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Dual-band Antenna Feed Solution for 5G

A dual-band coaxial- and waveguide fed antenna feed for reflector antenna systems
LUKAS MARED

Department of Electrical Engineering

Chalmers University of Technology

Abstract

Antenna feeds for sub reflectors are a key component in backhaul. For the evolving
5G the data rates need to be higher, and a higher frequency band has been allocated
for this intercommunication. This band needs to be efficiently incorporated with the
previously allocated, lower frequency band, to utilize a dual band setup for the base
station intercommunication.

In this thesis project two different concepts for a dual-band dual-polarized antenna
feed solution for reflector antenna systems was investigated. The two bands inves-
tigated are K,-K (17.7-19.7 GHz) and E-band (71-76, and 81-86 GHz).

The first concept is a ridged waveguide coaxial- and waveguide fed feed. The re-
sulting reflection coefficient for the system was better than -11.5 dB for the lower
band, and better than -6 dB for the upper band. The far field characteristics was
not investigated for this concept.

The second concept is a single-polarized coaxial- and waveguide fed feed using a
pin-structure as backshort for the coaxial feed. The resulting reflection coefficient
was better than -24dB for the lower band, and better than -24dB for the upper
band, without the sub reflector. With the unoptimized sub reflector the result is
better than -11 dB and -6dB respectively. The aperture efficiency for the lower
band is better than 65% and better than 15% for the upper band. The low aperture
efficiency for the higher band is due to poor phase efficiency. The second concept is
to be manufactured and measured upon.

Keywords: ridged, waveguide, dual, band, polarized, coaxial, feed, antenna.
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1

Introduction

Base station to base station communication is key in telecommunication. Previously
this has been done in different ways, through fiber, a point-to-point connection, et.c..
The point-link connection has been limited to a frequency of 17.7 to 19.7 GHz.
However, there is a need to increase the bandwidth of the point-link connection due
to the development of 5G, and now a part of the E-band has been allocated for
this use, more specifically 71 to 76 and 81 to 86 GHz. Higher frequencies does not
only have the benefits of increased bandwidth. Generally with a higher frequency
there is a higher attenuation over distance, and may be highly dependant on weather
conditions, such as rain. Due to this the transition to only use E-band in point-link
communication may not be feasible. Thus there is a need to effectively combine
the lower frequency band (17.7 to 19.7 GHz), with the higher, more newly allocated
E-band. This can be done with an antenna transmitting and receiving signals at two
different polarizations. This report covers the investigation, design, optimization,
and manufacturing of a dual-band antenna feed which can transmit and receive both
the upper and lower band of requirement, at different polarizations.

1.1 Aim of the project

The aim of the project is to investigate the performance, design limitations and
viability of a dual-band dual-polarized antenna feed. At the time of the project
very few dual-band dual-polarized feeds have been designed and manufactured and
therefore there will be no requirement on performance. This project will rather
focus on investigating how well a dual-band dual-polarized antenna feed design can
perform.

1.2 Demarcation

The design process does not investigate or analyze the possibility to use an ortho-
mode transducer (OMT) as the feed for the lower frequency band. The feed geometry
is limited to a circular waveguide design, and a square waveguide is not investigated.

The coaxial cables used in this design are off-the-shelf, and optimized conductor
and dielectric radius are not included in the design process. Lastly, the waveguide
ports used are standardized dimensions used by LEAX Arkivator Telecom AB, and
are not optimized as a part of this design. These demarcations were made because
of limitations in time.
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Theory

2.1 Waveguide theory

A waveguide is a structure which guides electromagnetic waves, which enables low-
loss propagation at high frequencies and is a key component in many microwave
applications. These waveguides can consist of many different shapes and sizes, but
most commonly it is a hollow metallic structure such as rectangular, circular or
elliptical. These types of waveguides support transverse electric (TE) or transverse
magnetic (TM) modes, i.e. a mode which either has a magnetic or electric longi-
tudinal component. Rectangular and circular are two of the most commonly used
waveguides and have both their advantages and disadvantages. The rectangular
waveguide is simpler to excite, whereas the circular waveguide introduces lower loss
[1]. Waveguides, however, has a certain cut-off frequency depending on the dimen-
sions of the waveguide, and a signal with a frequency lower than the cut-off can not
propagate through the structure. This cut-off frequency depends on the shape of
the waveguide, which will be explained more explicitly below.

The main part of this project is the design of a waveguide antenna feed for a parabolic
reflector antenna, where the most commonly used shapes are rectangular and circu-
lar waveguides. The theory of these waveguides will be provided below.

2.1.1 Rectangular waveguide

The rectangular waveguide is used mostly thanks to its simplicity to excite and de-
sign. A cross-sectional cut of a rectangular waveguide can be seen in figure 2.1.

As mentioned previously a waveguide has a cut-off frequency depending on the
dimensions and can be formulated as follows [2]:

o= () + () =

Where a and b are the dimensions of the waveguide which can be seen in figure 2.1,
along with the fundamental mode distribution
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Figure 2.1: Standardized dimensions of a rectangular waveguide along with the
fundamental mode distribution.

and p and € is the permeability and permittivity inside the waveguide respectively.
A waveguide can only sustain an integer number of modes (0, 1,..), and these are
represented by the terms m and n in the equation. As such, it can be seen that the
first propagating mode in a rectangular waveguide with dimensions as the one in
the figure, is the TE;g mode, since a > b. Thus the cut-off frequency for the first
propagating mode in this waveguide is:

1
2a./pe

If the waveguide is assumed to be hollow and contain only vacuum the equation can
be rewritten:

feqo = (2.2)

Je10 = = (2.3)

2a
Where c is the speed of light. Since the wavelength is defined as the speed of light
divided by the frequency of the wave the equation can be rewritten once more:
)\0,10

a=— (2.4)

As such it can be seen that the first propagating wave will occur when the rectangular
waveguide has one of its sides (a or b) equal to half a wavelength. Higher-order modes
will be generated at multiples of this value for the rectangular waveguide case.

