marking the important points that were useful to move this project in the right direction.

11
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After that, we will start getting into the design of the antenna using the software by
Dassault Systemes Antenna Magus and CST. The main prototypes will be presented and
the modifications between them explained, in order to transmit the knowledge obtained
while developing them.

Finally, some conclusions will be drawn from both the simulation results and the overall
investigation.

12
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3 Methodology / project development:

3.1 Literature review

The horn antenna converts electromagnetic waves that are moving via a waveguide into
free space. The flaring of the metal helps in the matching of the impedance of the waveg-
uide, usually 50 €2, to that of the free space 377€2. A horn’s wide bandwidth, low VSWR,
ease of fabrication, and adjustability are its benefits.

They are made in a variety of sizes and forms to serve a wide range of practical purposes,
including microwave applications, biomedical applications, directive antenna applications,
communication systems, electromagnetic sensing, and as a reference source for testing
other antennas. These horns can be used as feeds for various types of antennas, including
compound, reflector, and lens antennas. The horn antenna can be preferred over other
aperture antennas because of its wide range of uses and benefits.

In the following sections, only the fragment about horn waveguides and horn antennas of
[9] is used, since it contains the theoretical background used for this particular study.

3.1.1 Introduction to Horn Antennas

There are many kinds of horn antennas. The most popular ones are the ones that can be
seen in figure 5 :

Figure 5: Common types of horn antenna [8].

13
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a) Pyramidal horn: Four-sided pyramid-shaped horn with a rectangular cross-section.
They are a typical kind that emits radio waves with linear polarization and uses
rectangular waveguides.

b) A pyramidal horn with only one set of flared sides and two sets of parallel sides. In
this case is flared in the direction of the waveguide’s electric field, or E-field

c) Similar to the previous one but in this case, it is flared in the direction of the waveg-
uide’s magnetic field, or H-field.

d) A horn with a circular cross-section and a cone-like form. They work with cylinder-
shaped waveguides.

e) A horn with curved sides in which the distance between the sides grows exponen-
tially with length. They can have pyramidal or conical cross-sections and are also
known as scalar horns. Over a broad frequency range, exponential horns have mini-
mal internal reflections, nearly constant impedance, and other properties. They are
utilized in high-performance applications like feed horns for radio telescopes and
communication satellite antennas.

A waveguide can experience a variety of propagation modes. The TE10 mode, which is
shown in figure 6, is the one that is most frequently employed. The waveguide’s rectangular
shape means that each side will have a different size. It will be assumed for the horn
antenna theory and calculations that it has a width b and height a, with b < a.

VA

Ey

> X
A
<

Figure 6: Example of rectangular waveguide with TE10 mode used [8].

Over an open-ended waveguide, the aperture fields are not constant. They are typically
assumed to be equivalent to the fields that would be present if the guide were to be
continued.

14
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We assume that the tangential aperture fields F,, H, are equal to those of the TE;y mode
by placing the origin in the center of the aperture. Then we obtain:

/

E, (&) = Ep cos (%) H, () = ——— By cos (%) (1)

nrE

where nrp = 1/ K with 7 being the antenna efficiency and K = /1 — w2/w? = /1 — (\/2a)2.

Since we will work with smaller apertures, such as 0.5\ < a < 2, the generalized Huygens
source condition can be used. The radiated fields are:

—jkr

By = jk—cafy(6,6)sin 6 &)
) efjk:r

By = jk—— cofy(0,¢) cos ¢ (3)

where f,(6,¢) is the aperture Fourier transform of E, (z). After some manipulation de-
tailed in [9] it follows that:

2ab cos (v, sin (7vy)

fy(07¢> = EO_

T 1—4v2 7y,

where v, = k,a/27 and v, = k,b/2m, or,
L) 4 b . 0 sin &
v, = —sinfcos ¢, v, = —sinfsin
A D)
If the aperture is terminated in a ground plane, the PEC case should be selected as the

obliquity factor. If the aperture is radiating into space, the ordinary Huygens source case
should be selected. If not, the modified Huygens source case should be selected. Thus,

co | 1 1 1+ cosf 1 1+ K cosf
¢y | | cos® |7 2| 14cosf |7 2| K +cosb

By normalizing all three cases to unity at § = 0°, we may combine them into:

1+ Kcosf K + cos 6
)= —— )= ——
cp(0) A A vy s
where K is one of the three possible values:
2
K=0 K=1 K=-1_ 1_<i)
77TE 2&

The following equations show the normalized gains along the two main planes. For the
xz - or the H-plane, we set ¢ = 0°, which gives Fy =0 :

a .
, Uy = —sinf

A

cos (mv,) |
1 —4v?

_IBOF o
Fr @)

max

gu(0)

15
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And, for the yz - or E-plane, we set ¢ = 90°, which gives Ey = 0 :

_ |Eo(0)°
| Byl

max

sin (7, |2

9(0) = |es(6)[”

, Uy = —sind

A

Ty

The expression for the waveguide aperture’s gain and directivity is then obtained. The
highest level of intensity occurs at § = 0°. Because cy(0) = c4(0), we have:

1 1

U = 51 B(0,0) = 755-c(0)1£,(0,9)" =

1 2 2 4(ab)2
2/\27709(()) |E0| 2

The power propagated down the waveguide, as determined by the following equation, is
the total power that passes through the aperture and is radiated.

