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Abstract

The main topic of this thesis is about the design and prototyping of automotive
antennas that allows Vehicle to Everything (V2X) communications, that is the com-
munication between the vehicle and all what else is relevant. In particular 5G will
be an enabling technology for these communications.

Vehicular connectivity is a mandatory feature in nowadays car. Typical appli-
cations are that one related to the infotainment, i.e. radio or mobile telephone, or
security ones, i.e. radars. The antennas that support this type of communications
can be divided in two frequency range: the sub-6GHz range and the millimeter
wave (mmW) range. Also the 5G standard can be divided in this two frequency
ranges. In this work different automotive antennas solutions are presented for both
the frequency bands.

For the sub-6GHz range two different antennas are presented: a tin sheet 5G-
sub6 radiating element and a complete 5G-GNSS-V2X shark fin module. For the
mmW frequency band, an automotive PCB planar solution is presented. Since
these frequencies are a novelty for the automotive market, satellite communications
(SatCom) field has been considered. In SatCom applications mmW solutions are
a well-established technology. Thus, also mmW antennas solutions for SatCom

applications are here presented.






Chapter 1

Introduction

V2X is defined as the communication between a vehicle and all what else is relevant.
For example, we can have V2I Vehicle to Infrastructure, V2P vehicle to pedestrian
or V2V vehicle to vehicle.

The purpose of this thesis is to design innovative antennas solutions for the
automotive market in order to allow the different V2X communications.

There are two main technologies that has been studied for this type of networks:
the Wi-Fi based standard 802.11p and the so-called C-V2X based on the cellular
network. The first one is a technology that is already available and some car maker
are already implementing this solution on the cars. On the other hand, the C-V2X]
nowadays based on the 4G or Long Term Evolution (LTE) standard but imple-
mented with the 5G in the future, offers a more scalable technique. Starting from
Release 14 and continuing with release 15 the 3GPP (Third Generation Partner-
ship Project) [1] has defined the possibility for LTE devices to talk directly between
them without passing through the network infrastructure, e.g. base stations. This
improvement allows to reach very low communication latency that is necessary in
case of V2X communications safety applications. An example for this type of ap-
plication can be, in V2V communications, the transmission of an emergency brake
information. Furthermore, this solution is based on an existing network that can be
used to exchange long distance messages and does not need an expansive set up of
a new infrastructures network. For these reasons it will be possible to see a large
commercial distribution of V2X communications in parallel with the deployment
of the 5G standard. Since these two technologies are strictly related, in this work
we decided to investigate possible antennas solutions for the 5G in the automotive
environment.

Figure 1.1 [2] illustrates a global snapshot of the allocated frequency band around
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Around the world, these bands have been allocated or targeted

Figure 1.1. Global snapshot of allocated frequencies for 5G communications.

the world for the 5G communications. As it is highlighted in Fig.1.1 two main
frequency regions can be grouped together. The first one can be considered an
extension of the existing LTE standard, the so-called sub 6GHz band. An antenna
designed for this band must cover all the LTE frequencies plus the new 5G extension,
i.e. up to 5GHz. Furthermore, it has to operate also at 5.9GHz that is the allocated
frequency that can be used only for V2X communications (both C-V2X and Wi-fi
based standards).

The other main frequency band is located in the millimeter wave (mmW) re-
gion. In this region there is a lot of spectra available and the high requirement of
bandwidth can be satisfied. For example, high bandwidth is required to allow Ultra
Reliable Low Latency Communications (URLLC) and accomplish the continuously
increasing throughput requirements. Unfortunately, in the automotive market the
technology related to the mmW frequencies is not well known. For this reason, in or-
der to gain know how about the mmW component and design procedure, the satellite
communications (SatCom) field has been considered. For SatCom communications
circular (or dual) polarization and wide scanning capability are a mandatory feature.
These high performances requirements, in space applications, can be supported by a
high cost and relatively bulky antenna. On the other hand, the automotive market
has severe constraints in terms of costs and dimensions.

This work has been conducted in collaboration with ASK Industries S.p.A. an
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automotive antenna supplier. All the information inserted in this thesis about the
automotive market constraints and requirements comes out by their customers re-
quests and the company experience.

This thesis is organized as follows: in Chapter 2 a 5G sub6GGHz radiating element
and a complete sub 6GHz automotive antenna module are described. Chapter 3 and
Chapter 4 illustrate two SatCom mmW antennas. Finally, a possible mmW solution

for the automotive market is provided in chapter 5. Conclusion follows.



Introduction




Chapter 2

Automotive 5G Sub 6GHz Module

The so-called 5G sub-6GHz band extends the previous LTE standard to frequencies
up to 5GHz. In this chapter a description of some possible implementation of a 5G
sub 6GHz antenna for the automotive market are described. In addition, also the
specific V2X frequency band allocated at 5.9GHz has been considered in the design.

First, the requirements and constrains of the automotive market are described.
Then, a radiating element made by a folded tin sheet is presented. After that, a
full 5G complete antenna module is designed considering commercial mechanical

structure.

2.1 Requirements and constrains

As stated in the introduction, four different frequency bands can be identified to
cover the worldwide allocated frequencies. This bands are: 0.6 GHz 0.96 GHz, 1.7
GHz - 2.7 GHz, 3.3 - 4.2 GHz and 4.4 GHz - 5 GHz. Furthermore, a dedicated
band for vehicular communications has been allocated for this purpose at 5.9GHz.
A 5G radiating element, should cover all this frequency bands with a good matching
condition and with an acceptable radiation gain all around the vehicle. For the
automotive industries, it is considered acceptable a return loss value > 10dB (Voltage
Standing Wave Ration (VSWR) < 2) in the higher frequency bands (i.e. > 1 GHz)
[3]. On the other hand, a return loss > 5dB (VSWR < 3.5) is enough for the lower
frequencies. For what is concerning the radiation characteristics of the antenna
element, it is usually required an omnidirectional behaviour all around the vehicle. In
the automotive market, the "omnidirectionality” of the antenna is measured through
a parameter called Linear Average Gain (LAG). The LAG is defined as the linear

average of the antenna gain on given elevation cut [4]. Then, if a discrete number

7
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S#1 S#2

Figure 2.1. Sectional schematic view of a shark fin case. Three different sections of

installation for the radiating elements are highlighted.

of measurement (N) is considered, the LAG is computed as

ZnNzl Glinear(f, 97 ¢7,)

LAG(f, 9) = 1010910 N

(2.1)

where 6 is the elevation cut and Gipeqr is the linear gain in the direction ¢; at the
frequency f. For the frequency considered in the 5G sub6GHz (i.e. < 6GHz) the
free space attenuation is not very high. For this reason a LAG grater than -5dBi on
the horizontal plane (6 = 0°) is considered enough in the automotive market.

For low frequency bands, such as the one considered in the 5G sub6GHz, auto-
motive commercial antennas are usually installed on the car roof top. This solution,
allows to easily radiates in all the directions around the vehicle. In this placement,
according to regulatory requirements, the antennas cannot be higher than 70mm
in case of non-flexible elements [5]. Furthermore, aesthetic requirements has to be
considered and the car manufacturer usually wants a low encumbrance and low cost
antenna. The most used commercial radome for this type of antennas has a "shark-
fin” shape [6], [7]. A sectional view of an example for this plastic case is illustrated
in Fig.2.1. A sharkfin radome typically hosts more than one radiating element for
different functions [8] e.g. Frequency Modulation (FM), Digital Audio Broadcasting
(DAB), Global Navigation Satellite System (GNSS), mobile telephone. For the in-
stallation of these radiating elements the plastic case can be divided in three sections
[9], [10] as it is shown in Fig. 2.1. Section S#1 is the tallest and usually hosts the
Radio (FM, DAB) antenna or the main telephone antenna. Sections S#2 and S#3
are usually used for GNSS or other auxiliary antennas.

The correct exploitation of the low space available considering also the interaction
with the other radiating elements is mandatory for a correct study of an automotive

antenna. Lastly, also the robustness of the system has to be considered in the
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design. In the next sections we show how all the requirements can be addressed for

the correct realization of an automotive antenna.

2.2 Tin sheet secondary 5G antenna

In this section, 5G sub6GHz radiating element able to fit the space S#3 (see Fig.
2.1) of a sharkfin module is designed. Since the available space is limited, in order to
reach the lower frequencies, i.e. make the electrical length of the radiating element
as long as possible, a 3D metal design is exploited. In recent works [6], [8], radiating
elements obtained through the folding of metal sheets are proposed to efficiently
exploits the low space available. If the metal plate is sufficiently thick the radiating
element is robust enough to be used in automotive environment. Furthermore, this
type of technology allows to save costs (up to 50% [6]) respect to the commonly used
Printed Circuit Board (PCB) fabrication technology [11], [12].

2.2.1 Design and simulations

The antenna has a monopole like structures with multiple branches that resonate
at different frequencies. The longer branches are involved in the lower frequency
radiation while the shorter ones are tuned to reach the desired matching in the
whole frequency band.In particular, Tapered and stepped sections are exploited on
the branches to increase the impedance matching. The feeding part has an elliptical
shape to achieve a wideband behavior [12]. The structure is designed to fit in a
commercial sharkfin module: the one produced for the AlfaRomeo Giulia. The
simulated structure is illustrated in Fig. 2.2. It can be observed how the radiating
element fits the sharkfin radome with a conformal shape.

Simulations [13] also include the cover that is made of plastic and modeled with
dielectric parameters: ¢, = 2.6 and tand =0.01. Moreover, in order to takes into
account the installation on the roof top, simulations are performed on a square
ground plane with a 1m side. Simulation results in terms of matching and LAG are
reported in Figs. 2.3(a) and (b) respectively. It is possible to observe that the results
fulfil the previously listed requirements. The tuning on the radiating element has
been conducted looking at the surface current distribution provided by the numerical
simulator. In particular, looking at this parameter, it is possible to spot which part
of the antenna is mostly involved in the radiation for a certain frequency. Thus, if a
mismatch occurs for a certain frequency a change in the structure will be performed

in the part where the surface currents have an higher density.
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(a) (b)
Figure 2.2. Side view (a) and back view (b) of the designed 3D antenna inside the sharkfin
radome. Maximum dimensions of the radiating element are: 2,4 = 43mm, Ymaz = 44mm

and Zyee = 15mm.
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(a) (b)

Figure 2.3. (a) VSWR simulation and measurement results of the designed Radiating

element. (b) Comparison between simulated and measured LAG results.

(c)

Figure 2.4. (a) Unfolded realized prototype. (b) Prototype folded and installed on the

mechanical support. (c) Measurement setup of the prototype in the anechoic chamber.
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(a) (b)
Figure 2.5. (a) Radiation pattern measurement results on the § = 0° cut for three different
frequency. (b) Radiation pattern measurement results on the ¢ = 0° cut for three different

frequency.