2.1.2 Circular waveguide

The circular waveguide is, similarly to the rectangular waveguide, a simple design.
However, the circular waveguide is more difficult to excite, especially in applica-
tions where control of the polarization is needed. An advantage with the circular
waveguide is that has lower loss than the rectangular waveguide and the fundamen-
tal mode has a polarization angle which can be used for different applications. A
cross-sectional cut of a circular waveguide can be seen in figure 2.2

4
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H n p7n1 p’n2 p,n?) H
0 3.832 7.016 10.174
1 1.841 5.331 &8.536
2 3.064 6.706 9.970

Table 2.1: The first nine solutions of the second-order differential Bessel equation
for transverse electrical modes of a circular waveguide [2].

H n Pn1 Pn2 Pn3 H
0 2405 5.520 8.654
1 3.832 7.016 10.174
2 5.135 8417 11.620

Table 2.2: The first nine solutions of the second-order differential Bessel equation
for transverse magnetic modes of a circular waveguide [2].

Figure 2.2: Standardized dimensions of a circular waveguide seen from a cross-
sectional cut.

The cut-off frequency for a circular waveguide can be expressed accordingly:

Py
= Pmn 2.5
fe, Sma T (2.5)

Where a, as can be seen in the figure, is the radius from the center of the circle,
1 and € is the permeability and permittivity respectively. p, = is a solution to the
second-order differential Bessel equation, and determines which mode that propa-
gates. This is different from the rectangular waveguide case as this is not an integer
solution. However, it still only supports an integer number of modes. The solutions
to the first nine TE and TM modes can be seen in the tables 2.1, and 2.2 [2].

The fundamental mode for a circular waveguide, the TE;; mode, is not circu-

larly symmetric, i.e. it has a polarization. As such, if the waveguide is excited such
that it contains two orthogonal modes, these two modes can transmit energy and

5
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propagate independently from each other and thereby double the amount of data
sent compared to one polarization. The TE;; mode field distribution, along with a
few other mode field distributions, can be seen in figure 2.3 [2].

PrT2DRRN
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‘
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¥
&
N
e
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#
¢
Y
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.

.

Figure 2.3: The first six solutions for modes in a ciruclar waveguide, starting from
top left, moving to the right: The TEq;, TMg;, TEs;, TEq, TM;1, and finally TE3;.

Thus the exciting of the circular waveguide is of utmost importance to achieve
optimum performance of the waveguide, and small polarization errors in the signal
can destructively interfere with the other orthogonally polarized signal and thus
decrease the performance.

2.1.3 Higher order modes

As was mentioned previously, the generation of higher order modes can occur in a
waveguide. These can be generated when the waveguide’s size is large enough to
sustain more modes than the fundamental, i.e. in the rectangular case, the second
order mode can propagate when a equals one wavelength. When a higher order
mode is generated the field structure inside the waveguide differs to that from the
fundamental mode case. This can cause problems in many applications, e.g. where
the signal is used for data-transmission and the signal is modulated. This thus
creates problems when there is a need to transmit two signals at different bands
throughout the same waveguide structure. Transmitting a signal at E-band and
18 GHz simultaneously through a circular waveguide will thus mean that the E-
band signal may contain more than 20 different modes. There are some ways to
alter the design of the waveguide in order to increase the cut-off frequency for the
higher order modes, or to lower the cut-off frequency of the fundamental mode. One
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example which utilizes the second property will be explained more in detail is a
ridged waveguide.

2.1.4 Periodic reflections

When designing antennas the waveguide impedance needs to be properly matched
to the port. When there is a mismatch a portion of the energy in the wave will be re-
flected back resulting in a lower transmission. Especially when designing transitions
there may be several interfaces where there is a mismatch, thus resulting in multiple
reflections. These reflections may interfere with each other and a higher portion of
the energy will be reflected at distinct frequencies. To find these frequencies, assume
the following case: Two mismatches are positioned at z; and 2, and have reflection
coefficients r; and r,. The total reflection is then:

7| = |y + e I28(2m21)) (2.6)

However, the propagation constant ( is a 27 periodic function and thus r is as well.
To find the periodicity of the frequency for the reflections the phase term can be
analyzed more carefully:

™
261(z0 —21) = 2B2(20 —21) =211 = Po— P = ——— (2.7)
(22 — 21)
Which can then be reformulated to the following equation using 5 = 27 /\:
c
Af=———— 2.8
f e (2.8)

This implies that if there are more than one mismatches in the structure there will
be periodic reflections. This will increase the total energy reflected of the system at
certain frequencies compared to a single mismatch. [3]

2.1.5 Ridge design

By using ridges inside the waveguide it is possible to decrease the cut-off frequency
of the fundamental mode of the waveguide. According to [13] there is a possibility
to lower the cut-off by at least a factor of 3.7. The cut-off frequency for different
ridge openings and widths has been calculated in Computer Simulation Technology
Microwave Studios (CST MWS) which is a simulation software for high frequency
applications, and can be visualized in figure 2.4, and the waveguide setup with ridges
can be visualized in figure 2.5.
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Cut-off frequency for different ridge geometries

—Opening 0.04mm

x} = Opening 0.08mm
Opening 0.16mm | |

—Opening 0.32mm

= 0pening 0.48mm

[#%]
o

Cut-off frequency in GHz
P
(%)

20¢ Opening 0.64mm |
—Opening 0.80mm
15+ x—opening 0.96mm |
ol ¥ 1
0 0.5 1 1.5 2
Width in mm

Figure 2.4: Cut-off properties for alternating ridge dimensions in a circular waveg-
uide with a nominal cut-off frequency of 55.32 GHz.

Ridge
Width
<~
1 1
1 1
1 1
1 1
Ridge ———————
Openingi—_lo—__ Radius

Figure 2.5: A circular waveguide setup with ridges for one polarization.

Thus a visual analysation of the figure shows that there is a theoretical possibility
to lower the cut-off frequency from 55.3 GHz to 8 GHz, i.e. a factor of almost 7.

2.2 Antenna theory

This section will provide some fundamental antenna theory necessary for under-
standing the report.
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2.2.1 Field theory

Electromagnetic fields and signals are characterized by vectoral fields, which propa-
gate in a certain direction. These fields are normally described as instantaneous or
time-harmonic fields [3].