1

Praa = Ey|* ab
¢ dnre [Eol
The gain or directivity of the aperture will be:
Umax 4 8
G =4r - (ab)nT—Ecg(O)

Prad N )\2 ﬁ n
For the PEC and ordinary Huygens cases, ¢y(0) = 1. Assuming nyp ~ n:

4 8 47
As a result, the waveguide aperture’s effective area is A.g = 0.81(ab) and its aperture
efficiency is e = 0.81. For the modified Huygens case, we have for the obliquity factor
c9(0) = (K 4+ 1)/2 with K = n/nrg. It follows that:

_47T8

(K +1)?
e 4K

¢ 4K

(ab)
For waveguides larger than about a wavelength, the directivity factor (K + 1)?/4K is
practically equal to unity.

3.1.2 Fields and geometrical parameters of Horn antennas

First of all, it is quite possible to leave a waveguide open and let signal radiate from
this. However, this is not particularly efficient. Signals passing along the waveguide see
a sudden transition from the waveguide to free space which has an impedance of around

3774

The result of this sudden transition is to cause signals to be reflected back along the
waveguide as standing waves - theory shows that this is exactly the same as for poor
matches at the end of coaxial or other forms of wire-based transmission lines.

The waveguide can be flared or tapered out to get around this problem. As a result, there
is a smooth transition from the waveguide’s impedance to that of free space. It functions

16
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in a manner similar to a progressive matching transformer. The flare acts similarly to an
optical medium with a smoothly fluctuating refractive index or a tapered transmission
line. Additionally, the horn’s large aperture projects the waves as a narrow beam.

The exponential horn is the sort of horn that offers the best match. Pyramidal or conical
horns, on the other hand, provide an adequate match for the majority of applications and
are simpler and less expensive to manufacture. Because in this project a pyramidal horn
is the one used, that is the one we will discuss from now on.

y _

~— Ry —~

Figure 7: Geometry of a pyramidal horn. [9].

In the previous figure, we can observe the parameters used in [9] to define horn antennas,

being
2 2

T Y
Ay(r) = R Ay(y) = 2_R1>

The relative phase differences at the point (z,y) on the horn’s aperture in relation to
the aperture’s center are represented by the quantities kA, (z) and kA,(y). The aperture
electric field is considered to have the following structure to account for these phase
differences:

Ey(l‘, y) = FEjycos <7T_/£1L'> @_jkAa(w)e—jkAb(y), then,
Ey(l”, y) = Fjycos <7T—j) e_jkx2/23ae—jky2/2Rb (4)

We observe that the electric field is E,(z,y) = Ej cos(mx/a) at the waveguide’s connecting
end and progressively transforms into Equation 4 at the horn end.

The Huygens source assumption is quite correct for the tangential aperture magnetic field,
Hzx(z,y) = —Ey(z,y)/eta, because the aperture sides A, B are assumed to be larger than
lambda, so that:

17
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1 . ]
Hx(l",y) —EEO coSs <71'4$) e_]kIQ/zRae—ka/?Rb

The maximum phase deviations in radians are represented by the numbers kA, and kA,.
As a result, the greatest variances in cycles will be A, /A and A,/A. The following is then
defined:

A A? Ab B?

SGZTZS/\Ra’ S =3 " 8\R,

It turns out that S, = 3/8 and S, = 1/4 are roughly the best values for these parameters
that produce the most directivity. These numbers will be used later in the creation of the
ideal horns. We define the relevant parameters in order to derive practical formulas for
the horn’s radiation patterns:

A2 B2
Ta = 4% IR, Sb IR,

These constants’ near-optimal values are o, = /4S5, = /4(3/8) = 1.2247 and o, =

VA4S, = /4(1/4) = 1. However, the true optimum values would be o, = 1.2593 and
op = 1.0246.

Then, k = 27 /X and 2AR, = A%/0? and 2\R, = B?/o? is replaced in Equation 4, in order
to rewrite the aperture fields in the form:

E,(z,y) = Eqcos (%) o—i(7/2)02(20/A)? ,—j(x/2)0% (2y/ B)*

1 . .
Hy(z,y) = - E, cos (Tj) oI/ 2)02 22/ A)? ,—j(n/2)03(2y/ B)*

For —A/2 <z < A/2 and —B/2 <y < B/2.

3.1.3 Radiation fields

Similar to the open-ended waveguide, the electric field’s aperture Fourier transform only
has a y-component, which is represented by:

A2 B/2
/ (z,y) ejkzxﬂkyyda:dy
A/2 —B/2

A/2 T . . 2 2 B/2 : : 2 2
_ £ / cos (_) pikaw g=i(r/2)03(22/A)? g / eTkug=i(n/Do /B gy
A)2 A B/2

The following diffraction-like integrals can be used to express the aforementioned integrals:

1
Fy(v,0) :/ e]’7ru§€—j(7r/2)g2§zal6 (5)

1

18
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1
Fi(v,0) = / cos (%§> ™I/ 2 ¢ (6)

1

Fy(v,0) can be expressed as:
Fo(v,0) = lej(”/Q)(”2/02) [F (Z + a> - F (Z — a)}
o o o

where F(z) = C(x) — jS(x) is the standard Fresnel integral. Following that, the function
Fi(v,0) can be written as Fy(v,0):

Fi(v,0) = % [Fo(v +0.5,0) + Fo(v — 0.5,0)