2.2.2 Prototype and experimental results

To keep the production costs as low as possible the proposed radiating element is
designed to be feasible on a single metal sheet. In this way the antenna needs to
be cut and folded only without any additional welding process. The prototype is
realized through laser cut on a 0.5mm thick tin sheet. This metal thickness allows
the radiating element to self sustain itself and be robust enough to the vibrations.
Fig. 2.4(a) shows the unfolded metal sheet. The antenna is then folded and welded
on an horizontal PCB placed in the sharkfin mechanics. A photograph of the final
folded antenna prototype is illustrated in Fig. 2.4(b). The feeding is performed
through a microstrip line in the bottom side of the horizontal PCB connected to a
SMA connector (this type of connection will be described in details in Section 2.3).

Measurements are performed on the prototype installed on a circular ground
plane with 1m diameter. A photograph of the measurement setup inside the anechoic
chamber can be observed in Fig. 2.4(c). Measurements results, in comparison with
the numerical simulations are reported in Fig. 2.3. It is possible to observe a very
good agreement between experimental data and numerical data. In particular, alse
the real prototype fulfil the requirements both in terms of matching and LAG. The
omnidirectional radiation characteristics is confirmed from the radiation pattern
plot in Fig. 2.5(a) where the measured pattern at § = 0° plane is plotted for three
different frequencies. Furthemore, in Fig. 2.5(b), where the ¢ = 0° cut is reported,
it is possible to observe the monopole-like radiation behavior of the antenna. In

fact, a zero-radiation occurs on the vertical direction. It can be also observed that,
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Figure 2.6. Example of the sectional (a) and perspective (b) view of the mechanical

structure of a sharkfin module.

differently from what it is expected from a monopole on an infinite ground plane,
since the radiation element is positioned on a finite ground plane, the maximum
value of the realized gain does not appear at § = 0°. From Fig. 2.5(b) it is clear
that the maximum occurs between 6 = 10° and 6 = 30° depending on the operating
frequency. In fact, for higher frequencies the metal plane appears bigger respect to
the wavelength causing a more ideal ground plane behavior. LAGs measurement
results for three different 6 angles reported in Fig. 2.3(b) confirm this concept. In
fact, in these curves the gain is higher respect to § = 0° with a stronger difference

at the lower frequencies.

2.3 5G complete antenna module

In the last section, a description of the design of a single radiating element is ex-
plained. In this section the design of a complete antenna module is addressed. In
particular, inside the same sharkfin module three different element are placed. A
5G subb6 element, a V2X antenna and a Global Navigation Satellite System (GNSS)
antenna. To accomplish the last requirements in terms of location precision the
GNSS antenna needs to cover both the L1 (i.e. from 1559MHz to 1605MHz) and
L2 (i.e. from 1190MHz to 1255MHz) bands. For this reason it is called GNSS High
Precision (HP).

Figure 2.6 illustrates an example of the mechanical structure composing a shark-
fin module. Excluding the radiating elements it is basically composed by three main
components: the plastic cover, the horizontal PCB and a metallic support. The
plastic cover, together with other plastic components are mainly used to provide
water resistance to the module and accomplish aesthetic requirements. The hori-
zontal PCB provides a support and electrical connection for the radiating elements.

Furthermore on its layer facing the metallic support is often present some electronics
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that compose the feeding network of the antenna. The horizontal PCB is electrically
connected to the metallic support that provides an RF shielding for the electronic
circuit. Furthermore, the metallic support is electrically connected to the car roof.
The connection with the radiating element is usually performed in two different way,
through a connector soldered to the horizontal PCB or through a "Pigtail” connec-
tion. The Pigtail connection consists on the soldering of a coaxial cable directly to
the PCB. In this way it is possible to save costs and to have more degree of freedom
regarding the feeding point position. In the designed module a Pigtail connection
has been used.

The design of a complete antenna module can be performed with the following
steps. Once the mechanics of the structure is defined, the radiating elements can
me designed. First they will be considered alone on an infinite ground plane. After
that they will be inserted inside the sharkfin mechanics and tuned if a mismatch
occurs. Subsequently the horizontal PCB and the feeding network will be designed.
All the previous action can be performed through numerical simulations. Finally,
the prototype can be realized and if it necessary a last tuning can be performed

directly on it.

2.3.1 Design and simulation
Radiating elements design

The 5G-sub6 radiating element is composed by a wideband monopole with two
branches. The longer one is involved in the low frequency radiation while the shorter
operates in the higher frequency region. This element is realized as a one layer PCB
and installed vertically on the horizontal PCB. The substrate is FR4 with a thickness
of 1.6mm. Since the V2X element needs to cover only a small portion of band around
5.9GHz a simple printed monopole has been used as a radiating element. Finally, the
GNSS HP element is composed by a 4 pins commercial stacked patches with ceramic
substrate. In particular, the smaller stacked element covers the L1 band while the
larger patch radiates at the lower band L2. The complete module assembly in the
simulation environment is reported in Fig. 2.7(a),(b) and (c) with the tow side views
and the top view respectively.

The 5G-sub6 radiating element needs to be positioned where it can reach the
higher dimension, in fact it is the element that needs to operate at the lower fre-
quency. On the other hand, the stacked patch antenna is wide and need to be
positioned where the plastic cover allows its placement. The positioning of these

elements inside the module is then straightforward and depends on the mechanics.
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5G sub6

GNSS HP

Figure 2.7. (a), (b) Side views of the complete antenna module. (c) Top view of the

complete antenna module. (d) 3D radiation pattern simulation results of the V2X radiating

element at 5.9GHz inside the sharkfin module placed on a real car roof top.

Due to its low encumbrance, for what is concerning the V2X monopole more degrees
of freedom can be considered. For reasons regarding the radiation characteristics,
the V2X antenna has been placed in the rear part of the sharkfin module as it can
be notice in Fig. 2.7. This position makes the monopole radiates mainly toward the
rear part of the vehicle. This behaviour can be observed in Fig. 2.7(d) where the
3D radiation pattern of the V2X element at 5.9GHz is reported. In this case, the
radiation in direction of the back of the vehicle is preferable because of the curvature
of the car roof. In fact, the roof is usually not completely flat and the sharkfin is
placed in its rear part. The radiation toward the front can be then compromised
and an auxiliary antenna is usually placed in the front of the vehicle to compensate
this roof shielding effect. Since the V2X monopole is positioned next to the 5G-sub6
element the same PCB has been used in order to save costs. Furthermore, a hole
in the substrate has been designed between the two antennas in order to reduce the
coupling between them.

The simulation results of the 5G-sub6 element and the V2X monopole are re-
ported in Fig. 2.8. In Fig. 2.8(a) is possible to observe that the requirements
specified in Section 2.1 are accomplished except for a small portion of band in the
lower frequency region of the 5G antenna. In this figure the S21 value between

the two elements is also reported. It can be notice that thanks to the hole in the



Automotive 5G Sub 6GHz Module 15

op T T
5G sub6
—V2X
S5F
5F
@m0}
T -
= =
g g
5-15 P 0
s S
Iy
%]
5 F
—— 8511 - 5G sub6
——S11-Vv2x
S21
30— 1 1 1 1 1 1
06096 1.7 5 5.9 0.60.96 1.7 5 5.9
frequency (GHz) frequency (GHz)

(a) (b)
Figure 2.8. (a) S-parameter simulation results for the 5G sub6 and V2X radiating elements.
(b) LAG simulation results for the 5G sub6 and V2X elements.

vertical PCB substrate this parameter remains well below -15dB despite the small
distance. In Fig. 2.8(b) the simulated LAG results are reported. Also in this case
the requirements are fulfilled.

Feeding networks design

Two feeding networks need to be designed for this module. The first one is the hybrid
coupler necessary to make the stacked patch radiates in Circular Polarization (CP).
The second one is a matching network for the low frequency of the 5G-sub6 radiating
element. The design has been performed through a commercial RF circuit simulator
[14].

The selected commercial patch is a square patch that radiates in linear polariza-
tion. Each one of the stacked patches is fed through a pin exciting symmetrically
the two linear polarization (£, and E,). To receive a GNSS signal, the Right Hand
Circular Polarization (RHCP) is needed. From the literature [15] we know that CP
is generated with two equal orthogonal E-field with a 90° phase shift between them.
Since the selected patches can radiate two orthogonal linear polarization a feeding
circuit able to shift them of 90° is necessary. The figure of merit that is used for
evaluating the CP purity is the Axial Ratio (AR). The AR is computed as [16]:

_ B+ 1B+

AR =
|Eel? + [Ey? =7

(2.2)

with v:
7= |+ B[ + 2B |, fPeos|2(LE, — ZE,)] 2.3
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Figure 2.9. AR value versus the phase difference between the orthogonal E-field compo-

nents F, and E,. Three difference between the magnitude of £, and E, are considered.

where E, and E, are the two orthogonal E-field components. According with Eqn.
(2.2) the AR, if reported in dB, varies from 0 to +oco. It is usually considered
acceptable a value of AR < 3dB. The relation between the magnitude and the phase
of the orthogonal components (£, and E,) expressed with Eqn.s (2.2) and (2.3) is
reported in Fig. 2.9. This figure highlights how the correct design of the hybrid
impacts on the performance of the GNSS.

To achieve the desired phase shift between the patch pins, a lumped element 90°
hybrid is designed for the two frequency bands. The circuit schematic is reported
in Fig. 2.10(a) while the component values are listed in Tab. 2.1. The designed
90° hybrid is composed by two LC cells closed on a 502 resistor. The circuit should
cause a +90° shift of the signal at the port "Patch Pin 1”7 respect to the signal at
the port "Patch Pin 2”. A bypass capacitor (C5) is inserted in series to the common
port. In addition to the desired phase shift the circuit should equally split the
power between the pins of the patch. Simulation results of the designed circuit are
reported in Fig. 2.11. The results are obtained imposing at the pin patches port the
impedance provided by the vendor. In particular from Fig. 2.11(a) and Fig.2.11(b)
can be observed the phase difference and the amplitude difference between the pins
in the desired L1 and L2 frequency bands. The obtained phase difference remains in
the range 90° £ 5° while the magnitude difference remains in the range 0dB £ 0.5dB.
Furthermore in Fig. 2.11(c) and (d) the S- parameters results from the common
port are reported. The designed hybrid circuit has a good matching (< -20dB) and
equally splits the power between the pin patches ports (S21 ~ —3dB).

The matching network for the 5G-sub6 element is used to increment its matching

in the low frequency band. The schematic can be observed in Fig. 2.10(b) while
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Figure 2.10. (a) Schematic of the 90° hybrid for the GNSS patch. (b) Schematic for the

matching network for the 5G-sub6 element. Component values are listed in Tab. 2.1.