E(z,y,2t) = R{E(z,y, 2)e’'} (2.9)

Where E is the instantaneous field, and E is the time-harmonic field. The time-
harmonic field can also be described accordingly if considered to be a plane wave
propagating in free space in z-direction:

E = Ee 7" = [E,X + E,§]e 7% (2.10)
The magnetic field is described by

1
H=-2xE (2.11)
U

Where 7 is the free space wave impedance, which equals 1207 §2. k is the wave
number,

k= oY (2.12)

and A is the free-space wavelength.

2.2.2 Polarization

As could be seen in the previous chapter the electrical and magnetic fields is charac-
terized by vector fields which describe the direction of the energy in the field. The
direction the energy of the field is pointing in over a period of the wave is often called
the polarization. This can be more easily understood if the previous equations are
rewritten in the following form:

R{Ee 7"} = R{[E,X + E,§)e 7'} = E,X cos(wt — kz) + E,¥ cos(wt — kz) (2.13)

Assuming that E, = E, the following field is generated:

~ 0.5-

Figure 2.6: A 45° x- and y-polarized signal propagating in z-direction.



2. Theory

The most common signal polarizations are linearly polarized, e.g. x- or y-polarization,
or right-handed circularly polarized (RHCP) or left-handed circularly polarized
(LHCP) signals. x- or y-polarized signals occur when either E, or E, equals 0
respectively. RHCP occur when FE, is phase-delayed by 90° relative to £, and
LHCP vice versa. These different polarizations can be seen in figure 2.7.

1 1
N 0.5 N 0.5
0 0
2 1
1 2
1 0 0 1
0 - 10
E E
y E, y E,
1 1
N 0.5 N 0.5
0 0
1 1
1 1
0 0 0 0
A4 A4
E E
y E, y E,

Figure 2.7: Top left shows an x-polarized signal, top right a y-polarized signal,
bottom left a right-handed circularly polarized signal, and bottom right let-handed
circularily polarized signal. The propagation direction is in +z-direction.

By transmitting signals at different polarizations there is a possibility to transmit
two different signals at the same frequency from the same antenna simultaneously,
since two orthogonally polarized signals will not interfere with one another.

2.2.2.1 Co-polar and cross-polar

Since the polarization of a signal can be desired to be different for different applica-
tions, there is a convention which simplifies the description of which polarization is
the desired and undesired one. This is usually said to be the "co-polar" polarization
component, and "cross-polar" polarization component, where the co-polar compo-
nent is the desired one, and the cross-polar component is the undesired one. These
are defined as two general orthogonally polarized signals, i.e.

co-co" =1, co-xp" =0 (2.14)
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2. Theory

Xp-xp" =1, Xp-co" =0 (2.15)

Thus to find the desired polarization of the signal the electric field should be scalar
multiplied with the co-polar component, and similarly for the undesired, but with
the cross-polar component.

If the desired polarization is e.g. x-polarization the co polarization can be found
accordingly: A
Co = X = cos pf — sin p@ (2.16)

2.2.3 Paraboloid reflector antenna

The paraboloid reflector antenna focuses and directs the power transmitted in a
small pencil-like beam which has a high directivity. The directivity of the antenna is
(roughly) proportional to the diameter of the parabolic reflector, and the beamwidth
is inversely proportional to the diameter. [3] The entire paraboloid antenna reflector
system can consist of many different parts, but these are commonly divided in
three different components: The parabolic reflector, the subreflector, as well as the
antenna feed. The characterization of the performance of the antenna feed and sub-
reflector components are usually measured in efficiencies [3]. These efficiencies, as
well as the subreflector will be explained more in detail in the following sections.

2.2.4 Subreflector

A well-known and commonly used paraboloid reflector antenna system is the so
called hat-fed reflector antenna which relies on a self supported rear-radiating sub-
reflector and antenna feed combination. A major benefit of this system is that there
is no need for supporting structures as both the subreflector and antenna feed are
integrated in one another, and is a central part of the reflector antenna system. It
was firstly introduced by Kildal [4].

The hat feed itself is divided in three components, the neck, the head, and the
hat, see figure 2.8:
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2. Theory

Figure 2.8: The hat feed divided in to three main components. "1" is the hat, "2"
is the head, and "3" is the neck.

The neck is the waveguide feed used to feed the reflector antenna system. The head
is a supporting structure which holds the hat, which usually is a dielectric structure.
However, there are examples of heads not using any dielectric support structure [5].
Lastly there is the hat which (in this example) consists of a reflecting circular crown
structure with an angular profile which is optimized for illuminating the parabolic
reflector. The size and angular profile of the hat is optimized for the parabolic re-
flector dimensions and frequency of operation. It is also common for the hat to be
corrugated [4].

The market uses for the hat feed are e.g. satellite communication systems [6] and
telecommunication backhaul.

2.2.4.1 Efficiencies

The efficiencies used to characterize the performance are divided up in to four dif-
ferent parts, the spillover, polarization, illumination and phase efficiency [3]:

Cap = €sp€polCillCo (2.17)

Three of these can be analysed and calculated from the antenna feed by analysing
it as a horn antenna, given that the subtended angle is known, i.e. the angle from
the sub-reflector relative the parabolic dish, see figure 2.9.
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Subreflector
Parabolic
reflector

Figure 2.9: The subtended angle 8 of a parabolic reflector with a subreflector.

These are the spillover efficiency, the polarization efficiency and the phase efficiency.
To analyse the illumination efficiency the performance of the sub-reflector needs to
be known as well. These three efficiencies are thus key for designing an antenna feed.

Spillover efficiency e,, The spillover efficiency is the amount of power illumi-
nating the reflector relative to the total amount of power transmitted by the feed.
(i.e. the power within the subtended angle relative the total power transmitted).

Polarization efficiency e,, This is the power of the co-polar field relative to
the total amount of power within the subtended angle (i.e. the amount of wanted
polarization illuminating the reflector relative to the total power illuminating the
reflector).