Next, the radiation patterns are expressed in terms of the functions 5 and 6. Defining the
normalized wavenumbers v, = k, A/27 and v, = k,B/27m, we have:

B
Uy = Xsin&coscb, Uy = Xsinesinqﬁ

When variables are changed to £ = 2y/B, the y-integral can be expressed in terms of
Fy(v,0) as follows:

B/2 2 B
/ ejkyye 3(71'/2)017 2y/B)? dy — —/ j7rvy§ —i(m/2)o { d& = _FO (Uya Ub)
_B/2 2

When we switch the variables to € = 2z /A, we discover the following for the z-integral:
A2
/ COS <E> ejkmxe_J(W/Q)Ug(Qz/A)zdx
A)2

LA [ e (SE) et =

The Fourier transform f,(6, ¢) will then be:

AB

fy<97¢) EOT 1(%,%)170(%,01;)

As limiting cases of the previous equation, the open-ended waveguide and the sectoral
horns can be considered as follows:

1. An open-ended waveguide with: o¢,=0, A=a, oc,=0, B=0
2. Sectoral horn for the H-plane: o0, >0, A>a, o0,=0, B=5b
3. Sectoral horn for the E-plane: o0,=0, A=a, o0,>0, B>0b
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In these circumstances, the following simplified forms can be used to replace the F-factors
with o = 0:

sin (7v,) 4 cos (mv,)
F U ,O — 2—1/’ F UCC7 0 = —— 7
0 (vy,0) Ty i ) w1 —4v?2
At this point, the fields from Huygens source are used, where all points at the aperture
are related by the uniform plane-wave relationship H, = %ﬁ x E, with obliquity factors

co(8) = cy(0) = (1 + cos @) /2.

—jkr

Ep = jk—cp[f, cos + f, sin ¢]
27r
—jkr

E, = jk 5 Co [fycos¢ — fusing]

Replacing k& = 27 /A, we can obtain the following expressions:

e—jk:r

By = j5—col0) (6, 6) sin ¢

e—jk"f‘

By = J5—co(0)1,(6,0) cos 6

or, explicitly,

eI AB [1+cosf\ .

Eg=j gy Ey 1 < ) ) sin ¢ F (vg, 04) Fo (v, 0p)
eIkt AB (14 cosd

Ey,=j gy Ey 1 ( 5 > cos OF (vy, 04) Fo (vy, o)

The main conclusion that can be extracted from these results is that the beamwidth in
the two planes can be controlled by aperture dimensions almost independently.

3.1.4 Directivity

The Poynting vector of the aperture fields over the horn region is integrated to get the
radiated power P,.q . Thus,

1 2
P = — |Ey|” (AB
+ = 5 |Eof (4)
As a result, the horn’s directivity will be as follows:

Umax 47
G = 4 _—
" Prad )\2

where we defined the aperture efficiency e by:

1
(AB)g |y (0,04) Fo (0,00))° = e~ AB

1
e(0q,0p) = 3 |F1(0,04) Fo (O, ab)|2
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then the optimum horn directivity can be obtained:

47
G = O.49FAB

In this case, ”optimum” means maximizing the gain given the geometrical constraints of
the horn.

3.1.5 Design

Finding the sides A and B that produce a certain gain G, meet the requirement R4y = Rp,
and fit geometrically into a given waveguide with sides a and b is difficult when designing
a horn antenna.

The two design equations for A, B are the following equations:

dm o7 B(B—1)

¢ NS Chind o2  A(A—a)

(7)

The constant aspect ratio enclosure gets simplified since the second condition is already
met because o, = ro,. After that, the first condition for A can be solved, yielding B = r A

and Ry = A(A —a)/ (2\o?):

G:e4—7TA(7’A):>A:)\ G

dmer

One must find the two unknowns A, B in the system of equations 7 for uneven aspect
ratios and arbitrary o,,0,. The second equation in 7 can be solved for B in terms of
A, a, andb, avoiding negative solutions for B and substituting the previous system with:

- b b2 o}
fl(A,B):B— §+\/Z+U—2A(A—CL) —0
2@
AB)=AB—-——=0
f(4, B) 4e

Newton’s technique can be used to solve this system iteratively, which entails starting
with some initial values A, B and repeatedly replacing them with the corrected values
A+ AA and B 4+ AB. The corrections are calculated from:

AAY e Il Ghere M= | 94t 9B
85| et [B ] e [5G

Where the matrix M is equal to:

_ % 2A-a 1 02 24-a 1
M= 02 (2B—b—2f1) ~ o2 2B—b
A B A

where the term 2 f; was replaced by zero (this is approximately correct near convergence.)
Assuming that A, B will be significantly larger than a,b will yield good initial values.
Then, equation 7 can be roughly expressed as follows:
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The system can be easily solved giving:

\ dre oy \ dre o,
3.2 First steps

The first steps regarding the design of the antenna were taken on Antenna Magus, which
provided a first prototype. This first prototype didn’t accomplish the main requirements
that were set. However, it gave an idea of the dimensions that the antenna should have.

First of all, and for simplicity, from this point on we will use the simplified notation used
by the Antenna Magus software, which can be seen in figure 8.

Y

|l
I‘

Wa >| Lg Lf ———>

Figure 8: Geometry of a pyramidal horn in Antenna Magus. [9].

