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Abstract

The goal of this Professional Doctorate in Engineering project is to develop a waveguide
transition and an antenna array for a Frequency Modulated Continuous Wave Multiple Input
Multiple Output radar transceiver. The effort is one step towards imaging radars for self-
driving cars. The solution proposed must be cheap and compact, but at the same time it
must achieve low losses and high isolation between antennas, especially transmitter antennas
with respect to receiver antennas. The starting point for the design is an NXP Integrated
Circuit radar transceiver with three transmitters and four receivers. The solution includes a
launcher in package as a high-performance, low-cost transition from the integrated circuit to
the waveguides that are mounted on top of the launcher. As a termination of the waveguides,
an array of antennas completes the design.

First, we investigated the motivation for developing self-driving vehicles, then, a review of
the existing commercial solutions of imaging radars and high performance radar transceivers
was conducted. After this, the problem definition was detailed, based on the requirements
of the current market of self-driving cars. With this in mind, the design, manufacture, and
measurements of the launcher in package and the design of an antenna array were conducted.

As a consequence of new design rules, re-optimizations of a previously designed launcher
in package were conducted. Also, a version of the launcher for higher frequencies based on
the same technology was proposed. The simulation results for reflection and transmission
performance of the launcher and a waveguide fan-out device are presented. The launcher and
a waveguide fan-out device are fabricated and the results show that the choice of connection
between the launcher and a metal surface is of high relevance for the final performance of the
launcher.

The antenna array consists of seven slotted-waveguide antennas, where the slots are placed
on the narrow wall of each waveguide. This solution has a longitudinal polarization and is
a type of antenna that is less studied than the transversely polarized case in automotive
applications. After carefull design, the antenna array is shown to achieve the performance
required for a module for blind-spot detection with a narrow frequency bandwidth in terms
of impedance matching. Finally, the system can be integrated from the integrated circuit to
the antenna array. Also, the results exhibit low losses and the device is sufficiently cheap to
be mass produced.
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Chapter 1

Introduction

1.1 The promise of autonomous driving

Autonomous driving is currently one of the hot topics in technology development. The idea
of fully autonomous or self-driving cars operating in a smart mobility network is something
that many companies and developers aim for [1]. In a world with fully automated vehicles,
there would be fewer accidents, less pollution, less congestion [2], and for users, it might
imply more productivity and comfort, because car-users could decide to perform a parallel
task while commuting instead of driving. Also, a smart network including autonomous cars
would allow a more efficient route decision. At the same time, it will allow safe transportation
for people who can not drive, e.g. due to a disability, being under aged or elderly, or after
consumption of alcohol.

Nevertheless, there are still many open questions regarding the legislation, and the re-
quired technology is not yet mature enough to allow a fully automated vehicle network.
There are many legal and moral scenarios that have not been defined and regulated and there
is no consensus on what to tell the car to do in a specific situation [3]. Regarding technology:
the reliability of the sensors, the interference between Radio Detection And Ranging (radar)
and communication signals, the algorithms for decision-making, proper security standards to
guarantee that the system will not be hacked, data management, and the cost of the devices
are some of the topics that still need to be improved.

This work aims to address improvements for the technology side, specifically the hardware
perspective. The goal of this project is to develop a radar integrated solution that is reliable,
has low interference and is cheap, as an intermediate step towards an imaging radar, capable
of 3D mapping of the surrounding of a car. This project is a collaboration between Eindhoven
University of Technology (TU/e) and NXP.

1.2 Motivation

The idea of fully automated cars has been growing since 1990 [4]. Currently, several car
companies have included the possibility of partially automated functionalities such as Ad-
aptive Cruise Control (ACC), Lane Change Assistant (LCA), Cross Traffic Alert (CTA),
Front/Rear/Lateral Collision Avoidance (CA), Blind Spot Detection (BSD), Parking Assist
(PA), Autonomous Emergency Braking (AEB), Rear Occupant Detection (ROD), traffic sign
recognition, pedestrian detection either as a Advanced Driver Assistant System (ADAS), or

77 GHz waveguide antenna and transition for on-chip radar solution 1



camera

LCA
CTA BsD RCA
AEB .
ACC pedestrian § §
detection °

LCA

camera

Figure 1.1: Car multi-sensor scheme: Video cameras are placed surrounding the car and
different radars in short, medium and long range are used for different purposes.

to comply with regulations indicated by the New Car Assessment Programme (NCAP) [5], see
Figure 1.1. Also, there have been self-driving vehicle demonstrators e.g. by Waymo (formerly
Google) [6], Tesla [7], Nuro [8] and Uber [9]. Nevertheless, no vehicle with level-5 automation
has been approved for the market yet. Level-5 automation stands for a vehicle that can per-
form all driving tasks under all conditions, without human intervention or attention required
as summarized in Table 1.1 [10].