Illumination efficiency e;; Illumination efficiency is a measurement of how well
the reflector is illuminated, i.e. how big portion of the aperture is efficiently used.
If the entire aperture is uniformly illuminated this efficiency is 100%. However, the
aperture is normally illuminated less at higher angles to e.g. reduce the spillover.
To evaluate this efficiency the far-field of the feed with the subreflector needs to be
known, since the subreflector will impact the field incident on the reflector.

Phase efficiency e, In order to maximaze the gain from an antenna, the phase
over the whole aperture should be constant. The phase efficiency is a measurement
of the phase error of the far field from the feed, i.e. the "evenness' of the phase
over the antenna aperture. If the phase center is not properly placed destructive
interference may occur and the performance will decrease.

2.3 Excitation

This section will provide explanation of two common procedures of exciting a waveg-
uide.
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2. Theory

2.3.1 Waveguide excitation

A common way is to excite the waveguide with another waveguide connected to a
signal generator. This waveguide is commonly of a rectangular shape.

2.3.2 Coaxial feed excitation

Exciting circular waveguides with coaxial feeds is a common occurrence. There
are many off-the-shelf solutions for this and a common way is to excite inserting
the probe in to the structure with a backshort placed approximately a quarter-
wavelength back, see figure 2.10

Dieleqtric Conductor

.

™,
Y

Metallic wall with
infinite conductivity

™~ ~N4

< >

~N4

*
J \
<

Figure 2.10: Visualization of a coaxial feed in an ideal waveguide.

These feeds can commonly achieve a very good return loss (up to -30dB over a
large frequency range) [11]. The polarization of the signal is also in the direction
of insertion of the conductor, i.e. it is linearly polarized in the direction of the
conductor. The reason for locating the feed a quarter-wavelength in front of the
wall is to utilize the reflection and have a standing waveguide pattern constructively
interfering with the electrical signal excited from the coaxial feed. However, due
to the properties of the waveguide the wavelength inside a waveguide is not equal
to that of free-space, it is slightly longer, as the wavelength is proportional to the

propagation constant [2]:
2m

B

and the propagation constant is proportional to the cut-off properties of the waveg-

uide:
B =\/k?—k? (2.19)

Where k. is the cut-off wavenumber which equals

by (2.18)

\/ (mm/a)? + (nm/b)? for a rectangular waveguide
=\ Pam

a

for a circular waveguide
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Similarly to the position of the conductor the impedance of the waveguide and
coaxial feed may not always be properly matched. To alter the impedance of the
transition the dielectric may be positioned further down in to the waveguide to alter
the impedance transition, as well as change the insertion of the conductor. There is
more information about this in [11] for the interested reader.
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Design and manufacturing of the
feed

In this thesis project a dual band single polarization antenna feed for parabolic
reflectors is designed and manufactured. The design process is focused on the tran-
sition and excitation of the lower frequency band. Excitation of E-band is achieved
by a rectangular to circular waveguide transition obtained from LEAX Arkivator
Telecom AB, and is thus not included in this design process. A large focus during
the design process was to keep it simple and cheap to manufacture, and thus the
most optimal solution for good performance is not always preferred, as this may
increase the cost of the feed.

The design was conducted in a chronological order, i.e. the circular transition be-
tween the upper and lower band waveguides was designed, and was used as the base
structure throughout the project. Thereafter different solutions for excitation of the
lower band was investigated.

3.1 Design of E-band feed and waveguide

The upper band covers the frequencies of 71-76 GHz and 81-86 GHz. The E-band
feed is a waveguide feed as it was discussed that a coaxial feed could be too expensive
and time-consuming to investigate thoroughly. Coaxial feeds also have a tendency to
have higher losses, and are very sensitive to manufacturing errors. Thus it was settled
for a waveguide feed. The upper band is excited by a rectangular waveguide feed
which has been previously used by LEAX Arkivator Telecom, and is the standardized
UBR740.

3.1.1 E-band waveguide transition

The E-band waveguide transition is the transition between the upper and lower
band waveguides. The main complication in this design step is the higher order
modes which can propagate in the larger waveguide, as well as the simulation time
for the E-band. The initial dimensions for the circular waveguides were provided by
LEAX Arkivator Telecom. These are 1.5875mm for the inner radius of the E-band
waveguide, and 6.947mm inner radius for the 18GHz-band waveguide. Thus the
18 GHz waveguide is approximately 4.5 times larger than the E-band waveguide,
and can sustain more than 20 modes according to CST Microwave Studio at E-band.
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3. Design and manufacturing of the feed

Since the 18 GHz waveguide is highly overmoded for the E-band, the transition
should be designed such that it does not excite the higher order modes. Gener-
ally to avoid higher order mode generation the transition between the waveguides
should be smooth, symmetrical and long, as this does not disturb the field within
the waveguide, and any deviation or asymmetry in the design may induce higher
order modes and thus affect the performance of the feed. However, it is not feasible
to manufacture a transition that is too long, and thus it is a matter of manufactura-
bility that limits the length in this design, which was set to be 60mm.

To achieve an efficient optimization routine which minimizes the generation of higher
order modes a curvature with a high degree of freedom had to be used, with a low
amount of optimization parameters. For this design a Bézier curve was used. [7] A
Bézier curve is a one- or two-dimensional parametric curve defined by n polynomials,
defined accordingly:

B(t) =" <”> (1— )" P, (3.1)

i—0 \!

For this design a Bézier curve of the third order was used, i.e.:
B(t) = (1 —t)® + Po + 3(1 — t)%Py + 3(1 — t)°Py + £° P

Where the points Py, Py, Py and P35 define points in the space between the E-band
waveguide and 18 GHz waveguide. In the figure below the curvature of two Bézier
defined curves can be seen based on the points Py to Ps.
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) Bézier curve example
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Figure 3.1: Two cubic Bézier curves with different defining points. The dashed
lines represent the lines between each point, and the lines the resulting Bézier curves.

However, as can be seen from the figure Py and Pj3 are defining the starting and
end points of the Bézier curve, i.e in this case, Py should be at the inner E-band
waveguide radius and the beginning of the transition. P3 should be at the inner 18
GHz waveguide radius and the end of the transition. This gives thus four different
parameters to optimize the curvature of the waveguide and was deemed enough, as
increasing the number of parameters available for optimization might increase the
optimization time.