Label Radiating element | Value
C1, C2, C3, C4 2.2pF
L1,L.2,1.3 4.7nH
L1 patch
Ch 100pF
R1 5082
C1, C2, C3, C4 2.7pF
L1,L.2.1.3 6.8nH
L2 patch
Ch 100pF
R1 5092
C6 8.2pF
c7 5.6pF
5G-sub6 P
L4 20nH
R2 10kS2

Table 2.1. Components value of the two designed feeding networks reported in Fig. 2.10.



Automotive 5G Sub 6GHz Module 18

105 3 — —
— L2
b o
T 951 s 1r
[
2 8 os5f
] ]
290' s of
a £ 05
[=] 35 -0.
$85 g -
L 2 41
2 =
o

75 ] ] ] ] 3 ] ] ] ]
119  1.255 1.559 1.605 119  1.255 1.559 1.605
frequency (GHz) frequency (GHz)
(a) (b)

0 2 T T

——1L1-P1

- = -L1-P2

——1L2-P1

- - -L2-P2

o
c _
= 3
£- =35
] o
2 ®
= ab
i
-40 L L L L -5 L s L
119  1.255 1.559 1.605 119  1.255 1.559 1.605
frequency (GHz) frequency (GHz)
(c) (d)

Figure 2.11. Simulation results of the hybrid circuit illustrated in Fig.2.10(a). (a) Phase
difference between the two patch pins. (b) Amplitude difference between the two patch
pins. (¢) Matching obtained from the common port. (d) Transmission parameter between

the patch pins ports and the common port.
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Figure 2.12. Input matching of the 5G-sub6 radiating element with and without matching

network.

the components value are listed in Tab. 2.1. The circuit is composed by a series
capacitor and a parallel LC resonant circuit. An high value resistor is connected
between the Pigtail and ground for production reasons. For the analysis of the
circuit the previously simulated radiating element input impedance has been used.
In Fig. 2.12 the comparison between the 5G-sub6 radiating element matching is

reported.

2.3.2 Prototype and experimental results

After the design performed through simulations the prototype of the module has
been realized. In Fig. 2.13(a), (b) and (c) it is possible to observe the side views
and top view of the prototype. Furthermore, a picture of the horizontal PCB is
reported in Fig. 2.13(d). In this image in is possible to observe the lumped element
circuit composing the hybrid couplers, a Pigtail pad and the hole for the vertical
PCB installation. On the Pigtail pad the incoming coaxial cable will be soldered
to feed the antenna elements. In particular, the inner conductor is soldered on
the square pad connected to the circuit while its metallic shield is soldered to the
ground-connected pad.

As it is described in Sec. 2.2.2 the antenna measurements has been performed
with the antenna module installed on a circular ground plan with 1m of diameter.
This allows to take in consideration the roof top without using a real car. A picture
of the measurement setup can be observed in Fig. 2.4(c). In Fig. 2.14 a comparison
between the measured and the simulated S11 is reported. Here can be observed that
both the 5G-sub6 element and the V2X element fulfil the requirements with a good
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(c)
Figure 2.13. (a), (b) Side views of the complete antenna module prototype. (c) Top view

of the complete antenna module prototype. (d) Detail of the circuit face of the horizontal
PCB.
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Figure 2.14. (a) Matching comparison between simulation and measurement results for the

5G-subb6 element. (b) Matching comparison between simulation and measurement results
for the V2X element.

agreement between numerical and experimental results.

The experimental results regarding the radiation characteristics in terms of LAG
are illustrated in Fig. 2.15. Also in this case the the matching between measurements
and simulations is good and the requirements are satisfied also for both the elements.
Also in this case it is possible to observe the finite ground plane behaviour previously
described in Sec. 2.2.2. For the V2X element is reported also the radiation pattern
on the @ = 0° cut. This result can be observed in Fig. 2.16(a). In the figure can be
noticed that radiation is mainly directed toward the rear part of the module. This
behaviour accomplish to the radiation requirement for the V2X element previously
described.

Finally, the radiation characteristics of the GNSS HP can be analyzed. In Fig.
2.16(b) the measured AR for the bands L1 and L2 in the vertical direction (6 = 0°)
are reported. The measurements shows good results (AR < 3dB) for both the
frequency bands. In Fig. 2.17 the radiation pattern in RHCP on the side view (¢ =
90°) and on the back view (¢ = 0°) of the GNSS HP are shown. The results show
the typical shape of a patch antenna radiation pattern with a ripple deformation on
it. This perturbation on the patterns is mainly caused by two factors. The first one
is the plastic cover of the antenna module that is not uniformly distributed on the
patch antenna. The second one is the non-negligible step between the horizontal
PCB and the ground plane. However, since the gain of the antenna remains almost
everywhere grater than 0dBi in the range 30° < 6 < 150°, this effect can be consider
not strongly affect the GNSS performances.
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Figure 2.15. (a) LAG comparison between simulation and measurement results for the

5G-sub6 element. (b) LAG comparison between simulation and measurement results for
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Figure 2.16. (a) Comparison between simulation and measurements of the radiation pat-
tern on the cutting plane § = 0° for the V2X element. (b) AR measurement results in the

vertical direction (0 = 90°) for the GNSS HP.
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Figure 2.17. (a) RHCP radiation pattern measurement results for the GNSS HP on the
cutting plane ¢ = 90°. (b) RHCP radiation pattern measurement results for the GNSS
HP on the cutting plane ¢ = 0°.

2.4 Conclusions

In this chapter automotive antennas for the 5G-sub6 connectivity are analyzed. In
particular the requirements and the constrains of a roof top antenna are illustrated.
Then, a novel 3D radiating element is presented and finally a complete sharkfin
module design is described. In the next two chapters we are going through the design
of antennas for space applications. In fact, before moving to the 5G mmW frequency
range for the automotive market, the space case of study has been considered. In
this field of applications the mmW frequency band is well established technology
and its study can provide important knowledge about its development in a different

market.
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Chapter 3

Antenna for space applications:

Multimode pillbox beamformer

In space application antennas or more specifically satellite communications (Sat-
Com) the mmW frequency band is used since years. For this reason a study on
space market antennas is performed. This allows to bring the know how acquired
on this field to the automotive market. In this chapter and in chapter 4 two novel
structure working in the mmW frequency region for SatCom are presented. These
works were realized in collaboration with IETR (Institut d’Electronique et des Tech-
nologies du numéRique) of Rennes (FR).

This chapter present the design of a multimode pillbox beamformer in the Ka
band (27.5-31GHz) that is the SatCom transmission band. After a brief introduction
on this type of beamformers the exploited coupling mechanism is explained. Then, a
description of the quasi optical system is provided. Finally, an antenna that exploits

the designed system is proposed.

3.1 Pillbox Beamformer

In SatCom applications, antennas with high gain and wide angle scanning capability
are required. In fact, this two characteristics together with a double polarization
capability is mandatory to increase the SatCom link robustness [17] [18]. Antenna
beam scanning and high gain it is usually obtained through the exploitation of
phased arrays [15]. In phased array systems the main beam can be tilted by changing
the phase of the signal that feeds the single elements of the array. This phase can
be changed by the means of the so-called beamforming networks (BFNs). Among

them the most promising BFNs in terms of cost and dimensions are the one based
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on quasi-optical system. Examples of this type of BFNs can be the Rotman lens [19]
the Luneburg lens [20], and the pillbox beamformer. These quasi-optical systems
generates a 2D illumination that can be used to feed the most recent developed
radiating system such as Leaky wave antennas (LWAs) [21], metasurfaces antennas
[22] or Continuous Transverse Stub (CTS) arrays [23].

Pillbox beamformers are composed by two stacked Parallel Plate Waveguides
(PPWs) coupled by a parabolic reflector as shown in 3.1. In particular, feeds lo-
cated in the focal plane of the parabolic reflector launch a cylindrical wave in the
bottom PPW (or feed layer PPW). Coupling slots/apertures in the middle metallic
layer transfer and phase the launched wave to the second PPW. In general, such
beamformers present a single mode operation either Transverse Electro-Magnetic
(TEM) [21] [24] or first Transverse Electric (T'Ey) [25]. The structure presented in
3.1 is the first example in the open literature operating as a dual-mode quasi-optical
beam former. The exploited TEM and T E; modes presents an orthogonal E-field
distribution [26]. Thanks to that this structure can be used to feed directly dual
linar polarization antennas [27][28] or circularly polarized antennas [29]. Two differ-
ent paths of propagation are exploited for the TEM and T E; modes to separate the
coupling mechanisms and provide a degree of freedom for the optics associated to
the two modes. The two paths are illustrated in Fig. 3.2 for the unit cell highlighted
in Fig. 3.1 behind the design of the quasi-optical system.

TEM coupling
aperture

Unit cell TTEM mode
1
S TTE1 mode

S|

Figure 3.1. Perspective view of the dual mode pillbox beamformer.
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3.2 Structure and Coupling Mechanism

As stated in [21] and [25], a pillbox beamformer and in general quasi-optical beam-
formers can be analyzed as directional couplers by using a representative unit cell.
Such a unit cell is generally assumed around the vertex of the parabolic reflector to
consider normal incidence of the incoming mode and to approximate the reflector
as planar as shown in Fig. 3.1. In the shown quasi-optical system, the two PPWs
operate in a multi-mode frequency region i.e. hrp > Apar/2 where A, is the
wavelength associated to the lowest operating frequency. In this working region the
only three propagating modes in the PPWs are the TEM, the T'E; and the first
Transverse Magnetic (T'M;). In particular, TE; and T EM modes present orthogo-
nal E-field components as sketched in Fig. 3.1. On the other hand, the T'M; mode
present an E-field component along the z-axis as the T EM one. For this reason,
these two modes can easily couple with an impact on the field profile of the TEM
mode. Such a coupling should be then avoided.

The proposed pillbox system and corresponding unit cell can be derived in three
different parts as it is shown in Fig. 3.1 and Fig. 3.2: 1) corrugated PPW; 2) TE
coupler; 3) TEM coupler. These building parts will be described in the following.

Smooth transition TE coupler TEM coupler

Figure 3.2. E-field profiles for the TE; and T EM modes within the unit cell.

Corrugated PPWs are composed by a periodic arrangement of rectangular ridges
located on each plate of the guiding structure. The geometrical features of the
unit cell of the corrugated PPW are shown in Fig. 3.4(a)-(b). As long as the
following three conditions are satisfied only T"EM and T'F; modes can propagate:
the periodicity of the ridges (peo) is electrically small respect to A\paz; hren <
Amaz /25 Amaz < hre < Apin, where A\, and A, are the wavelength at the lower

and the highest frequency of operation, respectively. The dispersion diagram of the
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corrugated PPW is provide in Fig. 3.4(c). The T'M; is in cut-off until 40.3 GHz. For
matching, a tapering transition in introduced at the end of the corrugation. Note
that the TEM is mainly confined between the corrugations of the PPW while the
T E, propagates in the full structure, as clearly seen from Fig. 3.1.
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Figure 3.3. Corrugated PPW (double sided). (a) Front view; (b) Side view with smooth

transition; (c) Dispersion diagram. Dimensions are reported in Tab. 3.1.