An automated vehicle without driver will need to be able to see, think, and act by itself,
which requires reliable sensors, smart algorithms and fast and robust actuators. The design of
such a system is challenging because the car must be able to constantly sense its environment,
which is constantly changing. At the same time, it must be able to perform fast real-time
decision making, by taking into account several factors such as changing weather and light
conditions, fast-moving targets, stationary targets, both large and small and with different
textures and colors. Most importantly, the consequences of an error can range from serious
damage to private or public property to loss of lives. For that reason, the reliability of sensors
and algorithms is of great importance.

A reliable multi-sensor network is therefore needed to collect as much information as pos-
sible, so that the decision-making algorithm can be properly fed. There are various types
of sensors such as video cameras, Light Detection And Ranging (lidar), radar and ultra-
sonic sensors. In Table 1.2, a comparison of the sensors used to capture the environment is
presented. Video cameras are necessary to detect color and texture and are thus required
for identifying traffic signs, but they also provide images with more detail. Radar, lidar, and
ultrasonic sensors are used to accurately measure the distance and the relative speed between
objects. A low-cost radar is an attractive solution because they are light and weather inde-
pendent and they can achieve better range and angular resolution than ultrasonic sensors.
Historically, radars have been the preferred choice for measuring range outdoor. Nevertheless,
one drawback, especially when compared to lidar, is that the angular resolution of a radar is
not as good, which is a consequence of the wavelength at which they operate.

2 77 GHz waveguide antenna and transition for on-chip radar solution



1.2.1 History of radars

The first radar experiments were conducted by the end of the 19th century, shortly after
Heinrich Hertz detected radio waves for the first time. It was in April 1904 that Christian
Hiilsmeyer got a patent application for a device capable of detecting ships to avoid collisions,
in spite of foggy conditions. He named his invention the Telemobiloskop [12]. It consisted of a
spark-gap transmitter with dipole antennas and a parabolic antenna as a receiver system that
was able to estimate the distance of the target in addition to detecting it under no-visibility
conditions.

Between 1934-1939, several nations independently developed systems that, by using short
pulses of radio waves, could identify the range and angular position of target aircraft and
ships. In 1939, the United States Signal Corps used the name radar to refer to the system
they worked on for the Navy [12].

The use of radar was expanded to military purposes during World War II (1939 - 1945)
to identify enemies in the air, on the ground, and at sea. Since then, radars have evolved and
have been used for several purposes. Nowadays, more than 80 years later, radars are used
in civil applications for aircraft and ships, to avoid collisions, check on weather conditions,
and to help in landing or approaching a harbor. For these purposes, radar systems need high
transmit power to search for distant targets, so the radar systems are massive and expensive.
By the end of the 20th century, low-power and relatively low-cost solutions in high frequency
ranges have been developed for cars in driving assistance systems mentioned before.

Previously, the commercial frequency band used for car radar sensors was 21 - 26 GHz,
known as the 24 GHz band, and currently it is 76 - 81 GHz, known as the 77 GHz band. The
higher operating frequencies allow for better range and velocity resolution and accuracy and
also allow for a more compact design of the antennas. Depending on the frequency range,
76-77 GHz or 77-81 GHz, radar sensors can be used for long range (10 - 250 m) or short (0.15
- 30 m) and medium (1 - 100 m) range applications respectively [13, 14]. Efforts are being
made to push frequency range even further, to 140 GHz [15, 16]. This new frequency range
will make feasible a better performance in terms of range and velocity resolution and also, the
compact design will permit a larger array of antennas resulting in greater angular resolution.

1.2.2 Types of radars

A radar’s principle of operation consists of transmitting a waveform that bounces back after
hitting a target, so that a receiving system can detect the reflected signal. The frequency
range for radar has historically been between radio-waves and microwaves (2 MHz - 100 GHz)
while lidar operates in the infrared and visible range. Radars have been used to observe what
the eye can not see: through fog, rain and snow, without ambient light and through non-
metallic materials. Also, one can derive the range, velocity and angular position of the target
by using radars [17].

Figure 1.2 shows an example of the Frequency Modulated Continuous Wave (FMCW)
radar principle of operation. There is a control and digital signal processing unit that sends
and receives digital signals. The frequency modulator or any Radio Frequency (RF) generator
creates the analog signal to be transmitted by the antenna. The radio frequency signal reaches
the target and then travels back, where the receiver antenna detects it. The received signal
is mixed with the reference signal and is amplified and filtered and finally digitized.