Additionally to reduce the optimization time of the curvature the optimization goal
was focused on increasing the transmission and decreasing the reflection coefficient,
rather than decreasing all the higher order modes and reflection coefficient. This
was to reduce the amount of optimization goals to two instead of having more than
20 goals. The finalized optimization can be seen in the figure below, along with the
yielded results:
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3. Design and manufacturing of the feed

Figure 3.2: Visualization of the optimized E-band transition with a Bézier profile.
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Figure 3.3: The reflection coefficient for the feed after optimization.
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Figure 3.4: The transmission coefficient for the feed after optimization.
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3.2 Design of 18 GHz-band excitation

The lower band covers the frequencies between 17.7-19.7 GHz. In this section two
different concepts will be presented as they were both thoroughly investigated. Dif-
ferent problems will be discussed and the final solution presented. The E-band
transition is used as the basic design for both of these concepts. As was previ-
ously mentioned in the demarcation an OMT was not investigated, but can for the
interested reader be read more about here [8], here [9] and here [10].

3.2.1 Coaxial feed with ridges

A benefit of using a ridged waveguide for the excitation is that the coaxial feed
can be placed inside the ridges. There are many solutions already presented in this
field which simplifies the design, see e.g.: [12], [13] and [14]. However, all of these
solutions use an electrical wall for the reflection of the power. This is not suitable
when combining coaxial feed with a waveguide feed.

The idea behind this design is to use the cut-off properties of the waveguide as
an electric wall to reflect the power instead of having an electric wall for the 18
GHz band. If the design is successful for one polarization it should be re-designable
for the other polarization with some changes and thus function as a dual-polarized
setup without too much effort. However, the problem with this design is that the
introduction of ridges introduces discrepancies in the structure which may excite
higher order modes. The design process and results are presented below.

3.2.1.1 Ridge design

It is beneficial if the design curve of the ridges are, similar to that of the waveg-
uide curve, simple but with a high degree of freedom. Investigation of previous
publications showed that the following equation was suitable for this design [13]:

H

sere =)@ Y .

r=0+

Where the length of the ridge is given by L and the diameter of the waveguide is
given by H. R is the opening rate of the ridge, and is thus implying how fast the
ridge is opening, see figure 3.5.
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A
Y

Figure 3.5: An explanation of the mathematical curve used for the ridge design.
O is the ridge opening, R shows two different opening rates, where the dotted one
has a higher opening rate, and L shows the length of the ridges.

Thus the curvature of the ridge can be optimized and designed for. The width of the
ridges are limited on the lower end by the coaxial conductor width, and larger end
by the waveguide dimensions. The length is limited by the length of the waveguide.
Since the E-band transition is sensitive to small changes within the structure the
ridge should be as smooth as possible. The optimized ridge curvature can be seen
in figure 3.6.

Figure 3.6: The optimized structure with ridges and coaxial feed.

Where the feed opening at the coaxial feed is 1.5mm, the total length of both ridges
are approximately 28mm, and the opening rate is 0.1. The length of the reversed
ridge is 6.5mm and the opening rate is 0.85. The width of both ridges are 1 mm
thick, and are limited by the coaxial dielectric in thickness. The dimensions of
the coaxial feeds conductor and dielectric were chosen to be thin, and commercially
available. The most suitable feed found had an inner conductor diameter of 0.29mm,
and dielectric diameter of 0.92mm.

The back-section of the ridge curvature was designed to be approximately a quarter-

wavelength long in order to use the cut-off properties of the waveguide as an electric
wall. The resulting performance of the coaxial ridge-feed can be seen in figure 3.7.
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Reflection coefficient of the coaxial feed with ridges

Reflection coefficient [dB]
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Figure 3.7: The resulting reflection coefficient of the coaxial feed in the optimized
structure with ridges.

Where the total reflection coefficient is better than -11.5 dB.

3.2.1.2 E-band performance

As was mentioned previously the E-band performance is affected by the introduction
of ridges. The result of the E-band simulation can be seen in figure 3.8, and 3.9.

Reglection coefficient at the E-band port with ridges Reglection coefficient at the E-band port with ridges

-45 - - " - -45 ' ' ' '
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Figure 3.8: The resulting reflection coefficient seen from the E-band port in the
optimized structure with ridges.
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Transmission between the E-band port with ridges Transmission between the E-band ports with ridges
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Figure 3.9: The resulting transmission coefficient between the E-band ports in the
optimized structure with ridges.

As can be seen, the reflection coefficient is better than -6 dB for the entire band,
and the transmission coefficient is better than -4.5 dB for the entire band. These
results were deemed to not be good enough, as more than half the power is lost for
certain frequencies. When these results were obtained the design for the lower band
feed was changed.

However, simulations were also made where the 18 GHz-band was ignored, and
the ridge design was highly optimized for E-band, see figure 3.10, 3.11. Here it can
be seen that the system may be usable for E-band.
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Figure 3.10: The resulting reflection coefficient between at the E-band port with
ridges optimized for E-band.
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Tragsmission coefficient for different setup with ridges
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Figure 3.11: The resulting transmission coefficient between the E-band ports with
ridges optimized for E-band.

Which shows that this design setup can be used at E-band. However, for this design
the coaxial feed did not achieve suitable results. For these results (figure 3.10, figure
3.11) the ridges were extended in length, the feed opening was larger, and the width
and opening rate smaller, compared to figure 3.8.

3.2.2 Coaxial feed without ridges

As the performance of the ridge design did not achieve sufficiently good results,
another design was tested for the coaxial feed. As was mentioned earlier in section
2.3.2 an ordinary coaxial feed uses a backshort, which is, ideally, a perfect electric
wall, to reflect the power transmitted by the coaxial feed to create a standing wave
pattern in order to improve the performance. For this second design a pin-structure
is introduced within the transition in order to work as a single-polarized electric wall
for the 18 GHz-band. A schematic figure can be seen in figure 3.12
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Metallic pins

Metallic pins Y

/

-

\ ~—1_~—

Figure 3.12: A schematic figure showing the setup of the pin structure concept,
which acts as a single-polarized electrical wall.