In some parts of the quasi-optical beam former a single sided corrugated PPW
is adopted to ease the design. Such a structure, geometrical features and dispersion
diagram are shown in Figure 4. In this case, The TM1 is in cut-off until 41.5 GHz.
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Figure 3.4. Corrugated PPW (single sided). (a) Front view; (b) Side view with smooth
transition; (c) Dispersion diagram. Dimensions are reported in Tab. 3.1.

The TFE; coupler consists in of a slot aligned along the axis of the parabolic
reflector as shown in Fig. 3.1. The reflecting wall of the coupler is achieved by
reducing the height of the PPW to hrpy < Apin/2 right after the coupling slot,
placing the T'E; mode in cut-off.Figure 3.5 provides the top view of the coupler.

The simulation setup is composed by the unit cell with periodic boundaries

conditions on the two lateral sides. Two waveguide ports are placed at the feed
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(bottom PPW) and radiation side (top PPW) to derive the scattering matrix and
operating modes. The simulation results for the S-matrix are shown in Fig. 3.6(b)
for a unit cell with geometrical sizes as in Fig. 3.5 . The T'E; coupler is matched
in the band 26-32 GHz, while the coupling with the other modes is avoided, i.e.
S21lrpmre and S21py e < -50 dB.

The TEM coupler is composed by an aperture (Isrgpy in Fig. 3.5) contouring
the parabolic reflector profile. This coupler is realized between two mono-modal
PPWs as in a classical pillbox beamformers [21]. In such configuration the TFE,
and T'M; modes are in cut-off. The simulation results for the S-matrix are shown
in Fig. 3.6(a). Also in this case, the coupler is well matched in the band 26.5-32
GHz and the coupling with the other modes is very low. It is worth mentioning that
the length of the mono-modal PPW (Iprgys in Fig. 3.5) does not affect the results.
This parameter is key to modify the focal length of the TEM quasi-optical system
without affecting the results and the T'E; optics.

ZSTE dSTE lpTEM lSTE M

DPsTE | | !

WsTE
Figure 3.5. Top view of the TE1l coupler. Black dashed lines represent the corrugations

profile while the red dashed line represents the TE parabolic reflector. Dimensions are
reported in Tab. 3.1.

3.3 Quasi Optical System

The quasi-optical system can be schematically summarize as described in Fig. 3.7.
The input horn is placed along the focal line of the two parabolic reflectors. These
have two different curvature in order to keep their focal lengths in the same position.
The input horn launches a cylindrical wave in the lower PPW (feed layer in Fig.
3.1). If it is in the focal position, the parabolas reflect the wave coupling a quasi
plane wave in the upper PPW (radiation layer). When the horn is shifted from the
parabola axis (S}), the direction of propagation of the plane wave is tilted. The
direction of propagation of the wave in the radiation layer PPW will change the

scan angle of the antenna beam. The wave tilting can be approximately computed
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Figure 3.6. Scattering parameters for the unit cell of the (a) TEM and (b) TE; coupler.

label  description dimension (mm)
Weor corrugation width 0.5
Neorr  two-side corrugation height 1.5
Deorr corrugation periodicity 1.5
hreym  single mode PPW height 4
hrg multimode PPW height 7
liap tapering length 10
Peos one-side corrugation height 3
psre  unit-cell periodicity 3
lsTE TFE coupling slot length 10.5
wsrgp  T'E coupling slot width 2.1
dsrp  distance between the TE slot and reflector 5.5
lyrenm  length of the single mode PPW 55
lsreym length of the TEM coupling slot 12

Table 3.1. Dimensions of the multimode pillbox system. Labels refer to the dimensions
reported in the figures 3.3, 3.4 and 3.5.
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as [30]
oS P
v F ]{30\/87

where S}, is the horn displacement on the focal line respect to the parabola axis, F’

(3.1)

is the focal length of the parabolic reflector, kj is the wave number in the free space,
g, is the relative permittivity of the medium and f is the propagation constant of
the mode. Since [26]

Brem = kover, (3.2)
the T EEM mode shift can be computed as

(3.3)

where Frgys is the focal length of the TEM reflector. On the other hand, frg, is
[26]
T 2

Bre, =/ k& — P (3.4)
TE
thus, the T E; shift can be computed as
Sp Ore
S 3.5
QOTEl FTE k() /_57~ ( )

where Frp is the focal length of the TE parabolic reflector. Equation (3.5) shows
that the TE; shift (¢rg,) is frequency dependent. As stated in section 3.2, the
distance between the two reflectors can be changed without affecting the coupling
mechanism. In particular, this feature can be achieved by changing the length of
the monomodal PPW part (l,rgy in Fig. 3.5). Equations (3.3) and (3.5) have
been used to select the proper value of Frgys to have the same wave tilting for the
two modes at the center frequency of the Ka band i.e. 29.25GHz. Frp has been
chosen almost equal to 10 - Aypp, = 27/frp, = 155mm. Thus, Frgas results equal
to 225mm. Fig. 3.8 illustrates the scan angle for the two modes for three different
horn displacement. The results obtained with full wave simulations are in good
agreement with the previously described approximated formulas.

To verify the correct operation of the pillbox beamformer the phase of the electric
field of the the quasi-plane wave is studied. This is a very important parameter since
the E-field in the upper PPW feeds the radiating part. A plot line (PL) is drawn
along the direction orthogonal to the propagation one (green dotted line in Fig. 3.1).
The considered plot line is long as the -10dB tapering of the electric field. For clarity
it is considered the taper length of the T'F; mode which is lower than the TEM
one (see section 3.4.1). The E-field phase along the line should be constant when
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there is no feed horn shift (i.e. S, = 0). When a shift occurs the phase (ph) can be
computed as

ph = ko/ersin(e)pospr, (3.6)
where ¢ is the shift for TEM and T'E; computed with Equations (3.3) and (3.5)

respectively and pospy, is the position along the plot line. In Fig. 3.9 are reported
the full wave simulation results for 4 different feed horn positions. For broadside
direction the maximum phase variation is 20° for T"E'M mode and 40° T'F;. For the
other positions the simulations results are compared with the phase obtained from
Eqn. (3.6). Also in these cases the results are satisfactory with a good agreement

between simulations and numerical analysis.

I Frem

reflector

> -———————

reflector

‘\ ) "’ \ »
\‘ 7 >
g S
A7
¥ & \

Input horn

Figure 3.7. Schematic representation of the quasi-optical system. Red dotted lines and

blue dashed lines represent the T'E; and T'EM modes, respectively.

3.4 Validation Antenna

In this section a possible antenna comprising the proposed pillbox beamformer is
presented. The antenna is composed by, an input horn, the previously described
pillbox system and a radiating tapered aperture. The structure is validated through
full wave simulations. In particular a full metal antenna is here proposed. The overall
antenna structure is illustrate in Fig. 3.10. The overall antenna dimensions are w;

= 300mm, l;,; = 230mm and hy; = 65mm. In order to design an antenna that
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Figure 3.8. Scan angle versus frequency for the TE; (orange solid lines) and TEM (blue
dashed lines) mode. The results obtained through full-wave simulations are represented
by blue squares for T"EEM mode and orange dots for the T'E; mode. The results refer to a
horn displacement (S) of 30, 60 and 80 mm in the focal plane of the parabolic reflector.

can be realized, the tolerances and the feasible minimum dimensions are considered
referring to previously published works [24][27][28]. As stated before the antenna is
designed to have optimal working condition in the SatCom transmission band i.e.
from 27.5GHz to 31GHz.

3.4.1 Input horn

In the designed antenna, the cylindrical wave is launched in the feed PPW through
an horn antenna. Two different input horns have been designed, one for each po-
larization. In order to allows the connection with commercial devices the horns are
designed with dimensions that allows the feed through a standard WR28 rectangu-
lar waveguide. Nonetheless, the same aperture, length and height has been used for
both the horns. In Fig. 3.11 (a) the structure and the dimensions of the two horns
are showed.

Fig. 3.11 (b) shows the radiation patterns of the input horns inside the feed PPW.
The results highlight that the radiation characteristic for the two modes is very
similar. In particular, if the -10dB tapering angle is considered, it is A®rpy 7 ~
425°. Even if the horn aperture is the same for the two modes, the distance between
the reflectors will cause a different illumination of the parabola. Consequently the
-10dB amplitude tapering of the coupled quasi plane wave has a different length for
the two modes. The -10dB tapering for TEM and T'E; can be computed as

lflodB =2- FSZ?”L(A(I)), (37)
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Figure 3.10. Validation antenna. (a) Prospective view. (b) Sectional view. The full

dimensions are wi,; = 300mm and l;,; = 230mm.
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Figure 3.11. (a) Input horns with dimensions: l, = 30mm, wy, = 25mm, hrgp = 7mm.

(b) Electric field radiated by the input horns inside a PPW for the two orthogonal polar-

izations.

where F is the focal length of the parabolic reflector. A®rgy e has been selected
to have the best illumination on the parabolas. It is important to notice that the
-10dB taperig should be contained always in the parabola profile, even when the

input horn is shifted to achieve beamsteering.

3.4.2 Radiating part

The input cylindrical wave is coupled from the pillbox system into a plane wave
with a tapered intensity profile. As described before this wave can be used to feed
different type of radiating structures. In this antenna, the radiating part is composed
by a tapered radiating slot. The transition from the pillbox to the radiating slot
has been realized through a 90° bend of the output PPW. Since this PPW can
support also T'M; mode, to avoid its coupling with T'E'M the two side corrugations
are extended from the pillbox output to the radiating aperture. A tapering has
been realized on the slot in order to increase the directivity of the antenna. The
radiating structure with dimensions is illustrated in Fig. 3.12 (a). Due to the
different field distribution of TEM and T E; modes the radiation characteristic will
be slightly different for the two components. In particular, almost 1dB difference has
been computed by simulating the radiating aperture without the full structure. The

simulated radiation patterns of the radiating part only are shown in Fig. 3.12(b).
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Figure 3.12. Antenna output part. (a) Section view with dimensions: hpp = Tmm, hpgy

= 4mm, l4pg = 4.5mm, hegng = 1.05mm, lyqq = 6.7mm, l,,q = 15.65mm, wyqq¢ = 9.55mm.