The range of the target is determined by taking half of the time the signal takes to

77 GHz waveguide antenna and transition for on-chip radar solution 3
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Figure 1.2: Frequency modulated radar principle of operation.

reach the receiver, times the speed of the RF signal. The relative velocity is derived by
measuring a shift in the frequency of the reflected wave, which is due to the Doppler effect,
and the angular position is determined by identifying the direction of arrival of the reflected
wave [17]. For the latter purpose, an array of antennas can be used together with a signal
processing algorithm, called a Direction of Arrival (DOA) algorithm. A matrix of data with
the time and frequency shift for each receiving antenna contains all relevant information to
characterize the 3D position and velocity of a target.

FMCW radars compared to other options

FMCW radars are one type among several types of radars: Continous Wave (CW), pulse
Doppler, Moving Target Indication (MTT), tracking radar, etc [17]. Below, the various types
of radar and their corresponding principles are briefly discussed.

Unmodulated CW radars: the transmitter generates a continuous and unmodulated
signal at a fixed frequency, usually a sinusoidal wave. In order to measure the range of the
target, a time-mark must be applied to the signal. Unmodulated CW radars are used to
measure the speed of the target. Some examples are: police speed monitoring, vertical-take-
off rate of climb of planes controlling, docking speed of ships monitoring.

FMCW radars: the transmitter generates a frequency-modulated continuous signal. It
has a larger bandwidth than the CW radar, which allows to measure range by using a timing
mark. This type of radar is convenient for accurate measurement of both the range and
relative speed of the target.

Pulse-Doppler radars: the transmitter generates a pulse for a certain amount of time.
It is used to measure the relative velocity and range of the target. As it requires high pulse
repetition rates, the speed is measured with great accuracy but it can have range ambiguities.

MTTI radars: similar to Pulse-Doppler radars, the transmitter generates a pulse for a
certain amount of time. It is used to measure the relative velocity and range of the target.
In this case, the pulse repetition rate is low, allowing high accuracy for the measurement of
the range but not for the speed of the target.

Tracking radars: their purpose is to identify a target and follow it. Various types of
architectures can be used, provided that the post-processing of the data allows reliable angle
tracking. Tracking radars measure range, angular position, and Doppler frequency shift to
predict and follow the trajectory of a target.

From all of the above, FMCW radars are good candidates for the automotive industry as
they can accurately and continuously measure range and velocity of the target.
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Monostatic, bistatic and multistatic radars

Based on the architecture of the radar, it can be classified as a monostatic, bistatic, or multi-
static radar. In a monostatic radar, both the transmitter and the receiver are placed at the
same position. Bistatic radars, have the transmitter and receiver separated at a considerable
distance, comparable to the distance of the target. Finally, multistatic radars have multiple
transmitter and/or multiple receivers at different positions. Better detection capabilities, in-
creased resolution and robustness due to redundancy are some of the advantages of this kind
of radar, with the drawback that more data-processing resources are consumed [18].

Phased Array and MIMO Radars

Phased Array and Multiple Input Multiple Output (MIMO) radars are multi-static radar
systems with multiple antennas and the main difference between them is that phased array
radars transmit coherent signals, i.e. scaled and delayed version of a reference signal, in order
to steer the beam into a desired direction. Angular resolution is related to the aperture size of
the antenna array, implying a large number of antennas, which makes phased arrays expensive
when high resolution is needed.

On the other hand, the antennas of MIMO radars transmit orthogonal waveforms. Each
receiver then detects the signals from each transmitter after reflection from a target. This
property allows them to have virtual array capabilities: the virtual array aperture is equal
to the convolution of both transmit and receive apertures. For this reason, the same angular
resolution can be achieved by using fewer physical antennas as compared to phased array
radars [19, 20, 21]. MIMO is then better for estimation of multiple-target parameters as they
could be more compact, cheaper and more versatile than a phased array.

77 GHz waveguide antenna and transition for on-chip radar solution 5



Table 1.1: Comparison of the different levels of self-driving cars.