Those six parameters will be the initial values by which the antenna was defined since
the first model was obtained using the Antenna Magus software. As we can see in figure
9 we can quickly create a design using the already-existent template of a pyramidal Horn
antenna.

Indicating then the required frequency and Field of View (FOV) goals in the interface of
figure 10.

The results obtained are obviously far from the requirements of the project. However, it
is a good starting point to get an idea of the dimensions that the antenna will have, in
the order of a few millimeters. As we can see in figure 11 the initial antenna generated by
the software will need a lot of work done in order to accomplish the requirements of the
antenna.
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Figure 9

: Antenna Magus templates. [9].
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Figure 10: Antenna Magus user interface to define the antenna. [9].

Value

3.056 mm
1.528 mm
3.893 mm
12.57 mm
2.586 mm
11.35 mm

Parameter

Width of waveguide section

Height of waveguide section

Length of waveguide section
Aperture width
Aperture height
Aperture length

From this point on the objective will be to modify the antenna to accomplish the required
FOV and the matching is below -15 dB.

3.3 Becoming familiar with CST

Even though it was the first time I used Antenna Magus, it didn’t take long for me to
get familiar with it and get the results I wanted. This is because the software is really
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Figure 11: Initial antenna obtained. [9].

intuitive and user-friendly, so just looking a little bit through the interface of the program
you can start using it right after.

Moreover, as was explained in the previous chapter, the expected results were only a
general starting point to get an idea of the dimensions of the antenna. This means that
the amount of tuning and optimization did in Antenna Magus was very little and didn’t
bring that much trouble.

On the other hand, CST Studio Suite was from the very beginning more challenging since
it has a much wider range of possibilities. This is obviously a positive thing in the long
run, but at the start can be a little bit overwhelming.

3.4 Design decisions

One of the first decisions made was to use the same parameters from Antenna Magus to
define the antenna. This could seem like a trivial decision, but as we can see in figure 7
the flare angles a and ( in both axis can be used to define the antenna. However, with the
objective to make the creation of the antenna in the CST environment straightforward,
the length of the aperture will be used, which is obviously related to angles o and g with
a simple trigonometric identity but working with our three parameters of the aperture
similar results can be obtained.

The next step was to decide which material and what thickness to use. The first one was
pretty easy and didn’t change throughout the whole project, Perfect Electric Conductor
(PEC). Nonetheless, the thickness of the waveguide and the aperture were conditioned
by the fact that this antenna is supposed to be created in reality. As we have seen, at
Extremely High Frequency (EHF) the measures of the antenna will be in the order of
a few millimeters. To create an antenna that small with precision special machinery is
required. That machinery has mechanical boundaries that will ultimately condition the
design. In the beginning and since those boundaries were unknown still, a thickness of 0.1
mm was used for the first prototypes. Later on, it was changed to 0.5 mm, which affected
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the antenna adaptation bringing the S11 parameter again far from our objective and a
new optimization was needed.

Finally, in order to obtain reliable simulation results while reducing the time to obtain
them some changes were supposed to be made. Those changes were done after some weeks
of work with the invaluable help of professor Pavel Hazdra. The main changes can be seen
in the following figures.

Figure 12 and figure 13 show the boundaries and symmetries used in order to create
appropriate conditions for the simulations while having a reasonable simulation time. On
the boundaries aspect, due to the fact that a computer is only capable of calculating
problems that have a finite expansion, you need to specify the boundary conditions. This
can be done within this dialog box. When you enter the boundaries property sheet, the
modeled structure is displayed with a surrounding bounding box colored with regard
to the boundary condition at each boundary. In our case, we are going to use ”"Open
(add space)”, which operates like free space: waves can pass this boundary with minimal
reflections. Moreover, it adds some extra space for far-field calculation. On the other hand,
we will take advantage of the fact that the antenna will be symmetric in both axis of the
aperture to indicate the program to calculate only the results in one of the quadrants by
this dialog box.

Boundary Conditions X
Boundaries  Symmetry Planes
Apply in all direction:

open (add space) bUCTl open (add space)

open (add space) Ymax | open (add space) v

Zmin: | open (add space) o zmax ‘oper\[addspaCE] -

y

-

Figure 12: Boundaries defined.

After we have set up our model geometrically and assigned the appropriate power sources
and boundary conditions, our model has to be translated into a representation that is
suitable for the simulation. For general-purpose EM simulation methods, the calculation
domain has to be subdivided into small cells, on which Maxwell’s Equations are to be
solved.

CST Studio Suite offers a variety of meshes and mesh generation algorithms, with the
easy possibility of cross-verifying different methods and meshes in the same GUI. The
mesh influences the accuracy and speed of your simulation. In our case, we will use the
hexahedral mesh as we can see in figure 14.

The monitor dialog box gives us the opportunity to define field monitors that we might
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Boundary Conditions

Boundaries Symmetry Planes

YZplane: | electiic (Et = 0) ~
»XZplane: | magnetic (Ht = 0) v

Cancel Help

Figure 13: Symmetries defined.