(b) Radiation patterns of the tapered slot for the two modes (zz plane cut).

3.4.3 Full antenna results

The complete antenna illustrated in Fig. 3.10 is analyzed through full wave simula-
tions. The input horns described in section 3.4.1 are exploited to feed the antenna.
In particular four different horn shift are considered (Sy,): Omm, 30mm, 60mm and
80mm. Both the excitation modes are considered in this analysis.

In Fig. 3.13 the S11 for the two modes in the different horn positions are reported.
It can be observed that the complete antenna achieves a good matching condition
(<-11dB) for both the modes in the desired frequency band (27.5GHz - 31GHz). As
it is expected, the worst case in terms of reflection coefficient is when the horn is
in the focal position (S, = Omm). In fact, in this case all the power reflected back
from the parabolic transition returns directly inside the feeding horn.

In Fig. 3.14 the resulting radiation pattern are reported. In particular Figures
3.14(a), (b), and (c) illustrates the ® cut (zy plane) for f;, = 27.5GHz, firu. =
31GHz and f. = 29.25GHz respectively. It is possible to observe that in Fig. 3.14(c)
the beam direction is the same for both the modes for a certain horn shift. This
confirm the analysis of the quasi-optical system described in section 3.3. In fact,
the system has been designed to have the same beam shift for the center frequency
(fo = 29.25GHz). Furthermore, also Figures 3.14(a) and (b) respect the beam
direction prediction that was previously illustrated in Fig. 3.8. In particular, for
lower frequencies (Fig. 3.14(a)) the T'E mode radiation has a shift angle lower than
the one achieved by the TEM mode. On the other hand, for higher frequencies
(Fig. 3.14(b)) the quasi-optical system produces an higher beam shift for the TE
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Figure 3.13. S11 simulation results for 4 different input horn positions. (a) TEM results.
(b) TE results.

mode.

Fig. 3.14(d) reports the radiation pattern on the © cut (zx plane) at the center
frequency (f. = 29.25GHz). Here can be noticed the behaviour of the radiating
part described in section 3.4.2. In particular, it can be observed that the T'E' mode

achieve a lower gain as previously illustrated in Fig. 3.12(b).

3.5 Conclusions

In this chapter, a novel beamformer is presented. In particular, a pillbox system
exploiting multimode transmission is presented. Thanks to that it can be used to feed
high gain dual polarized antennas, that are commonly used for space applications.
To demonstrate the correct working of the system a dual linearly polarized antenna
has been designed and validated through full wave simulations.

In the next chapter an antenna that exploits a pillbox system and is able to

radiates in circular polarization is described.



Antenna for space applications: Multimode pillbox beamformer 39

30 T T —
——S,, =0mm
—Sh =30mm
= 20 Sh =60mm
o
) ——8, =80mm
£ —TEM
© .
> 10 TE
°
7]
N
©
@ ot
AN
n A N
o 1\

-35 0 75 1520 35

P (deg)
(a)
30 T T —

N
o

realized gain (dBi)
S

\
v
7
l.“..":‘?‘(l
Yy
h\\'l'l |‘1)\
] N

-10 his —

-35 0 75 1520 35
P (deg)
(c)

realized gain (dBi)

realized gain (dBi)

(%]
o

N
o

N
o

Y
(3]

-
o

O (deg)

(d)

Figure 3.14. Simulated radiation patterns of the complete pillbox antenna for both the
mode excitation and different input horn shift. (a) ® cut (zy plane) at fin (27.5GHz).
(b) @ cut (zy plane) at fpae (31GHz). (c) @ cut (zy plane) at f. (29.25GHz). (d) © cut
(zx plane) at f, for the horn position S;, = Omm.
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Chapter 4

Antenna for space applications:

Circularly polarized CTS array

As stated in Chapter 3 the growing demand for high-speed satellite communications
(SatCom) requires the use of robust and reliable antenna systems. Owing to its
capability in mitigating polarization mismatch issues, circular polarization (CP) is
a key asset for modern terminal SatCom antennas.

For SatCom communications, the Continuous Transverse Stub (CTS) arrays have
gained interest during last decades, due to their broadband, wide-angle scanning
and low-profile characteristics [31] [32] [24] [33]. However, their inherent radiation
mechanism enables the radiation of linearly-polarized (LP) fields only. To achieve
CP radiation, commercial solutions [34] rely on polarizing screens such as the one
presented in [35], placed in the proximity of the radiating aperture, thus increasing
the complexity, bulkiness and costs of the overall antenna module.

In this Chapter a CTS array, able to radiates in CP, is presented. The radiating
structure is composed of dual-mode, open-ended PPWs. In classic CTS arrays [24],
these PPWs are designed to work with the dispersionless fundamental mode, i.e.,
TEM mode. In this work, the radiating PPWs are enlarged to operate in the multi-
mode dispersive region, such that the TEM and T'E; modes can propagate within
the radiating structure. As it is shown by the zoomed-in detail in Fig. 4.1, these
modes exhibit electric fields orthogonally-polarized with respect to each other [26]
and therefore can generate CP radiation [29]. Since the theoretical analysis of the
radiation mechanism is fully described in [29], this chapter focuses on the design of
an antenna that exploits this principle. The antenna is designed to achieve optimal
performances in the SatCom transmission band (Ka-band), i.e., from 27.5 GHz to
31 GHz within a scan range of +20°.

41
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Radiating
dual-mode slots

Pillbox system

Figure 4.1. Perspective view of the proposed CTS antenna. In the highlighted section the
arrows represents the E-field distribution of the TEM and T E; modes, a is the height of
the radiating PPWs and d is the periodicity of the slots.

4.1 Antenna Architecture

Figure 4.1 shows a perspective view of the proposed antenna. As stated before the
radiating PPWs support the propagation of the TEM and TEy, i.e., \pasr/2 < a <
Amaz a0d Apaz < 2+ Apin Where A4 and A, are the maximum and the minimum
operating wavelength respectively and a is the height of the PPWs. The multi-modal
radiating slots are fed by a pillbox beamformer combined to a PPW based corporate
feed and an electric field rotator. To reach an high value of gain, 32 radiating slots

have been used.

4.1.1 Pillbox system

The feeding is realized through a pillbox system. This type of quasi-optical struc-
ture is fully described in Chapter 3. For this antenna a single-mode pillbox system
is used (i.e. hppw < Amin/2) . This allows to simplify the feeding mechanism and
exploit a previously designed structure. In fact, the Corporate Feed Network (CFN)
is designed to be installed on a pillbox system already present in the IETR labs.

The structure is described and analyzed in [24]. As a recall from the previous Chap-
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Figure 4.2. Sectional view of the complete corporate feed network. Here the different
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stages and components are highlighted.

ter, the pillbox beamformer consists of two stacked PPWs, coupled by a parabolic
reflector by means of a 180°-bend. A cylindrical wave is launched in the feed layer
PPW by the means of a feeding horn placed in the focal position of the parabola.
Then, thanks to its quasi-optical behaviour, the pillbox system generates a continu-
ous line source with a tapered E-field amplitude and a progressive phase profile. If
the horn is shifted along the focal line of the parabolic reflector, a tilt of the equal
phase wavefront can be obtained (see Sec. 3.3). The linear source obtained in the
upper layer PPW can be used to feed a CTS antenna array [24]. For this antenna,
a parallel fed CTS array is designed. For this reason, the wave generated through
the pillbox system is guided inside a 1 to 32 CFN.

4.1.2 Corporate feed network (CFN)

The complete corporate feed network is illustrated in Fig. 4.2. It can be observed
that ii is composed by 5 stages of a 1 to 2 way power dividers. This allow to equally
splits the power from one input to 32 output slots.

In Figure 4.3(a) the details of the single stage of the CFN is illustrated. In
particular, all the CFN is designed with PPWs operating in single mode region,
that is a;, < Amin/2). For matching, stepped corners and shrinkage at the input are
inserted. In Fig. 4.3(b) the obtained matching of the overall CFN is reported. This
results is obtained through full wave simulation. The structure was excited with a
Waveguide Port at its input ("Input port” in Fig. 4.2) with a Perfect Match Layer
(PML) at the and of the 32 outputs. Despite the complexity of the structure, a good
matching condition is obtained in the desired frequency band. The dimensions of
the CEN that allowed to achieve this result are listed in Table 4.1 (Dimension labels
refer to Fig. 4.3(a)).
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overall corporate feed network.

Stage | lstup leavity  lin ot leorner  ltapin
#0 | 605 1.39 400 342 117 197
#1 28.8 1.39 342 205 1.17 1.97
#2 12.8 1.59 2.05 343 1.07 1.97
#3 | 488 1.59 343 2.07 114 197
#4 | 088 1.59 207 na 118 1.97

Table 4.1. T-junctions dimensions of the corporate feed. The labels refers to Fig. 4.3 (a).

Dimensions are in millimeters.
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4.1.3 E-field rotator

The main component of this antenna is the Electric Field Rotator. It is well known
from literature [15] that to radiate in CP the E-Fields needs to have two orthogonal
components with the same magnitude but with a phase shift of 90° between them
(see Sec. 2.3.1 "Feeding ntworks design”). The purpose of this part is to feed the
radiating stub with the right E-Fields characteristic in order to achieve a good CP
purity.

The designed structure connect the single mode PPW of the CFN with the
multimode PPW of the radiating stubs. A perspective view of the component is
illustrated in Fig. 4.4. Due to the shape of the middle part of the structure, we
decided to name it "Swallow Tail” feeder.

It is possible to divide the feeder in three different sections. The first one, is
composed by the single mode PPW of the last step of the CFN. In this part the E-
field profile is the one of a T'"E M mode and it is shown in the cut-plane Y3 in Fig. 4.4.
As it is stated previously to achieve CP both TEM and T F; propagation is needed
in the radiating stub. Since this two modes has an orthogonal E-field distribution,
the E-field from the CFN needs to be rotated by 45° in order to excite both the
modes inside the radiating stub with the same amplitude. This effect is obtained
by exploiting the central portion of the structure. This part, with the Swallow Tail
shape, combines an increment of the PPW height with a gradual formation of a 45°
inclined grid. The E-field distribution in this section can be observed in the cutting
plane Y. Finally, the E-Field profile plotted on the cutting-plane ¥, shows that
the designed feeder achieves the desired E-Field distribution at the start of the last
part, the radiating stub.

In Figure 4.5(a) the simulation setup of the Swallow Tail feeder is illustrated. It
has been analyzed with an infinite structure obtained through periodic boundaries
conditions. A waveguide port exciting the T'E'M mode was placed ad the end of the
CFEN network (input of the E-Field rotator). If the radiation characteristics needs
to be verified, a Floquet port can be placed on a open boundaries condition, as it
is shown in Fig. 4.5(a). On the other hand, in order to analyze the correct power
splitting between the two modes in the radiating stub, a second waveguide port has
been placed at its open end. The results of this set-up, in terms of S-parameters are
reported in Fig. 4.5(b). The plot shows that the Swallow Tail feeder is perfectly
matched (S11<-15dB) in the whole Ka-band. Furthermore, the power between the
modes is equally split as it can be stated by the S21 values of -3dB.