Property : Level 0 Level 1 7 Level 2 7 Level 3 Level 4 Level 5
Automation Driver only | Assisted driving | Partial automation | Cond. automation | High automation | Full automation
Driver function FEFAF FFFF EF % *
conditional conditional conditional conditional
feet off hands off eyes off mind off full mind off
Control human human human system system system

77 GHz waveguide antenna and transition for on-chip radar solution



Table 1.2: Comparison of the capabilities of a camera, radar, lidar and ultrasonic sensor for
autonomous cars. [11]

’ Property \ Camera \ Radar \ Lidar \ Ultrasonic
Texture interpretation Yes No No No
Ambient light independent No Yes Yes Yes
All weather operation No Yes No Yes
Operating range mid-far | near-far | mid-far near
Velocity measurement No Yes Yes Yes
Angular resolution high medium high low
Cost cheap cheap | expensive cheap

77 GHz waveguide antenna and transition for on-chip radar solution 7



1.3 State of the art of commercial automotive MIMO radars

As mentioned before, the automotive industry has included radars to implement ADAS and
NCAP functionalities. Companies like Bosch (Germany), Continental (Germany), Autoliv
(Sweden), Hella (Germany), Denso (Japan), Delphi (UK) and Valeo (France), in partnership
with semiconductor suppliers, have developed radar modules for car manufacturers. A review
of the automotive vendors of these commercial solutions is given below and the characteristics
of the systems are presented, with a focus on FMCW MIMO radars in the 77 GHz band. Some
additional details can be found in Appendix A.1 and A.2.

1.3.1 Transceiver suppliers (77 GHz band)

There are several companies that supply semiconductor transceiver solutions. The focus of
this review is on companies dedicated to the automotive industry and, in particular, on the
77 GHz car radar frequency band. A summary of the main characteristics is presented in
Table 1.3 and a brief overview of the suppliers is presented below.

NXP

NXP is a Dutch-American semiconductor manufacturer. Until 2006 it was the Philips sub-
division of semiconductors. In 2015, NXP acquired Freescale Semiconductors. Currently it
has full solutions aimed for ACC, CTA, parking assist, AEB and BSD, including S32R26 and
S32R27 microcontrollers for High-Performance radar and TEF810X Fully-Integrated 77 GHz
radar Transceiver [22].

Infineon

Infineon is a German semiconductor manufacturer. Until 1999, it was a division of Siemens.
In April 2020, Cypress, another semiconductor company, was acquired by Infineon [23]. Two
versions of 77 GHz transceivers are under development.

Texas Instruments

Texas Instruments (TI) is an American technology company focused on semiconductors. It
was founded in 1930 [24]. Currently, they have three sensors available for the 77 GHz band
with (MIMO) imaging radar capabilities: AWR1642/AWR1843/AWR2243. They also provide

cameras, lidar, ultrasound and sensor fusion solutions [25].

STMicroelectronics

STMicroelectronics is a French-Italian electronics and semiconductor company headquartered
in Geneva, Switzerland. It was born as the fusion of SGS Microelettronica and Thomson
Semiconducteurs. They have one 77 GHz STRADAT770M tranceiver [26].

UMS

United Monolithic Semiconductors (UMS) is a French-German company focused on RF and
millimeter-wave Integrated Circuit (IC)s. They are in operation since 1996. Currently, they
provide multipliers, mixers and Low Noise Ampplifier (LNA)s in the range 76-77 GHz [27].
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Table 1.3: Comparison of transceiver suppliers with focus on the 77 GHz frequency band.
Frequency of operation, type of radar and number of Transmit (Tx) and Receive (Rx) channels
are compared.

’ Supplier ‘ Name ‘ Type ‘ Channels ‘
NXP TEF810X FMCW MIMO | 3Tx 4Rx
Infineon RXS816xPL FMCW 3Tx 4Rx
Infineon RXS815PLA FMCW 2Tx 4Rx
TI AWRI1642 FMCW MIMO | 2Tx 4Rx
TI AWRI1843/2243 | FMCW MIMO | 3Tx 4Rx
STMicroelectronics | STRADA770M | FMCW MIMO | 3Tx 4Rx

From all of the above, NXP, TT and STMicroelectronics have transceivers with MIMO
capabilities, allowing multiple-chip connection in MIMO mode, making them feasible for
imaging systems with virtual-array capabilities. NXP and TI also have application boards
with wide azimuth Field Of View (FOV) and 1D scanning capability.

1.3.2 Imaging radar solutions

In the past years, a few companies have also developed full imaging radar solutions, either
using proprietary transceivers or acquiring them from semiconductor suppliers. An analysis of
the products that are available in the market is conducted here in order to identify potential
competitors. A summary of the main characteristics is presented in Table 1.4.

Arbe Robotics

The company Arbe Robotics was founded in 2015 in Israel. Phoenix is their chipset solution
with imaging capabilities [28].

Cognitive Pilot

Cognitive Pilot is a Russian company specialized in software for transport, agriculture and
artificial intelligence and hardware for autonomous vehicles. Cognitive Imaging radar is their
automotive radar solution [29].

Vayyar

Vayyar is an Israeli company and since 2011 they are dedicated to design low-cost imaging
solutions. For the automotive industry they have one solution aimed for inside and outside
the car [30].