Mesh Properties - Hexahedral X
Maximum cel
Neartomodet:  Forfrommodet % |
Cells per wavelength: 20 = |20 = Cancel
[AUse same setting as near to model Apply.
Cells per max model box edge | |20 =1 =
| EC < | N 5
[Juse same setting as near to model
Specials...
Miimum cell
= Simplfy Model...
Fraction of maximum cell near tomodel | | 20| =
Use same setting in all three directions Help
Statistics
Smallest cell: Nx:
[0.01 | [19 ]
Largest cell: Ny:
[0.180782 | [102 ]
Number of cells: Nz:
[216,342 | [120 ]
High Frequency Mesh Mouse At
Mesheells 216,342 XY.Z 0000, -2:595) 17.657 mm
MeshplaneatX 0,000 mm iX,i¥,iZ  0,0,119
Symmetry planes YZ, XZ dX, dY,dZ 0084, 0.091,| 0.000 mm

Figure 14: Mesh defined.

need to obtain additional information on the electromagnetic field distribution inside our
structure. It is possible to define frequency as well as time monitors. After a calculation,
we will be able to observe our field monitors by selecting them in the Navigation Tree. In
our case, we will use the ”Farfield/RCS” option with frequencies between 76 GHz and 80
GHz.

Moreover, a time domain solver calculates the development of fields through time at
discrete locations and at discrete time samples. It calculates the transmission of energy
between various ports or other excitation sources and/or open space of the investigated
structure. In our case, we will use a Hexahedral mesh with a -40 dB accuracy.

Finally, we can see some tables in the Navigation Tree defined to see better the results
obtained. In figure 15 we can see all the ones that were defined and in figure 16 we can
observe the one referred to as the S11 parameter.
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=-f& Tables
=3 0D Results
& Directivity Phi=0.0 Anqular Width » dB

= 4 Angular 3dB width for const phi = 0 over frequency

------ }vﬁ Angular 3dB width for const phi = 0 over frequency_1

Figure 15: Tables used to see clearly the results.

S-Parameters [Real Part]

—— S-Parameters-S1,1 (1)
—— S-Parameters-S1,1 (2)
—— S-Parameters-S1,1 (3)
—— S-Parameters-S1,1 (4)
] — S-Parameters-S1,1 (5)

Frequency / GHz

Figure 16: Example of Table used for the S11 parameter.
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4 Results

After becoming familiar with the CST software and obtaining the first antenna prototype
in Antenna Magus the experimental stage of the project can be divided into four blocks:

e Phase 1: Focused on obtaining the required field of view.
e Phase 2: Focused on adapting the antenna.
e Phase 3: Focused on optimizing the antenna again after increasing the thickness.

e Phase 4: Focused on simulating a few horn arrays and evaluating if it would be
worth it to pursue this idea.

4.1 First phase

After becoming a little bit familiar with the program we could start the first simulations.
In table 1 we can observe the first antenna prototype parameters. Those are the antenna
designs that were discussed in order to pave a path forward, defining the changes needed
and the next main objectives.

H Parameter P1 P2 P3 P4 P5 H

Width of waveguide section (mm) 3.08906 3.15  3.15 3.45 3.0988
Height of waveguide section (mm) 1.6599 1.285 1.689 1.33479 1.5494
Length of waveguide section (mm) 3.58193 3.55 3.551 3.08073 3.0988

Aperture width (mm) 12.2167 15.55 144  17.069  17.069
Aperture height (mm) 3.58801 1.285 1.7 1.37088 1.37088
Aperture length (mm) 12.4968 13.92 125 8.21678  8.027

Table 1: First five prototypes parameters

Those first five prototypes were developed over several weeks and lots of simulations.
Part of the designing process difficulty was knowing what to optimize first. At the very
beginning, the prototypes tried to find a balance between a good FOV and a reasonable
gain. However, it was clear after a few days that focusing on gain was not the right
move. Instead, the first objective was trying to find the right dimensions for the Aperture
height and width so the FOV meets the requirements. Nevertheless, it was unknown if
the initial values obtained by Antenna Magus would be able to achieve the required FOV
by optimizing them.

The general idea is to increase the height of the aperture to obtain a narrower beam in
elevation cut or reduce it to obtain a wider beam. The same happens in the azimuth cut,
but this time modifying the aperture width. After several parameter sweeps and opti-
mizations, it was clear that just by changing the aperture height and width we wouldn’t
meet the requirements imposed. For that reason, in Prototype 4, the length of the antenna
aperture started to be iterated too to find a new set of values. After several simulations,
it was clear that the best range of values would be around 8 mm and 9 mm since the FOV
and the adaptation were reasonably good.
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Farfield Directivity Abs (Phi=90)

0

farfield (broadband) f=77 (1)
farfield (broadband) f=77 (2)
farfield (broadband) f=77 (3)
farfield (broadband) f=77 (4)
farfield (broadband) f=77 (S)

Frequency = 77 GHz

Main lobe magnitude = 14 dBi
Main lobe direction = 0.0 deg.
180 Angular width (3 dB) =  23.8 deg.

Side lobe level = -23.9 dB

Theta / deg vs. dBi

Figure 17: Elevation plane obtained from prototypes 1 to 5.

Farfield Directivity Abs (Phi=0)
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60 " 60

farfield (broadband) f=77 (1)
farfield (broadband) f=77 (2)
farfield (broadband) f=77 (3)
farfield (broadband) f=77 (4)
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T - - Frequency = 77 GHz
120 . 120 |Main lobe magnitude = 14 dBi
C S Main lobe direction = 0.0 deg.
Angular width (3 dB) = 56.6 deg.
Side lobe level = -21.8 dB

Theta / deg vs. dBi

Figure 18: Azimuth cut obtained from prototypes 1 to 5.