As it is stated before, to radiate in circular polarization, a phase difference be-
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Figure 4.4. Perspective view of the "Swallow Tail” E-field rotator. The E-filed vector plots
on three different cut planes are shown.
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Figure 4.5. (a) Unit cell simulation setup of the E-field rotator. (b) S-Parameter simulation
results of the E-field rotator unit cell.
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Figure 4.6. (a) Schematic representation of the geometrical path of the wave inside the
open-ended stub. (b) Phase difference between the TEM and T'E; modes at the open end

of the stub for three different angle of steering.

tween the TEM and the TE; modes is needed. Since the two modes propagates
with a different phase velocity inside the radiating stub, it is possible to engineer the
length of the stub to have the desired phase difference at the aperture. In particu-
lar Srgy and Brg, inside a PPW can be computed with equations (3.2) and (3.4)

respectively. The total phase shift of the modes can be calculated as

Apremre = sy - BTEMTE (4.1)
thus, the Phase Difference (PD) is

The PD computed with equations (4.1) and (4.2) is true if we consider the direct
path from the 45° grid to the open end of the stub. When a tilt of the wave occurs
(6p) the effective length (Is.ff) of the path inside the stub is different. This concept
is illustrated in Fig. 4.6(a). The value of /4., in equation (4.1) should be replaced
with
Lstup

cos(bp)’
The PDs obtained with a PPW height of 7.2mm and a ly,; of 8.2mm for three
different tilt angles in the desired band are illustrated in Fig. 4.6(a). A trade off

between a good CP purity at broadside direction and the maximum scanning angle

lseff = (43)

needs to be made. Mainly for this reason this antenna will keep a good CP purity

for a scanning angle up to 6y = 20° but it will degrade for a higher angles.
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Figure 4.7. (a) Simulated reflection coefficient of the proposed CTS antenna for 4 different
scanning angles in elevation along the yz-plane in Fig. 4.1. (b) Simulated axial ratio of
the proposed CTS antenna for 4 different scanning angles in elevation along the yz-plane
in Fig. 4.1.

4.2 Complete Antenna Performances

All the component previously described are combined together and the complete
antenna has been analyzed through full wave simulations [36]. The performances
are analyzed for four different scanning angles 6 (that correspond of four different
feed horn position see Sec. 3.3) along with the azimuthal yz-plane: broadside, 7.5°,
13.8° and 20°. Due to the symmetry of the structure on the xz-plane the obtained
results can be extended to specular direction (-7.5°, -13.8°, -20°). In Fig. 4.7(a), the
reflection coefficient versus the frequency is reported. The antenna achieve a good
matching condition (i.e. < -10 dB) over the entire band. Furthermore, thanks to
the high number of radiating slots, a gain higher of 32 dBi is achieved. It can be
noticed that, since a pillbox beamformer is used for the feeding system, the worst
matching condition occurs when the feeding horn is in the parabola focus position,
i.e. for broadside radiation.

To verify the CP purity the AR is plotted in Fig. 4.7(b). In particular the CP
is here considered acceptable for AR smaller then 3 dB. The AR remains below the
3 dB threshold over the whole frequency band for scanning angles up to § = 14°.
When 6 = 20°, the AR is above 3 dB in a small portion of the band. For higher
angle of scanning the AR will increase its value due to the geometrical path in the
stub as it is explained in Sec. 4.1.3.

Finally, in Fig. 4.8 the simulated radiation patterns for two different scanning
angle are illustrated. The reported results are obtained considering the Right Hand

Circular Polarization (RHCP). In both cases the anenna demonstrates a very good
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Figure 4.8. (a) Simulated radiation pattern in RHCP for the broadside direction. (b)
Simulated radiation pattern in RHCP for 8 = 10°.

performance with a Side Lobe Level less than -20dB.

4.3 Conclusions

In this chapter a novel antenna for SatCom applications is presented. The proposed
antenna is based on the parallel-fed CTS architecture and it is able to radiate CP
fields without using any external devices. High-gain, optimal matching, and a large
3-dB-AR bandwidth are achieved in the Ka-band for angles of scanning up to +20°.
The presented solution allows to save costs and space and offers valid alternative
respect to commercial SatCom terminal antennas.

This chapter concludes the study performed on SatCom systems. In the next

chapter a mmW antenna module suitable for the automotive market will be pre-

sented.
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Chapter 5
Automotive 5G mmW antenna Module

In this chapter, an automotive antenna module suitable for the 5G communications
in the mmW frequency band is presented. Since this type of communication is
new for the market, there aren’t available benchmarks or examples. Furthermore,
the car manufacturers don’t have a clear idea on the requirements and specification
needed. For this reason an analysis of the standards is necessary to understand the
key parameters of the mmW 5G communications and relate them to the car indus-
tries. After this first study on requirements a possible radiating element solution is
designed and prototyped. Finally, a complete module comprising the electronic is

presented.

5.1 Requirements and constrains

The main regulatory institution about the cellular communication is the Third Gen-
eration Partnership Project (3GPP). From release 15 the 3GPP starts to standardize
the 5G communications. From the released files is possible to extracts the desired
informations. Two main topics are of interest for the design of an antenna: its
working frequency and its output power.

The standard divides the 5G frequencies in two ranges the Frequency Range 1
(FR1) and the FR2. The FR2 is the one containing the mmW frequency range.
Figure 5.1 [37] reports the allocated frequencies for the FR2 around the world. This
Range is itself divided in 3 bands: the n257 from 27.5GHz to 29.5GHz, the n258
from 24.25GHz to 27.5GHz and the n261 from 27.5GHz to 28.35GHz. This definition
allows a first estimation of the necessary antenna bandwidth (BW). If the whole FR2
is covered a 19.5% BW is required.

It is well known that the attenuation at high frequency is higher, for both what
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Figure 5.1. Allocated frequency in the FR2 frequency band around the world.

concerns the free space attenuation and the obstacle attenuation. For this reason,
in order to cover an acceptable distance, the total gain of the antenna needs to be
increased. This can be done by enhancing the antenna directivity and by increasing
the output power. The standard sets the maximum powers for the antenna. In
particular in Tab. 5.1 are listed the maximum power values for a "Power Class
2”7 equipment (i.e. everything that is not a base station) [38]. The power levels
are expressed in terms of Total Radiated Power (TRP) and Equivalent Isotropic
Radiated Power (EIRP). If we consider an antenna array of n elements in which
each element is connected to a Power Amplifier of gain PA,,,; the TRP is defined
as

TRP(dBm) = PAp,u + 10logip(n). (5.1)

On the other hand, the EIRP takes into account also the antenna directivity. If the

single antenna element has a realized gain of Ga, the EIRP can be computed as
EIRP(dBm) = PA,ou + 10logio(n) + Ga,, + 10logio(n). (5.2)

An analysis of commercial available MMICs (Monolitic Microwave Integrated Cir-
cuits) (e.g. Anokiwave, Analog Devices, Integrated Device Technology, Qorvo) has
been conducted. Among them PA,,,; value is 19dBm maximum. It is then possible
to compute the number of antenna elements necessary to reach the maximum EIRP.
If a 8 element antenna array is considered with a single element gain of Ga = 6dBi
(reasonable for example in the case of a patch antenna) from eq. 5.2 we have EIRP
= 43dBm.

We stated that in order to transmit enough power we need an antenna array
of at least 8 element. When the antenna directivity increase, as a consequence, its
main lobe aperture will reduce. For this reason the main beam needs to change
its direction real time, with the car movement. This behaviour can be obtained
exploiting the phased array theory [15]. For our application we decided to use an

electronically scanning array. In this type of antennas the phase of each element
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Operating Band | Max TRP (dBm) ‘ Max EIRP (dBm)

n257 23 43
n258 23 43
n261 23 43

Table 5.1. Maximum powers allowed by the standard at mmW frequencies (FR2).
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Figure 5.2. Block diagram of the internal components of modern MMIC.

is controlled by an electronic phase shifter causing constructive interference in the
desired direction. Modern MMIC integrates on the same chip all the necessary
components for the management of an antenna array (e.g. Power Amplifiers, LNA,
Phase Shifters ecc). In Fig. 5.2 a generic block diagram of a modern MMIC is
illustrated.

For what is concerning the installation on the vehicle we have to consider that the
main requirements is to cover all the direction around the car. For the purpose, four
modules can be installed on all the sides of the vehicle. Each module needs to cover
at least ¢ = £45° on the azimuthal plane. On the other hand, to counteract the
uphill /downhill condition, at least § = £25° is needed on the elevation plane. This
concept is illustrated in the schematic representation of Fig. 5.3. It is important to
highlight that, to respect aesthetic requirements, the antenna module should be low
profile as possible.

Finally, consideration about the antenna radiation polarization can be made. For
this work we decided to design radiating elements able to radiates in double linear
polarization. This feature can be useful to create a more robust system against

the multipath scattering. Moreover, in case of good signal strength for both the
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Antenna array

Figure 5.3. Schematic representation of the mmW antenna modules installation on the

car. (a) Top view. (b) Front view.

polarization it can be used as a diversity characteristic for a MIMO system.

To resume, to cover all the described requirements an antenna array is necessary.
This array needs to match a relatively high BW and radiates in double linear po-
larization. Since the commercial electronics are made to cover only a small portion
of the FR2, we decided to design the array in the n258 band (i.e. the EU band).
Furthermore, once it is installed on the car an azimuthal coverage of ¢ = 90° and an
elevation radiation of 8 = 50° is required. In order to accomplish these features, we
decided to design a PCB antenna array able to scan on the azimuthal direction and
with a fixed beamwidth on the elevation cut. The array will be composed by a row
configuration with 8 radiating elements, that is enough to reach the desired radiated
power. Furthermore, the PCB technology allows to realize a low profile radiating

element and to combine it easily with the feeding electronics (e.g. MMIC).

5.2 Radiating element design

In this section we focus our attention on the design of the radiating elements and
the array configuration. The focus is to reach the previously described requirements
in terms of frequency range and radiation characteristics. The interaction with the

electronics will be taken into account in the next one.