Smartmicro

Smartmicro is a German company founded in 1997, as a spin-off from the Technical University
of Braunschweig. They focus on radar design solutions for traffic, automotive, and airborne
uses [31]. CATegory8 is their concept for an imaging radar solution.

77 GHz waveguide antenna and transition for on-chip radar solution 9



Table 1.4: Comparison of imaging radar solutions for automotive purposes. Frequency of
operation, number of channels, field of view, angular resolution, range limits, range resolution,
speed limits and speed resolution are compared.

Supplier / Frequency | n° Channels FOV / Range / Speed /
device angular res. range res. speed res.
Arbe Robotics unknown 24Tx 12Rx | 100° Az 30° El 300 m unknown
Phoenix 1° Az 2° El 7.5-60 cm 0.1 m/s
Cognitive Pilot | 76 - 81 GHz unknown 90° Az 15° El 280 m unknown
unknown 10 cm 0.03 m/s
Vayyar 62 - 69 GHz | 20Tx 20Rx Wide unknown unknown
IMAGEVK-74 6.7° 2.14 cm unknown
Smartmicro 77 - 81 GHz unknown 130° Az 15° El | 0.15-120 m | -400 - 140 km/h
UMRR-96 1° Az 2° El 1% 0.15 m/s
Type 153
Smartmicro 76 - 77 GHz unknown 100° Az 15° El | 0.5 - 175 m | -400 - 200 km/h
UMRR-11 0.5° Az 0.5° El 1% 0.1 m/s
Type 132
InnoSent unknown unknown unknown 90-350 m unknown
ISYS-5220 unknown unknown unknown
InnoSenT

InnoSenT is a German-based company dedicated to radar technology for the automotive and
other industries. It was founded in 1999 in Geldersheim [32]. They have several 3D MIMO
radar solutions in the 24 GHz band.

1.4 Problem definition

The autonomous-vehicle industry has grown rapidly in the past few years. Nevertheless,
commercially available vehicles that have successfully passed the safety requirements for even
Level-4 automation are not yet in existence [4].
5 independence, meaning being fully autonomous, some improvements need to be made.
Regarding technological aspects, solutions need to be cheaper, exhibit less interference, be
more reliable, specifically with respect to the proper identification of targets without false
responses. The technology must guarantee the safety of the passengers and the surroundings.

For autonomous vehicles to achieve level-

Lidars are good for obtaining a 3D map of the surrounding, but they are expensive and
can not operate in bad weather conditions. 2D radars do not accurately determine the height
of objects, allowing possible false identifications or missing a target. 3D imaging radars
can be a good alternative to lidars as long as they can achieve high angular resolution to
facilitate a truthful classification of targets. That way, they can provide a 3D mapping of the
surroundings, including the information of relative movement of possible targets, irrespective
of weather and illumination conditions. Also, given the current technology improvements,
this solution can be obtained at lower costs and reduced size.

Nevertheless, to move to imaging radars, an array of antennas with 3D capabilities is
needed. The use of several antennas means that the module will use more power, will be
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Figure 1.3: Overview of the proposed radar solution. It consists of a waveguide-like transition
to connect the IC to a waveguide antenna array.

more sensitive to interference and the cost and size of the module will increase. In that
sense, imaging radars will only be a feasible and attractive solution if they can be built such
that they exhibit lower losses and better isolation than the current radar state of the art.
Additionally, the price and volume of the radar module cannot be much higher as the current
solutions.

1.4.1 Overview of the solution

The proposed solution to overcome the problem of losses and interference in between channels
is to use a waveguide transition from IC to antenna and to use waveguide-like antennas instead
of printed antennas.

1.5 Organization of the report

In Chapter 2 the requirements and constraints for the proposed solution are listed and ex-
plained and Chapter 3 presents the design and characterization of a transition from IC to
waveguide. Chapter 4 discusses the antenna design to be mounted on top of the device.
Finally, Chapter 5 contains conclusions and a discussion on future work.
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Chapter 2

Requirements and constraints

2.1 Car radar requirements

Car radars need to provide a reliable picture of the environment of the car and at the same time
be a profitable and commercial product. In terms of the quality of the provided information
of the surrounding, a lot falls on the recognition software, but it is of great importance how
much the radar can provide to it. A high angular and range resolution will allow a better
instantaneous idea of the surrounding, an accurate speed measurement will allow a better
prediction of future situations and a wide field of view will reduce the amount of units needed
to map the 360° around the car, thus reducing costs and needed power to feed the system.
However, there has to be redundancy in the sensors in case one of the modules shows a failure.