The benefit of using this is that if the metallic pins are thin enough and positioned
correctly, the orthogonally polarized E-band should not be affected noticeably by
them. However, the drawback is that this design does not support a dual band
solution, since the metallic pins would then be parallel with the electric field of the
E-band and reflect a portion of the power and reduce the performance of the E-band.

The transition was kept, similarly to the ridges, as initially designed. The main
design steps of the pin structure was to find the position of the metallic pins and
coaxial feed, the number of pins used, the relative distance between the pins and
feed, the thickness of the pins, and the insertion of the coaxial conductor and di-
electric in the waveguide. These steps are explained more in detail below.

3.2.2.1 Pin structure design

The approximate positioning of the coaxial feed and pin structure was found by
investigating the cut-off frequencies along the transition. The pin-structure and
coaxial feed was spaced approximately a quarter-wavelength apart. The pins di-
mensions, distance between and relative distance to the coaxial feed, as well as the
insert length of the coaxial conductor and dielectric was thereafter simulated and
optimized for. Clarification of the parameters that were optimized for can be seen
in figure 3.13.

26



3. Design and manufacturing of the feed

e i .

~—_1

Figure 3.13: A schematic figure showing the parameters that were optimized for
in order to improve results. "a" is the pin displacement, "b" is the relative distance
between the pin wall and coaxial feed. "c¢" is the insert length of the coaxial conduc-
tor, "d" is the offset from the end of the transition, and e is the insert length of the
coaxial dielectric. The thickness of the pins is the width in x-direction, and length

is the width in y-direction.

Initially the pin displacement was tested at 18 GHz. The result can be seen in figure
3.14.
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Figure 3.14: The reflection coefficient for different pin displacement around 18
GHz.

Which shows that the pin displacement does not affect the performance significantly
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at 18 GHz when the thickness is constant.
The thickness was briefly tested as well. The result can be seen in figure 3.15.
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Figure 3.15: The reflection coefficient for different pin setups.

Which shows that the result is dependant on thickness and relative displacement.
Thus it is important to not have a small displacement with a large width, as this
affects the results negatively. The performance impact of the other parameters is not
shown in the same detail as for the pin displacement and thickness, as these are more
commonly optimized in coaxial feed solutions. Instead the other parameters were
optimized for. For the pin-setup three different geometries were investigated as well
for manufacturing purposes. This is due to the different manufacturing methods that
may prefer certain geometries over others. The result for three different geometries
can be seen in figure 3.16
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Rem;lgction coefficient with an optimized circular pin structure
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Figure 3.16: The reflection coefficient for different pin geometry setups. For all
cases the coaxial conductor insert is 3.3mm, the dielectric insert is Omm, the distance
between the pin wall and conductor is 5.9mm and the thickness is 0.2mm. For the
sheet-case the length of the pins are Imm.

The parameters are similar for all three cases, and as can be seen in this case all
three geometries have similar results, and the circular and square case are better
than -25dB for the entire band. The sheet case has a degraded performance relative
to the others, but can be optimizeable for the band.

3.2.2.2 E-band performance

The E-band performance for the different geometries can be seen in figure 3.17.
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Figure 3.17: The reflection coefficient for different pin geometries at E-band.

As can be seen the performance of the sheet structure is worse. Circular and square-
pin structure have similar performance and is better than -27 dB in-band.
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The impact of the thickness was also investigated for E-band. The result can be
seen in figure 3.18.

I}gflection coefficient for different pin thicknesses

——Pin thickness 0.2mm
——Pin thickness 0.3mm|

\/\/\/\:

)
(=]

¥
3

&
o

o)
o

Reflection coefficient [dB]
o

A A
5

n
o

75 80 85
Frequency [GHZz]

~
o

Figure 3.18: The reflection coefficient for different pin thicknesses at E-band

Which shows a result that is approximately 5 dB worse for a 0.1lmm increase in
thickness of the pins. Thus the performance is highly dependant on the thickness
of the pins, which is not surprising since an increase in thickness will make the
structure more prominent for the orthogonal polarization.

3.3 Manufacturing

This section will discuss and present the manufacturing of the antenna feed. The
manufacturing was discussed and planned together with mechanical engineers at
LEAX Arkivator Telecom AB in order to have a manufacturable feed with sufficient
tolerances. The finalized structural layout is changed slightly from the previously
simulated structure. All results for the manufacturable design will be presented in
chapter 4.

3.3.1 E-band transition

The E-band transition was designed with manufacturability in mind, i.e. the length
was limited, as well as the outer and inner dimensions of the waveguide are matched
to standardized dimensions for LEAX for simplicity in the manufacturing process.
For the manufacturing the structure will be drilled, which requires a drill that is at
least as long as the waveguide, and as thin as the innermost diameter.

3.3.2 18 GHz excitation

The coaxial feed used in the design process was an off-the-shelf product from rosen-
berger. Details of the feed can be seen in Appendix A. The coaxial conductor insert
is longer than the base length of the stripped conductor from the manufacturer.
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Re-simulating shows that the performance with a part of the dielectric insert in
the structure in order to keep the conductor length similar shows that the result is
tolerable. It is also possible to cut the conductor or dielectric to the desired length.
However, the tolerances may not be as high as needed. The most suitable solution
would be to have a customized order of the coaxial feed, but that will increase the
cost and is not necessary for a concept design.

3.3.2.1 Pin structure

In order to realize the pin structure the design had to be changed slightly. In
the simulated case the pins were inserted in the structure as three separate objects.
However, drilling holes that are 0.2mm thin with a high tolerance is not feasible. The
design was changed such that the E-band transition is split in two parts, and the split
is positioned at the simulated pin structure position. The pins themselves were re-
designed to be a separate structure which is etched from a circular thin metal plate.
This process can then offer a tolerance which is high enough while simultaneously
keeping the thickness of the metal plate thin. A schematic exaggerated explanation
of the new transition can be seen in figure 3.19.

>
L

Figure 3.19: A schematic figure showing the new design. The sections "a", "b", and

n.n

¢" are manufactured in three separate processes. The E-band port is the leftmost
part, i.e. start of "a".

b

This design extends the length of the structure by approximately 0.2mm, as the pin
structure is flat and positioned between the waveguide transitions.