As we can see in figures 17 and 18 the changes in the FOV after Prototype 1, which was
basically a replica of the model obtained in Antenna Magus (Prototype 0) but with better
gain, always tried to be as close as possible to the FOV objective but trying different sets
of parameter values. Besides, always taking into account the obtained S11 parameter,
optimizing the parameters a little bit to improve it as much as possible. This process
really never stop, since the possibility of using a range of values that would ultimately
lead to a dead end was always there, and having other sets of values gave us always an
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alternative to investigate. Moreover, as we can see from Prototype 4 to Prototype 5 the
width and the height of the waveguide were both changed at the same time to match
the standardized measures of the WR12 waveguide of the Electronic Industries Alliance
(EIA) standard, also known as R740 at the International Electrotechnical Commission
(IEC). This change didn’t affect the FOV results but the adaptation got worse.

S-Parameters [Magnitude]
-10

—s1,1 (1)
—S1,1(2)

— 51,1 (3)

- : $1,1 (1) : -24.500009
B2 R pormrneeneees 51,1 (2) : -10.844252

= — Ot e

— 51,1 (5)

51,1 (S) : -13.741536 |----

-16 1

dB

_18 4
B R RECTSTREEN! EERRSRERERSRR bommeeneneenee LTt EERTRRERST bmmmeeeennneennnd femmmeeennneees
7% SSINIUSIRIN SNINIRI. N— e e . o

Y1 SR e L — . RR— R S

-26

Frequency / GHz

Figure 19: S11 parameters obtained from prototypes 1 to 5.

As we can see in 19, from Prototype 2 forward the S11 parameter improved, but with the
change in the waveguide parameters it fell slightly. As it has been said, these results were
the best ones obtained after several optimizations within the range of values displayed
in table 1 for each prototype. The adaptation of the S11 parameter was supposed to be
done by modifying the aperture length. In changes in the order of millimeters, the effect
in the adaptation was noticeable and it was one of the factors taken into account when
selecting a new set of values to try. However, these changes also affected the FOV, so
when adapting the antenna big changes in the length took the design back to the starting
point. Finding a balance between all those values was key to determining a good design.
After discussing with the supervisor it was determined that the S11 parameter was not
possible to improve. For that reason, several ideas were explored to improve it as much
as possible.

4.2 Second phase

During this second phase, the main focus was going to be adapting the antenna in order
to obtain a S11 parameter below -15 dB. There were different techniques discussed to do
so. The first one was to use a different kind of feeding with a coaxial cable that would
look like in figure 20.

Using this kind of feeding we would be able to parameterize the position of the coaxial
cable in the waveguide and observe how would that affect the results regarding the S11
parameter.

It was also an interesting choice to use a stepped waveguide parameterizing the different
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Figure 20: Coaxial cable created in CST.
[12]

levels of the waveguide since some papers indicated that they successfully adapted their
horn antenna using this approach. Figure 21 is an example of the geometry of a rectangular
waveguide step, even though the one considered would be only stepped in one of the axis,
creating something similar to a stair shape.

2612

€15 My
2b,

€ My
Region (II)

Region (1)

Incidence
Figure 21: Geometry of a rectangular waveguide step.

[13]

This approach was seriously considered and even some articles like [13] showed how the
transitions could be based on Chebyshev matching transformer. This looked really promis-
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ing since we could parameterize the transition and find the best matching for our antenna.

Just when the simulations using this technique were about to start another idea came up.
Since this new technique was much easier to explore, it was decided to give it a priority
above the other two. This technique consists of one or more cylindrical screws which can
be mechanically inserted into the center of the broad wall of a rectangular waveguide.
For the dominant TE;y mode of propagation, the stub is then parallel to the electric field
and appears as a shunting capacitive susceptance for stubs with diameters an order of
magnitude smaller than the wide waveguide size.

Capacitive screw tuners can be broadly classified into two types. One design is the slide
screw tuner, which has a single screw that can be moved both within and outside the
waveguide as well as along its length. Over the entire waveguide bandwidth, the slide
screw tuner is useful, but it has too much RF leakage for precise measurements. The multi-
screw type with fixed position screws is the other variety of capacitive screw tuners. The
construction of a screw spacing that makes the multi-screw tuner functional throughout
a wide frequency range is the design challenge.

As it is explained in [15], depending on the waveguide that you are using, related to a cer-
tain range of frequencies, the location of the screws and the spacing between them varies.
The waveguides and bands discussed in the book are up to 40 GHz, far from the band we
are interested in. It is challenging to do a thorough mathematical analysis of a single or
multiple variable-length cylindrical screws that extends from a rectangular waveguide’s
broad diameter. The literature [17] and [16] contains mathematical and experimental as-
sessments of this issue, which are outside the scope of this project and will not be covered
in this paper.

However, in the technique suggested in this book the highest frequency of the design band
is considered first, in our case 80 GHz. Four stubs are spaced at 120° intervals. Physically
this means \,/6+n\,/2 at the highest frequency. The n A,/2 or an integral number of half
wavelengths more than \;/6 spacing depends on the physical characteristics of the tuner.
In most applications above 4GHz \,;/2 must be added to \,/6 for spacing since the drive
mechanisms used on these stubs cannot physically be spaced any closer together. At even
higher frequencies A, or more may be needed. An example of the design technique is done
for waveguide WR90 (8.2 - 12.4 GHz), which gives an idea of how the implementation of
the technique is done.