Radars are in principle a reliable solution in the sense that they can operate in most
environmental situations, they do not rely on ambient light as normal cameras do, and they
can still work under foggy or rainy weather conditions. Nevertheless, a radar module has to
be designed in such a way to be waterproof, resistant to high speeds, shaking, and to extreme
changes in temperature, to guarantee proper operation in all the particular conditions in
which a car operates.

A marketable radar must ultimately be compact, to be able to locate it around the car, not
disturbing other functionalities and the visual design. Additionally, it has to be competitively
priced as compared with other solutions or providers.

2.2 Project general requirements

From all the car radar requirements, only a few will be considered for this project. A large
focus will be on achieving a high angular and range resolution in a wide field of view. In other
terms, the focus will be on improving the quality of the instant image of the surrounding.
Secondly, the focus will be on providing a compact and affordable solution.

Angular resolution is a measure of how close two targets can be, in angular terms, to
identify them as independent sources. The angular resolution is a function of the antenna
beamwidth. When the angular resolution is small, it is approximately directly proportional
to the wavelength of the signal and inversely proportional to the aperture of the sensor. In
a radar module this can be achieved with higher operating frequencies as compared to the
previous car radar band in 24 GHz and an array of compact antennas to increase the aperture
without adding extra bulk.
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Range resolution, similarly as the angular resolution, is a measure of how small the range
difference between two targets can be to differentiate them as independent targets. The major
factor for range resolution is the width of the transmitted radar pulse. In modulated signals,
the width of the pulse is inversely proportional to the bandwidth. In the particular case of an
FMCW radar module, the larger the frequency bandwidth, the higher the range resolution.

The aim is then to use a high-frequency radar module including a compact array of
antennas with a large frequency bandwidth. When having an array of antennas, it is important
to keep in consideration the isolation between them, to effectively differentiate targets by
minimizing interference between channels. For the same purpose, to ensure a high angular
resolution, the lateral or secondary beams of the antenna have to be of low power. Also, to
obtain an efficient solution and to minimize the costs of operation, each of the components of
the radar module has to add minimum losses, which guarantees that main part of the power
is radiated, in Tx mode, or received, in Rx mode.

2.3 Proposed general solution

The proposed solution, following the general requirements previously listed, will consist in
developing an integrated radar solution based on an FMCW MIMO NXP radar transceiver, as
a step towards 3D imaging for future level-5 autonomous driving. A functional block diagram
is shown in Figure 2.1 to facilitate understanding: the transceiver chip is located at the base
of the model. On top of this IC, a launcher device is mounted to couple the power from the
IC to the waveguide at the top. Finally, an array of waveguide-like antennas complete the
design.

Commercially available NXP car radar transceivers cover the frequency range from 76-
81 GHz, being attractive for the high frequency of operation and relatively large frequency
bandwidth. The array of antennas was selected to be waveguide-like because they can, in
principle, provide higher isolation between the different channels and have less losses as com-
pared to printed antennas. The drawback is that they can be more bulky and more expensive
to fabricate. The selected waveguide-like antenna has to be as compact as possible, cover the
desired frequency range, have a small beamwidth and a low Side-Lobe Level (SLL). Under
the same principle, a waveguide-like transition from IC to antenna was selected because of
the lower losses when compared to standard Printed Circuit Board (PCB) transitions. PCB
solutions are cheap and relatively easy to fabricate. The waveguide-like transition has to be
designed by keeping compactness and low cost in consideration.

The general requirements of the radar module and each functional component are a trade-
off in between the targeted performance, compactness and cost. The general requirements of
the module are listed below:

e To cover the entire automotive frequency band: 76-81 GHz.

To integrate an NXP IC transceiver and a waveguide-like launcher with an adequate
array of waveguide-like antennas.

To achieve a wide FOV: 100° in azimuth, 15° in elevation.

To achieve high angular resolution: 2° by using virtual-array capabilities of MIMO.

To cover a range between 50 cm and 250 m.
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Figure 2.1: Demonstrator functional blocks.

e To achieve high isolation between channels: -30 dB.
e To achieve low transmission losses (compared to classical PCB methods).

e To have a cheap and compact demonstrator of the concept.

2.4 Detailed requirements of the solution: radar transceiver,
launcher and antenna array

More in detail, the proposed solution will consist of a Barracuda IC, with an integrated
launcher in package and, vertically connected on top of it, an array of seven waveguides
terminated in antennas. This proposal aims to comply with all the requirements previously
listed.