5.2.1 Design and simulations

The array is composed by 8 patch antennas placed in a 1x8 configuration. Patches
antenna, since they are a resonant structure, typically doesn’t reach a wide BW
behaviour. Common techniques for increasing the BW are the increment of the

substrate thickness [39] or imposing the formation of a second resonance with a
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Figure 5.4. (a) Single radiating element. (b) PCB stackup, M,, indicates the metal layers,
sub,, are the substrate layers while bon,, are the prepreg layers. Layers are described in
Tab. 5.2.

parasitic element [40] [41]. In our case, to reach the desired bandwidth a stacked
patch parasitic element is added above the radiating patch [42]. To increase the BW
the stacked patch needs to have a different resonant frequency respect to the main
one. For this reason they have slightly different dimension. Main patch resonant
length (Lyein) = 2.6mm, Stacked patch resonant length (Lgaered) = 2.45mm. Fur-
thermore, since a double linear polarization is required, the patch is designed with
a square dimension. This solution allows to achieve a symmetric radiation for both
the polarizations. The structure of the single element is illustrated in Fig. 5.4(a).
The PCB stackup is illustrated in Fig. 5.4(b).

The feeding line, realized with microstrips is on metal layer M4, the patch is
on M2 and the stacked parasitic element lies on M1. The metal layer M3 act as
a ground plane. The feed is realized through a vias connecting the microstrips on
M4 to the main patches on M2. In order to keep the production costs as low as
possible only through vias are exploited. For this reason, the feeding vias need to be
isolated on the stacked element on layer M1. The isolation can be clearly observed
in the single element detail in Fig. 5.4(a). The figure highlights also the two feeds
for the horizontal polarization (H pol, y oriented) and the vertical polarization (V
pol, z oriented). A synthetic description of the layers is provided in Tab. 5.2.
The PCB is designed using low loss high frequency materials [43]. In particular,
the RO4350BLoPro (Dk = 3.56 and tand = 0.0037 @ 10GHz) has been used as a
substrate dielectric laminate. The selected prepreg material is the RO4450F (Dk =
3.52 and tand = 0.004 @ 10GHz) that shows similar dielectrics characteristics to the
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Layer Name Material Thickness (mm) Description

1 (TOP) M1 Copper 0.017 Stacked patch

2 subl  RO4350BLoPro 0.271 Stacked patch substrate
3 bonl  RO4450F 0.102 x 2 Stacked patch substrate
4 M2 Copper 0.017 Main patch

5 sub2  RO4350BLoPro 0.271 Main patch substrate

6 bon2  RO4450F 0.102 Main patch substrate

7 M3 Copper 0.017 Ground Plane

8 sub3  RO4350BLoPro 0.271 Microstrip substrate

9 (BOT) M4 Copper 0.017 Microstrip feed line

1-9 vias  Copper 0.2 (diameter)  Feed connection

Table 5.2. Layers description of the PCB stackup illustrated in Fig.5.4(b).

main substrate material.

The single element correct working has been verified with numerical simulation.
In particular, since the interaction with the other element needs to be considered,
the structure illustrated in Fig. 5.4(a) has been studied with periodic boundaries
condition. The spacing between the elements is designed such as no grating lobes
occurs at the maximum scanning angle ¢ = 45°. The Active Reflection Coefficient
(ARC) [44] results for three different scanning angle are reported in Fig. 5.5(a). The
matching is below -10 dB for both the polarizations over the whole n258 band. In
the limit case of a scan angle of ¢ = 45° the ARC is slightly higher than the -10dB
threshold for a small portion of the band but is still acceptable. In Fig. 5.5(b) the
radiation pattern simulation results on the azimuthal cut at 26GHz are reported.
The results shows an acceptable behaviour in terms of sidelobe level (i.e. <-12 dB)
also in the case of ¢ = 45° beam shift.

After the simulation under the unit cell condition, the real configuration of the
1x8 array has been considered. The simulation setup is illustrated in 5.6(a). For
what is concerning the ARC and the radiation pattern on the azimuthal plane, not
strong differences has been noticed respect to the results presentend in Fig. 5.5. On
the contrary, the elevation plane radiation patterns shows a strong deformations.
The results are displayed in Fig. 5.6(b). In the plot is possible to notice how a
strong ripple appears on the radiation characteristic of the vertical polarization.
This affect can be ascribed to a surface wave propagation on a finite ground plane
[45]. In fact, since we need a relatively high BW, the dielectric slab composed by the

substrate is designed thick respect to the wavelength. This causes a propagation of
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Figure 5.5. (a) ARC simulation results at three different scan angles, broadside, ¢ = 20°,

¢ = 45° for both the polarizations. (b) Simulation results of the radiation pattern on the
azimuthal plane ¢ at 26GHz.

waves inside the substrate, travelling between the patches ground plane and the air.
Since it is an evanescent wave, it will radiates causing a radiation pattern distortion
proportional to its space of propagation. In Fig. 5.6(a) it is possible to observe that
the ground plane relative to the V pol (GND,) is bigger than the one relative to
the H pol (GND,). This dimensional difference makes the surface waves causing a
distortion only in the V pol radiation. It can be observed a ripple oscillation of 5dB
that it is not acceptable for our application.

A possible solution for the radiation pattern distortion can be the reduction of
the ground plane dimension. Unfortunately a physical size reduction is not possi-
ble because of the space needed for the electronic installation. For this reason an

“electromagnetic” size reduction is implemented.

5.2.2 Electromagnetic Band Gap (EBG) structure

The ”electromagnetic” size reduction previously illustrated is obtained through an
Electronic Band Gap (EBG) structure. EBGs are periodic structures that behaves
as a high impedance surface for electromagnetic waves. If correctly designed, it is
possible to change the dielectric-air interference conditions creating a forbidden, or
Band Gap (BG), frequency region in which the undesired surface waves cannot prop-
agate. In this first part of the work we decided to exploit a mushroom like structure
[46]. This structure is composed by a square patch (laying on M1) connected to
the ground plane (M3) by a shorting via. Also in this case only through vias are
exploited. The unit cell is illustrated in Fig. 5.7(a). The frequency behaviour of
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Figure 5.6. (a) Simulated 1x8 array configuration. (b) Simulation results of the radiation

pattern on the elevation plane 6 at 26GHz.

the structure is studied exploiting the eigenmode solver. The resulting dispersion
diagram is illustrated in Fig. 5.7(b). Black dashed lines highlight the band gap
achieved, that is from 22 to 32 GHz. The BG lower bound is is set by the maximum
propagation frequency of the first mode. On the other hand, the upper bound is
limited by the crossing of the "ligthline” by an higher order mode.

Through simulations we observed that 6 repetitions of the unit cell along the
propagation direction are enough to suppress the surface wave propagation. The
array 1x8 array module including the EBG structure is simulated. The model can
be observed in Fig,5.8(a). The simulation results of the radiation patterns on the
elevation cut are reported in Fig.5.8. Here, from black solid line can be observed how
the undesired ripple is mitigated thanks to the EBGs. It can be also observed that
the achieved gain from the V pol is now higher than the H pol. This effect occurs
because the two regions with the EBG structure act as a wall for the vertical fed
patches. Thus, the V pol radiating elements can be considered operating in structure
similar to a cavity backed patch antenna [47]. This type of structure is known to
increase the gain of the radiating element [48]. However, for both the polarizations

the requirement of an elevation aperture grater of = £25° is accomplished.

5.2.3 Prototype and experimental results

To verify the correct working of the designed array a prototype has been fabricated.
In order to measure the realized gain broadside, the antenna is fed through a Cor-
porate Feeding Network (CFN) that equally splits the power between the elements.
The CEFN connects the 8 elements to a single input through 3 cascaded T-junctions.
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Figure 5.7. (a) Simulated unit cell of the EBG mushroom structure. (b) Dispersion

diagram of the designed EBG structure, the obtained Band Gap from 22GHz to 32GHz is
highlighted.
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Figure 5.8. (a) Simulated array structure with EBG. (b) Comparison between the simu-

lation results of the radiation pattern on the elevation plane 8 at 26GHz of the array with
and without EBG.
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Figure 5.9. Picture of the fabricated prototype. (a) Antenna side. (b) Feeding network

side.

The lines have the same length so the elements achieves broadside radiation. The
antenna is fed exploiting a SMP connector. In Fig. 5.9 the pictures of the fabricated
prototype are shown. In particular, the picture in Fig. 5.9(a) shows the antenna
side of the PCB where the patches and the EBG are visible. On the other hand Fig.
5.9(b) shows the feeding network layer.

The prototype has been tested and measured in an mmW anechoic chamber.
Results in terms on S-paramaters for both the polarizations are reported in Fig.
5.10(a). Here is possible to observe that the array achieves a good matching con-
dition (<-12dB) for both the V pol and the H pol in the derided frequency band.
Also, the coupling between the two remains low (<-20dB) ensuring a good cross
polarization (X pol) isolation. In Fig. 5.10(b) the realized gain of the array is re-
ported. The illustrated gain measurement results refers to broadside radiation (i.e.
¢ =0°60 =0°). The graph shows that the antenna achieves a gain near to 12.5dBi
for both the polarizations until the 25GHz. After this frequency the H pol gain
starts to decrease (reaching 10dBi at 27.5GHz) and the V pol gain starts to increase
(reaching 14dBi at 27.5GHz). This behaviour is due to the cavity-backed patch
antenna effect described in the previous section.

The effect produced in the radiation characteristics by the EBG structure is
highlighted also in Fig. 5.11(a). Here, the measured elevation cut of the radiation

pattern is reported. It is possible to notice that the measurement results are in good
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agreements with the simulation results showed with solid lines in Fig. 5.8(b).
fact, at 26GHz, the radiation pattern presents a increment of gain for the V pol
and a slight deformation for the H pol. In Fig. 5.11(b) the azimuthal cut of the
measured radiation pattern at 26GHz is reported. The observed sidelobe level is
<-12dB. The figures show also the X pol radiation patterns (dashed lines. The X
pol levels measured remains below 10dB in the worst case.

(b)

In
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5.3 Complete 5G antenna module

In this section the PCB that includes the radiating elements previously described
is integrated together with the electronic. The MMIC selected for our application
is the Anokiwave AWMF-0165. It can control up to 4 radiating elements in dou-
ble polarization. Furthermore, its frequency range covers all the n258 band from
24.25GHz to 27.5GHz. The description of all the connection (e.g. supply, digital) of
the complete module is out of the scope of this thesis.In particular, this section will

go through the description of the RF solution implemented in the complete PCB.

5.3.1 MMIC integration

A PCB board has been designed to manage the supply voltage and the digital
connection for the MMIC programming. The complete PCB can be described as
the superposition of the "Antenna board” and the "MMIC board”. This concept is
highlighted in Fig. 5.12(a) where the sectional view of the complete PCB is shown.
The ”Antenna board” is basically the same described in the previous section with the
double polarized stacked patch antenna. In the complete board the implementation
of blind vias is not a a problem since the high complexity of the PCB make them
mandatory. For this reason the feeding via for the patch antennas is connected only
to the main patch without making necessary the isolation on the stacked patch.
Another difference from the previously presented PCB, is the antenna feeding line.
Since the stackup impose the presence of other substrates, the feed line can’t be
anymore a microstrip. A stripline structure is used for the feeding between the
substrates.