3.3.3 Finalized structure

The finalized mechanical structure is thus designed. It is separated in four different
parts, whereas three of them have been simulated and designed in this project. The
fourth part is a transition from a rectangular to circular waveguide provided by
LEAX. The final mechanical design of the antenna feed can be visualized in figure
3.20, and 3.21.
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3. Design and manufacturing of the feed

d

Figure 3.20: The mechanical design of the antenna feed. The sections "a", "b",
and "c¢" are manufactured in three separate processes. Section "d" is the rectangular
to circular transition obtained by LEAX Arkivator Telecom AB.

Figure 3.21: The mechanical design of the antenna feed. The sections "a", "b",
and "c¢" are manufactured in three separate processes. Section "d" is the rectangular
to circular transition obtained by LEAX Arkivator Telecom AB.
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Results

This section will present the results of the finalized structure, i.e. the feed which
was split in three sections, which was described in chapter 3, as well as the measured
results from the manufactured antenna feed. The results will be presented with and
without the sub reflector. For the results with it should be kept in mind that the
sub reflector is not optimized for the antenna feed.

A 3D-model of the simulated structure with and without hat feed can be seen in
figures 4.1, and 4.2. The structure seen in this figure is not circular and smooth.
This is to simplify the parametrization in CST, the manufactured structure will not
have these distinct circular sections, but rather be as smooth as possible.

Figure 4.1: The finalized structure simulated in CST without the sub reflector.
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Figure 4.2: The finalized structure simulated in CST with the sub reflector.

4.1 18 GHz band

This section presents the reflection coefficients, 3-dimensional far field, and E- and
H-plane cuts with and without the sub reflector, as well as the efficiencies with the
sub reflector.

The simulated reflection coefficient for the 18 GHz-band port to port simulation
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can be seen in figure 4.3

Reflection coefficient at 18 GHz

Reflection coefficient [dB]

-40

18 18.5 19 19.5
Frequency [GHZz]
Figure 4.3: The simulated reflection coefficient for the 18 GHz-band port to port

simulation

The simulated reflection coefficients when analyzing the feed as a horn antenna can
be seen in figure 4.4.

Reflection coefficient at 18 GHz
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Figure 4.4: The simulated reflection coefficients for the 18 GHz-band horn antenna
simulation with and without sub reflector.

The result when including the sub-reflector is worse. As mentioned previously the
sub reflector is not optimized for this antenna feed, and thus will have a large neg-
ative impact on the result.
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In table 4.1 the efficiencies can be found for the lower band.

H freq (GHz) ey €l €pol € Cap H

17.7 97 % 89% 93% 82% 66%
18.7 98% 89% 91% 82% 65%

19.7 9% 89% 92% 84% 68%

Table 4.1: The efficiencies for the simulated antenna feed with sub reflector.

4.1.1 Far field results

In the figures below the cartesian farfield plots and 3D-farfield plots can be seen for
three different frequencies for the simulated structure without the sub reflector.

Farfield plot at 17.7 GHz
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=
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0 50 100 150 200

Theta [deq]
Figure 4.5: Farfield plot of the antenna feed at 17.7 GHz
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Figure 4.6: 3D Farfield plot of the H-plane of the antenna feed at 17.7 GHz

Figure 4.7: 3D Farfield plot of the E-plane of the antenna feed at 17.7 GHz
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Farfield plot at 18.7 GHz
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Figure 4.8: Farfield plot of the antenna feed at 18.7 GHz

Figure 4.9: 3D Farfield plot of the H-plane of the antenna feed at 18.7 GHz

38



4. Results

Figure 4.10: 3D Farfield plot of the E-plane of the antenna feed at 18.7 GHz

0 Farfield plot at 19.7 GHz

——E-plane
——H-plane

Directivity [dBi]
o

-30 ' '
0 50 100 150 200

Theta [deg]
Figure 4.11: Farfield plot of the antenna feed at 19.7 GHz
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Figure 4.12: 3D Farfield plot of the H-plane of the antenna feed at 19.7 GHz

Figure 4.13: 3D Farfield plot of the E-plane of the antenna feed at 19.7 GHz

In the figures below the same simulations can be seen at 18 GHz with the sub
reflector.
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0 Co-polar far field at 17.7 GHz
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Figure 4.14: Farfield plot of the antenna feed with the sub reflector at 17.7 GHz.
The angle is reversed, and 180 degrees is forward.

Figure 4.15: 3D Farfield plot of the H-plane of the antenna feed with the sub
reflector at 17.7 GHz
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Figure 4.16: 3D Farfield plot of the E-plane of the antenna feed with the sub
reflector at 17.7 GHz
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Figure 4.17: Farfield plot of the antenna feed with the sub reflector at 18.7 GHz.
The angle is reversed, and 180 degrees is forward.
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Figure 4.18: 3D Farfield plot of the H-plane of the antenna feed with the sub
reflector at 18.7 GHz

Figure 4.19: 3D Farfield plot of the E-plane of the antenna feed with the sub
reflector at 18.7 GHz
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Co-polar far field at 19.7 GHz
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Figure 4.20: Farfield plot of the antenna feed with the sub reflector at 19.7 GHz.
The angle is reversed, and 180 degrees is forward.

Figure 4.21: 3D Farfield plot of the H-plane of the antenna feed with the sub
reflector at 19.7 GHz
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Figure 4.22: 3D Farfield plot of the E-plane of the antenna feed with the sub
reflector at 19.7 GHz

4.2 E-band

The same model was used for simulating at E-band. The results can be seen below.

The simulated reflection coefficient for the E-band port to port simulation can be
seen in figure 4.23

Reflection coefficient at E-band

r
[

Reflection coefficient [dB]

-35

72 74 76 78 80 82 84 86
Figure 4.23: The simulated reflection coefficients for the E-band port to port
simulation.

The simulated reflection coefficients when analyzing the feed as a horn antenna can
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be seen in figure 4.24

Reflection coefficient at E-band

—Without sub reflector
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72 74 76 78 80 82 84 86
Frequency [GHZz]

Figure 4.24: The simulated reflection coefficients for the E-band horn antenna
simulation with and without sub reflector.