2.4.1 Barracuda and Dolphin chip

The NXP Barracuda radar transceiver is the starting point for this design. It is an updated
version of the Dolphin chip [33], which is currently commercially available. Barracuda has
all the properties of Dolphin plus enhanced cascaded connection capabilities. The NXP 1C
TEF810X, commonly known as the Dolphin chip, is a Radio Frequency Complementary Metal
Oxide Semiconductor (RFCMOS) FMCW automotive radar transceiver with 3 transmitter
and 4 receiver channels. It covers the range 76 — 81 GHz, allowing short, medium and
long-range applications. It is a fully integrated solution including chirp generator, Analog to
Digital Converter (ADC), Voltage Controlled Oscillator (VCO), Phase Locked Loop (PLL),
phase control, and cascade connection for multiple chips, as illustrated in Figure 2.2 [33].

2.4.2 Launcher in package

The concept and an initial design of a launcher in package was developed under the Profes-
sional Doctorate in Engineering (PDEng) project of Valeria Tapia [34]. Due to an update
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Figure 2.2: NXP TEF810X transceiver functional blocks [33].

Table 2.1: Launcher in package target performance parameters.

’ Parameter \ Target ‘

Frequency range 76-81 GHz
Reflection coefficient < —-15dB
Transmission coefficient | > —2 dB
Isolation level < =30 dB

of the design rules of the package, the design of the launcher had to be updated as well.
The Launcher in Package (LiP) consists of a stack of dielectric and metal layers that create a
transition from the pads of the IC to a waveguide cavity. The choice of dielectric material and
some of the minimal dimensions and spacing between traces are fixed. Because it is sensitive
information, the specific design rules will not be shared, but they were a strong requirement
for the design of the LiP. As this part of the project was taken over from a previous design,
many design choices were already made. Nevertheless, a list of performance goals is listed in
Table 2.1.

2.4.3 Antenna array

It was decided to opt for a BSD radar module as a use case. The radar module for BSD
consists of a single chip with three Tx and four Rx channels, located in positions defined by
the NXP software team, based on their recognition software. The positions of the Tx and
Rx channels are illustrated in Figure 2.3. Also, the recognition software requires a specific
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Figure 2.3: Tx and Rx phase center positions of the radar module have been determined
by NXP software team. A = 3.9 mm and the minimum distance between two antennas is
A/2 =1.95 mm.

Table 2.2: Slotted waveguide antenna array target performance parameters.

’ Parameter ‘ Target ‘
Frequency range 76-77 GHz
Gain > 16 dBi
Side Lobe Level < -19dB
Field of View in azimuth @-3 dB 70°
Field of View in elevation @-3 dB 16°
Isolation RxRx < —-20 dB
Isolation TxRx < -35dB

performance of the antennas, which is listed in Table 2.2. Additionally, the selected antennas
have to be compact, low cost when manufactured in mass-production, and for the prototype
it must be feasible to fabricate in a technology available at NXP or TU /e.

2.5 Planning

In order to accomplish the goals of this project, the following tasks need to be fulfilled:

e Update and finalize the LiP designed by Valeria Tapia [34], and characterize it in the
laboratory.

e Design an antenna array, to be vertically mounted on top of the IC and LiP.

e Integrate the NXP IC, LiP and antenna array in a single cell unit and evaluate the
system performance.
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First, the identification of the problem and a literature review were conducted. Then,
the update and finalization of the LiP design were addressed by re-optimizing according to
updated design rules and later several samples of the LiP using a Vector Network Analyzer
(VNA) were characterized. After that, the design and realization of a single-cell demonstrator,
consisting of a single chip, launcher, and a regular antenna array, was performed.
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Chapter 3

Launcher in package

A waveguide launcher in package for radar ICs is described in detail. The original design was
developed as part of Valeria Tapia’s PDEng project [34]. Some re-optimizations are performed
on the original design and, additionally, a model for higher frequencies is proposed. Both
designs, with versions of dielectric and conductive interfaces were manufactured and their
performance was characterized in the laboratory. These results are discussed here as well.

3.1 Launcher principle of operation

The proposed launcher is a device that aims to efficiently couple the power from the radar IC to
a standard waveguide and from the waveguide to the IC. In this case, the waveguide standard
is WR-10 (75 — 110 GHz). It is meant to be a low-cost, low-loss, high-isolation solution and is
intended for car radar applications. The IC used for this design is the TEF810X or Dolphin
chip designed by NXP, as it was commented in Section 2.4.1.

Standard solutions to integrate an IC and a waveguide either consist of a PCB transition
from IC to waveguide, or is achieved by placing the IC inside the waveguide. The first option
is not compact and, due to several transitions, losses are high [35, 36]. The second option has
very low losses, but it only allows for single-channel operation. A third option is to directly
integrate both, the package and the waveguide, thus achieving good performance and low
losses. Nevertheless, this solution is expensive [37].

The design proposed here, for integration of IC and waveguide, is thus a novel approach.
Several solutions were analyzed and discarded in [34] and [38]. The launcher design that was
chosen to be manufactured and tested is described here.