A critical portion of the complete module is the transition between the An-
tenna and the MMIC boards. In particular, the transition between the mictostrips
connected to the MMIC and the striplines connected to the antennas needs to be
studied. The solution exploited in this work is illustrated in Fig.5.12(b). The struc-
ture is a coaxial cable inspired transition. The lines are connected through a RF
signal vias. On its boundary the RF signal vias is confined by 4 ground connected
vias. These vias act as an outer conductor of the coaxial cable allowing to achieve
very low losses even at high frequencies. Finally, to have a better matching a stub is
inserted. The S-parameters simulation results of the transition are reported in Fig.
5.12(c). The designed transition results shows losses of < 1dB and a good matching
condition (< -15dB) in the band of interest.

The detailed final stackup is illustrated in Fig. 5.13. It is made by 8 metal layers.
The high frequency substrate materials are the RO4350BLoPro as a core laminate
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Figure 5.13. Stackup of the complete antenna module. Layers are described in Tab. 5.3.

and the RO4450F as a prepreg. The low frequency susbtrates are composed by
ISOLA 370HR (Dy = 4.23) as a core material and the ISOLA 1080 (Dy = 3.7) as a
prepreg. The vias connections are designed by considering the realization process.
A synthetic description of the layers with material and thicknesses is provided in
Tab. 5.3.

5.3.2 Complete module

The complete module PCB is illustrated in Fig.5.14. Here the metal layers seen
form the antenna side and the MMIC side are shown. The board has 3 connectors.
One is for the supply and the digital connections. Then, two SMP connector are
used for the V pol and H pol signals. The RF signal path description when the
module is in transmission configuration is the following. The high frequency signal
coming from the SMP is split between the two MMICs exploiting a Wilkinson power
divider. Inside the electronic devices the signal is split between the outputs and
correctly changed in phase to achieve the desired beam direction. Then, through
the previously described transition the RF power goes to feed the radiating patches.
To keep the digital programming easier the feeding lines from the MMICs to the
antennas are kept with the same length. The overall board dimensions are Wtot =
75.5mm and Htot = 28.5mm resulting in a very compact module that can be easily

integrated on the car.
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Layer Name Material Thickness(mm) Description

1 (TOP) M1 Copper 0.017 Stacked patch

2 subl  RO4350BLoPro 0.271 Stacked patch substrate
3 bonl  RO4450F 0.102 x 2 Stacked patch substrate
4 M2 Copper 0.017 Main patch

5 sub2  RO4350BLoPro 0.102 Main patch substrate
6 bon2  RO4450F 0.102x 3 Main patch substrate
7 M3 Copper 0.017 Ground Plane

8 sub3  RO4350BLoPro 0.102 Stripline substrate

9 M4 Copper 0.017 Stripline feed

10 bon3  RO4450F 0.102 x 2 Stripline substrate

11 M5 Copper 0.035 Ground plane

12 sub4  ISOLA 370HR  0.203 LF substrate

13 M6 Copper 0.035 VDD

14 bond  ISOLA 1080 0.152 LF substrate

15 M7 Copper 0.017 Ground plane

16 subb  RO4350BLoPro 0.102 Microstrip substrate
17 (BOT) M8 Copper 0.017 Microstrip feed

4-17 V1 Copper 0.2 (diam) RF trans & GND
15-17 V2 Copper 0.2 (diam) Microstrip confinement
4-9 V3 Copper 0.2 (diam) Feed patches

11-17 V4 Copper 0.2 (diam) VDD

Table 5.3. Layers description of the complete module PCB stackup illustrated in Fig.5.13.



Automotive 5G mmW antenna Module 66

—_——
—
—_—

3 B 32 B

—_———
—_——
—_—

@@@@@@@@@@@@@@@@@@@@@@@@@@@@

oooooooooooooooooo

=
N1 ) A ' Toooole [’:I:‘]
2N 3 (983 3
° o I o 2 U
. o - 2 {\Wilkinson power divider

o . MM[CS
oooooooooooooooooooooooooooo 5
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module. (b) Dispersion diagram of the second EBG structure, the obtained Band Gap
from 23GHz to 30GHz is highlighted.

To suppress the surface wave propagation, also in the complete module an EBG
structure is used. From Fig.5.14 it can be noticed that a different EBG design has
been implemented respect to the one previously described in the radiating element
design section. In fact, in the final module a resonant dipole solution has been ex-
ploited [49][50]. The simulated unit cell is represented in Fig.5.15(a). It is composed
by a resonant printed line displaced along the surface wave propagation direction.The
unit cell will be periodically placed around the radiating elements resulting in a "ra-
dial” distribution. Respect to the previous geometry, the main advantage of the new
EBG is that it doesn’t need any via connection. This allows to simplify the overall
board and reduce the costs. The tuning of the structure has been performed in the
same way described for the mushroom one. In Fig.5.15(b) the achieved dispersion
diagram is shown. A BG from 23GHz to 30GHz is obtained. From simulations we
observe that two repetitions of the structure [51] is enough to countermeasure the
radiation pattern distortion.

Figure 5.16 reports the simulation results of the complete module PCB board.
In Fig. 5.16(b) the ARC results for the central element of the array are shown.
The antenna achieves a good matching even at the limit scanning angle case of ¢ =
45°. The achieved realized gain at broadside direction is illustrated in Fig.5.16(b).
Both the V pol and H pol, have a gain grater than 12.5dBi in the whole n258
frequency band. Respect to the results reported in Fig.5.10(b) the gain remains
almost constant in all the band. This is due to the different behaviour of the two

EBG structures. The difference can be noticed also in Fig.5.16(c) where the radiation
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pattern on the elevation cut is reported. Here it can be observed that the patterns
don’t present strong distortions or differences between the polarizations even at the
two limit frequencies of 24.25GHz and 27.5GHz. Finally, in Fig.5.16(d) the radiation
pattern on the azimuthal cut is reported. Here, three different scanning angle at
26GHz are illustrated.

5.4 Conclusions

In this chapter a mmW antenna suitable for 5G communications in the automotive
market is presented. First a study on the requirements and constrains are reported.
Then a possible solution for the radiating elements alone has been described. After
that the connection with the MMIC has been considered and inserted in complete

antenna module, that is automotive compliant.
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Figure 5.16. (a) Simulated ARC of the complete mmW module for both the polarization

at three different scanning angles. (b) Simulated realized gain for both the polarization at
broadside direction. (c) Simulation results radiation patterns at the elevation cut (¢ = 0°)
for both the polarization at the upper and lower limit frequencies. (d) Simulation results
radiation patterns at the azimuthal cut (§ = 0°) for both the polarization at three different

scanning angles at 26 GHz.
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Chapter 6
Conclusions and future developments

In this thesis modern applications for automotive antennas has been studied. In
particular, it is possible to consider V2X the leading next future innovation for the
car communications. In fact it can be a leading technology for the development of
the Advanced Driver Assistant Systems (ADAS) or the autonomous driving. Since
in modern standards the V2X transmissions can be be made through the 5G cellular
network, in this work, the integration of this technology in the automotive market
is mainly addressed.

First the sub6-GHz band has been analyzed. A novel low-cost 3D tin sheet ra-
diating element has been proposed and prototyped. After that a complete sharkfin
module that includes the most recent antenna functions has been described. In
particular, a commercial mechanical structure and the most common automotive
constraints has been considered in order to take into account a realistic environ-
ment. The module comprises a GNSS HP antenna, the 5G radiating element and
one ad-hoc V2X monopole. Also this complete module has been validated through
experimental measurements.

The second frequency band for the 5G is the mmW band. To gain know how
in the technologies for this high frequencies, two antennas for space applications
have been designed. In fact, in this market it is a well-established technology. The
fist described work comprises a novel feeding system that exploits a multimodal
transmission inside a waveguide. The proposed structure is based on the quasi-
optical pillbox system and allows to feed antennas that need a linear source (e.g. CTS
antenna, metasurfaces antennas). Its peculiarity is that it allows these structures
to be illuminated by two orthogonal E-field simultaneously. The second designed
antenna for space applications is a CTS antenna. This antenna topology achieves

wideband and wide beam steering. In particular the proposed one, thank to a
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novel E-field rotator, allows to radiates directly in circular polarization. Both of
these structures are designed to be realizable with different technologies, for example
metal additive manufacturing. Unfortunately they are still under fabrication and
the simulation results are not be validated through measurement yet.

Finally, a mmW antenna for automotive 5G application as been considered.
Since no examples are available on the market, an analysis on the standards has
been conducted to extract the requirements and the constraints for the 5G in this
frequency band. After that an array composed by 8 stacked patches able to radiates
in double linear polarization has been designed to be realized with the low profile
PCB technology. A prototype of the radiating elements alone has been fabricated
and the simulations have been validated through measurements. In order to achieve
a real time beam steering a complete antenna module, comprising the electronic has
been considered. In particular an MMIC able to change real time the phase of the
radiating element needs to be installed on the PCB. The integration between the
previously designed radiating elements and the electronics leads to an increase of
the dimension of the PCB board. For this reason a radiation pattern distortion due
to surface waves propagation has been observed. This effect has been counteracted
thanks to the exploitation of EBG structures. A complete antenna module com-
prising two MMICs and the antenna array has been designed and analyzed through
simulations. Also for this antenna we planned to fabricate the prototype and con-
duct measurements in order to validate the design. Furthermore, the design of a
mechanical support and a plastic radome needs to be evaluated carefully in order to
not spoil the antenna radiation characteristics.

Another important future development of the projects is the study of the installa-
tion on the vehicle. In fact its positioning can affect the antenna characteristics. For
this reason, usually automotive antennas are tested also in the real environment with
the car travelling on the road. Typical measured performances parameters regard
the full transmission system like for example the Bit Error Rate or the throughput.
This type of tests can be easily done with the 5g-sub6 complete module because the
infrastructure (e.g. base stations) are already present. On the other hand, for the
5G mmW frequency band is more difficult to find ready to use infrastructures. For
this reason we decided to develop a full-stack module (i.e. comprising the transceiver
and the modem) and realize the tests between two of our systems.

Finally it can be highlighted that the know-how acquired with the 5G technol-
ogy, in particular the in the mmW band, can be useful in the automotive market
also for other applications. For example, radars that works at mmWs are already

present on the cars. Furthermore, satellite communications like Low Earth Orbit
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(LEO) internet connection will be soon available for the consumer market [52]. Since
radiation toward the sky is ideal from the roof top of a car, it is easy to imagine a

internet-connected vehicle through this technology.
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