Having all that in mind, the first prototype was done with just one screw to find out if with
the most simple version of it, we could achieve our objectives. After a few optimizations, it
was clear that the objective was going to be achieved. Table 2 contains the parameters of
Prototype 6a and 6b. Both prototypes have the same dimensions, the only thing different
between them is the number of screws used and their position.
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H Parameter Prototype 6a Prototype 6b H
Width of waveguide section (mm) 3.0988 3.0988
Height of waveguide section (mm) 1.5494 1.5494
Length of waveguide section (mm) 2.84624 2.84624

Aperture width (mm) 16.2 16.2
Aperture height (mm) 1.15279 1.15279
Aperture length (mm) 8.027 8.027
Screw 1 7 axis position (mm) 1.961 0.996
Screw 1 Length (mm) 0.5539 0.53863
Screw 1 Z Radius (mm) 0.1 0.1
Screw 2 Z axis position (mm) - 1.97414
Screw 2 Length (mm) - 0.6595
Screw 2 Z Radius (mm) - 0.1084

Table 2: Prototypes 6a and 6b parameters

In the appendix, you will be able to find the complete captures and results for both the
prototypes 6a and 6b. Nevertheless, in figure 23 we can see the screw used in prototype
6a and the S11 result in 22, which reaches a value of -59.3 dB at the central frequency.

Similarly, in figure 25 we can see the screws used in prototype 6b and the S11 result in
24, which reaches a value of -76.2 dB at the central frequency.

S-Parameters [Magnitude]

—5s1,1

-10 A

dB

-60 -

-70

76 76.5 77.5 78 785 79 79.5 80
Frequency / GHz

Figure 22: S11 graphic of Prototype 6a.

Obtaining these results was key to fulfilling the requirements of the antenna and moving
the project forward. We had been stuck trying to reach an S11 value of -15 dB for weeks,
and with the use of this technique in just a few days it was possible to achieve it. The
screw technique proved to be a fast and simple way to adapt the antenna.
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Figure 23: Screw used in Prototype 6a.
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Figure 24: S11 graphic of Prototype 6b.
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Figure 25: Screws used in Prototype 6b.
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4.3 Final phase

As we have stated in the design objectives, there is still the thickness issue that we hadn’t
addressed until this point, using until this point really thin walls of 0.1 mm. This is
unrealistic from a mechanical point of view since the company’s machinery could not
fabricate it. After a meeting with the people in charge of manufacturing, a thickness of
0.5 mm was agreed upon. Knowing this, a new prototype was created with a waveguide,
aperture, and screw of this thickness. The parameters of the final antenna can be seen in
the table 3.

H Parameter Final antenna H
Width of waveguide section (mm) 3.0988
Height of waveguide section (mm) 1.5494
Length of waveguide section (mm) 2.9385

Aperture width (mm) 16.95
Aperture height (mm) 0.49
Aperture length (mm) 8.027
Screw Z axis position (mm) 1.602
Screw Length (mm) 0.401
Screw Radius (mm) 0.5

Table 3: Final antenna parameters

In figure 26 and 27 we can observe the increment on the waveguide and the aperture walls,
as well as in the screw radius. The increment in thickness affected the adaptation and the
FOV in both the Elevation and Azimuth cuts, bringing it back below the objectives that
were stated. For that reason, a new optimization of the parameters was made, modifying
aperture values to reach the FOV objective first, and then the addition of a single screw
to adapt the antenna again. In figure 26 and 27 we can observe the increment on the
waveguide and the aperture walls, as well as in the screw radius. Even though two screws
obtained a better S11 value, only one screw was used because there was not enough
space to fit two. However, just one screw was enough to adapt the antenna to the central
frequency, reaching -75 dB as is shown in figure 28.

The Elevation and Azimuth cuts have the FOV wanted as it can be seen in figures 29 and
30.

We can also observe the horizontal and vertical polarization in figures 31, 32 and over-
lapped in 33.
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Figure 26: Far-field of the final antenna design.

Figure 27: Screw used in the final antenna design.
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Figure 28: S11 parameter of the final antenna design.
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Figure 29: Elevation cut of the final antenna design.
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Figure 30: Azimuth cut of the final antenna design.

Figure 31: Horizontal polarization (E_Theta) of the final antenna design.
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Figure 32: Vertical polarization (E_Phi) of the final antenna design.
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Figure 33: Horizontal and vertical polarization in boresight.
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4.4 Antenna array review

The antenna array was not developed because the main requirements were accomplished
with a single antenna and the company agreed. However, some simulations were done
in order to observe its behavior of it and decide whether or not would be interesting to
pursue this idea in future work.