In table 4.2 the efficiencies can be found for the upper band.

H freq (GHz) ey e o €4 Cap H

71 9%6% 89% 81% 52% 36%
78.5 9%6% 89% T74% 51% 32%
86 91% 8% 71% 26% 15%

Table 4.2: The efficiencies for the simulated antenna feed with sub reflector.

4.2.1 Farfield results

In the figures below the cartesian farfield plots and 3D-farfield plots can be seen for
three different frequencies for the simulated structure without sub reflector.
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Farfield plot at 71 GHz
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Figure 4.25: Farfield plot of the antenna feed at 71 GHz

Figure 4.26: 3D Farfield plot of the E-plane of the antenna feed at 71 GHz
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Figure 4.27: 3D Farfield plot of the H-plane of the antenna feed at 71 GHz
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Figure 4.28: Farfield plot of the antenna feed at 78.5 GHz
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Figure 4.29: 3D Farfield plot of the E-plane of the antenna feed at 78.5 GHz

Figure 4.30: 3D Farfield plot of the H-plane of the antenna feed at 78.5 GHz
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Farfield plot at 86 GHz
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Figure 4.31: Farfield plot of the antenna feed at 86 GHz

Figure 4.32: 3D Farfield plot of the E-plane of the antenna feed at 86 GHz
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Figure 4.33: 3D Farfield plot of the H-plane of the antenna feed at 86 GHz

In the figures below the same simulations can be seen at E-band with the sub
reflector.
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Figure 4.34: Farfield plot of the antenna feed with the sub reflector at 71 GHz.
The angle is reversed, and 180 degrees is forward.
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Figure 4.35: 3D Farfield plot of the E-plane of the antenna feed with the sub
reflector at 71 GHz

Figure 4.36: 3D Farfield plot of the H-plane of the antenna feed with the sub
reflector at 71 GHz
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0 Co-polar far field at 78.5 GHz
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Figure 4.37: Farfield plot of the antenna feed with the sub reflector at 78.5 GHz.
The angle is reversed, and 180 degrees is forward.

Figure 4.38: 3D Farfield plot of the E-plane of the antenna feed with the sub
reflector at 78.5
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Figure 4.39: 3D Farfield plot of the H-plane of the antenna feed with the sub
reflector at 78.5
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Figure 4.40: Farfield plot of the antenna feed with the sub reflector at 86 GHz.
The angle is reversed, and 180 degrees is forward.
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Figure 4.41: 3D Farfield plot of the E-plane of the antenna feed with the sub
reflector at 86 GHz

Figure 4.42: 3D Farfield plot of the E-plane of the antenna feed with the sub
reflector at 86 GHz
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Discussion and further work

5.1 Dual-band antenna feed

The main area which made this design difficult was the process of reducing the higher
order modes prominent in the structure. The waveguide transition and initial ridge
design excited many of the higher order modes which impacted the results negatively.
This design process was highly focused on manufacturability as well, and was not a
feasibility investigation of a dual-band dual-polarized feed in general. It would be
interesting to investigate the feasibility of such an antenna feed, as it would more
likely present the limitations and possibilities of the dual-band dual-polarized feed.

5.2 Ridge design

The ridge design approach is a very interesting solution which could be made for a
dual-polarized setup. However, due to the limitations in coaxial cable and time the
design was not continued with. I believe that with a customized coaxial feed setup
the structure may perform well enough on both E-band and the 18 GHz-band. The
limitations were that the required performance were not achieved on both bands
simultaneously. The idea of using the cut-off properties of the waveguide as a re-
flecting wall is also interesting and should be investigated more thoroughly in order
to understand the properties and how to efficiently design a ridge structure which
can achieve the required results.

If this design is optimized enough it could most likely have a dual-band dual-
polarized setup.

5.3 Pin structure design

The pin structure design was also an interesting approach for this project. It utilizes
the polarization in a different way and is most likely more sensitive to polarization
errors than the previous design, as this would then be affected by the pins as they
are no longer orthogonal to the field. This structure also performed good on both
bands, and was the desired structure for manufacturing. The limitation as mentioned
previously however, is that it is most likely not possible to re-design to work for dual-
polarized setups, and may thus not be as interesting to purchase from a buyers point
of view.
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5.4 Results

The results were decided to be good enough for the manufacturing of a prototype
which is to be measured upon. These measurements might also give information
about the reliability of the simulation of the pin structure design, and its impact
by tolerances. It will also, to some extent, reveal the impact on E-band in reality.
This will be key for future development of the antenna feed and to understand the
feasibility of the pin structure design.

Overall, looking at the S-parameter simulations (i.e. reflection and transmission)
the design is usable. However, looking at the efficiencies they differ highly between
the both frequency bands. This is discussed below.

5.4.1 Efficiencies

The aperture efficiency for the both bands differ by more than 30%. The efficiencies
that differ the most are the polarization more prominently, the phase efficiencies.
This can be explained by the fact that the phase along the waveguide section is not
constant as is wanted. The phase changes with the radial distance from the center
of the structure, which is most likely due to the size of the waveguide structure
and higher order modes being excited throughout the structure. Especially at the
interface between the sub-reflector and waveguide feed since there is a distinct change
in structural layout within the waveguide. It would be beneficial to simulate with
an optimized sub-reflector structure for this antenna feed to investigate the impact
on the phase efficiencies.

5.5 Future work

For future works there are two main areas that should be investigated more thor-
oughly. The ridge design and OMT.

For the ridge design there were promising results for either 18 GHz or E-band.
If there is a possibility to customize a coaxial cable the performance at the lower
band may be improved and be good for both bands. I believe that the performance
will be good enough for both bands if the design is more optimizable.

OMT is a well used structural layout for dual-polarized setups. As no investiga-
tions were made in this area it could be of interest to do a rigorous analysis of how
well it may perform in a dual-band setup as well, and investigate the performance
relative to a ridge design and pin structure design.

It would also be interesting to optimize the sub reflector and investigate the re-

sults, as when it was introduced the performance of the system was reduced by a
large margin.
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