In our case, an antenna array would have been used to accomplish the FOV on the
elevation cut without having to increase that much the width since the use of an array
is used for beam narrowing. Two different separations were used during the simulations,
1.5X and 3], since they worked constructively in the main direction (more separations
should be studied in the future). However, as can be seen in figure 37 and 39, increasing
the distance creates new lobes in unwanted directions. Increasing the distance over 0.5\
leads to higher sidelobes. At the same time, you don’t want to put the antennas too
close to each other because that will restrain the aperture width that you can use in your
antennas. For that reason, finding a good compromise between those two conditions would
be key when optimizing the antenna. The elevation cut remains almost identical to the
one obtained for the final antenna, which means that we wouldn’t have to optimize the
height of the antenna that much.

dBi \

10.5

6.91

3.27
-0.361

Figure 34: Far-field of antenna array with separation of 1.5\.
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Figure 35: Azimuth cut of antenna array with separation of 1.5\.
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Figure 36: Elevation cut of antenna array with separation of 1.5\.
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Figure 37: Far-field of antenna array with separation of 3.
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Figure 38: Azimuth cut of antenna array with separation of 3.
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Figure 39: Elevation cut of antenna array with separation of 3.
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The results obtained looked promising and seemed like a feasible alternative to our design.
However, no further optimizations were done since we had already achieved the objectives
with a single horn antenna. Nevertheless, some advantages and drawbacks can be extracted
from the observed behavior of the array:

e ADVANTAGES
— Can potentially offer higher gain and directivity.
— It offers beam steering electronically.

— With the application of non-uniform input to each element, the radiation pat-
tern can be shaped according to the requirement.

¢ DRAWBACKS
— Increased feeding complexity.
— Bulkier system
Larger separations could result in higher grating lobes (unwanted beams).

— Increased resistive losses in the array.
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5 Budget

D)

The overall project development cost will be covered in this section. The student who
created it and the professors/supervisors from both universities will incur the majority of
the costs for carrying it out.

One CTU supervisor and one UPC tutor were involved in our case. The student must
spend roughly 25 hours per credit, or roughly 750 hours total, to complete the 30 credits
of the thesis. The CTU supervisor went for about an hour each week for a total of 12
weeks. About 14 hours of effort are thought to have been directly spent on this project,
without including additional work for the evaluation. The projected amount of work for
the UPC tutor, accounting for coordination and evaluation, is 8 hours per week because
there is no ongoing weekly evaluation. The following table reveals the total budget, which
is 10007 euros.

Number | Salary (€/hour) | Hours | Salary (€) | Taxes (21%) | Total (€)
Student 1 10 750 7500 1575 9075
CTU Supervisor 1 35 14 490 103 593
UPC Supervisor 1 35 8 280 339 339
BUDGET 10007

Table 4: Table showing the budget considered during the development of the Thesis.

Since the student was given the option of working entirely remotely, there is no need
to include an office space when calculating the materials portion of the budget. Instead,
we must pay for the computer used. Taking into account that the student’s computer
costs 1.300€), has a 7-year (84-month) life expectancy, and a 25% residual value The
amortizations can be determined as follows:

B initialT otal — residualValue

li feExpectancy

For the software used, we can’t approximate the cost because it was not possible to
obtain information regarding the price of the academic license. The cost of the material
is as shown in the next table, where the use of them is of 5 months.

Amount | Cost (€) | Initial total (€) | Residual value (€) | Amortization (€)

Total (€)

Computer 1 1500 1500 375 14

Table 5: Total amortization related to materials.
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6 Conclusions and future development

This research is a comprehensive study of horn antennas working at EHF including a
literature review, design, and simulation. Some general considerations were presented,
common to all horn antennas working in this band. In addition, the requirements defined
by the company were presented.

Several prototypes were designed and simulated, obtaining from each of them results that
took the study one step closer to the final design. The knowledge obtained from the main
prototypes was highlighted to explain the designing process.

After several months of designing, simulating, and optimizing prototypes, we concluded
that a single antenna would be capable to achieve the requirements established by the
company. For that reason, it was agreed to focus on the design of a single horn antenna,
evaluating the possibility of designing an antenna array for future works.

Furthermore, the screw tuner technique used to adapt the antenna was key to achieving
the objectives of the project. Before using it, we were stuck trying to achieve a reflection
coefficient below -15 dB, and with the optimization of one or two screws, it was possible
to achieve values of -75 dB at the central frequency.

In addition, after some simulations were completed, the antenna array showed great po-
tential to be a viable alternative to also accomplish the demands. Due to focusing on the
single antenna solution a final design was not developed. However, it would be interest-
ing in possible future works to pursue this alternative and observe its boundaries and
limitations.

In summary, this project should provide a clear view of how the design of the antenna
was made and the design decisions that were taken to fulfill all the requirements agreed
upon.
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Appendices
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Figure 40: Far-field of Prototype 6a.
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Figure 41: S11 graphic of Prototype 6a.
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Figure 42: Elevation cut of Prototype 6a.
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Figure 43: Azimuth cut of Prototype 6a.
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Figure 44: Screw position in Prototype 6a.
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Figure 45: Far-field of Prototype 6b.
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Figure 46: S11 graphic of Prototype 6b.
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Figure 47: Elevation cut of Prototype 6b.
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Figure 48: Azimuth cut of Prototype 6b.
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Figure 49: Screw position in Prototype 6b.

o4



	List of Figures
	List of Tables
	Introduction
	Project Description
	Statement of purpose
	Requirements and specifications
	Methods and procedures
	Gantt Diagram
	Deviations from initial plan

	State of the art of the technology used or applied in this thesis:
	History of antennas
	Extremely high frequency motivation
	Automotive Radar
	Thesis Contribution and Overview

	Methodology / project development: 
	Literature review
	Introduction to Horn Antennas
	Fields and geometrical parameters of Horn antennas
	Radiation fields
	Directivity
	Design

	First steps
	Becoming familiar with CST
	Design decisions

	Results
	First phase
	Second phase
	Final phase
	Antenna array review

	Budget
	Conclusions and future development 
	References
	Appendices