The device must be capable of transporting power from the bottom of the package to
the top, allowing for a vertical integration of waveguide and antenna array, as explained in
Chapter 2. Then, the launcher must couple the power to the waveguide, as shown previously
in Figure 2.1. In more detail, the power from the IC comes out of a pad where a differential
coaxial line transfers it to a loop inside a shielded cavity and then the power is transferred to
the waveguide on top.

3.2 Launcher design specification goals

In order to allow radar solutions in middle and entry-level cars, each of the components
must be low cost. To comply with this requirement, the use of standard WR-10 waveguides
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Figure 3.1: Conceptual scheme of dielectric and metal layers for laminate manufacturing
technology designs [34] (lateral view). PTH and pVias are used to connect metal layers M1
to M4.

was selected, allowing for mass production and the flexibility to allocate different antenna
configurations according to the needs of several clients. Also, the launcher design must reflect
that the final device will be manufactured using standard IC procedures to reduce the costs.

In terms of electrical performance, losses must be low to maximize transmission and
reception levels for a fixed input power. The goal is to achieve better performance than
the one achieved by using standard PCB transitions. Reflections must be under -15 dB
and transmission losses under 2 dB. Keeping isolation between channels lower than -30 dB
guarantees less interference and thus better performance once the radar is identifying a target.
These parameters were already summarized in Table 2.1.

3.3 Launcher and waveguide fan-out design

By the end of her PDEng project [34], Valeria Tapia designed a device based on a supplier-
proprietary assembly technology, which is used for 3D system integration of chips. This
technology has low losses, medium thermal resistance and medium cost, feasible for a demon-
strator, but not for a final mass-production solution. It consists of a stack of substrates and
metal layers that can be connected with Plated Through Holes (PTH) and pVias, as can be
seen in Figure 3.1. There are several design rules, as the dimensions of the PTH and pVias,
the separation between the vias, the width of the metal traces and minimum distance between
traces. A summary of the design rules and parameters used for the final design are listed in
Table 3.1 and Table 3.2.

Because of changes in design rules of the manufacturing company, i.e. the diameter of the
1 Vias and the minimum spacing allowed between traces, the design had to be re-optimized. As
the thicknesses of the substrates are fixed, only changes in the zy direction shown in Figure 3.1
were allowed. The goal was then to minimize transmission losses and reflections by changing
the size and shape of the loop launchers shown in Figure 3.2. In parallel, an additional model
for higher frequencies, targeted at 90-110 GHz, was designed to be manufactured and tested
in parallel. However, for this model there was no yet an existing IC to connect to, so it was
taken as a proof of concept.

For each frequency band, i.e. 77 and 100 GHz, two versions of the launcher were designed:
with a dielectric and with a conductive interface, as shown in the purple layer in Figure 3.1.
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Table 3.1: Design rules used for the design of the launcher: layer thicknesses and electrical
properties. Some values are sensitive information and they have been removed on purpose.
* Measured at NXP, ** Supplier information.

’ Layer ‘ Material ‘ Thickness ‘ €r ‘ tan § ‘
Interface RO4450F | 0.101 mm | 3.52 | 0.004
Solder Mask - fixed * *
Prepreg (PPG) - fixed ok ok
Core - fixed *x oK
Base support FR4 1.6 mm 3.9 | 0.018
Metal Layer (M1, M2, M3 and M4) | Copper fixed - -

Table 3.2: Design rules used for the design of the launcher: minimum spacing and dimensions.
The values are sensitive information and they have been removed on purpose.

’ Property \ Target
PTH to PTH pitch (different net) more than
PTH to PTH pitch (same net) more than
uVias diameter fixed
uVias capture pad diameter fixed
PTH diameter fixed
PTH capture pad diameter fixed
Trace min width more than
Trace to trace min spacing more than
Plane to plane min spacing more than
Capture pad to capture pad min spacing | more than

The interface between the launcher and the waveguide compensates for micrometers of de-
formation when pressure is applied to the launcher device against the waveguide. A conductive
elastic layer with holes that perfectly match the dimension of the WR-10 standard waveguide
should ideally show better performance, because there will not be dielectric losses associated
with it. However, a uniform layer of dielectric material is easier to implement and assemble.
A re-optimized loop launcher design must be made for each dielectric or conductive interface,
thus having a total of four models to be implemented and tested.

The final model will need seven (3Tx+4Rx) launchers, one for each channel of the IC.
However, in order to test the performance of the device, a passive back-to-back model, con-
necting two mirrored launchers and duplicating them was conceived, see Figure 3.2. By
connecting this 4-channel model to a VNA, a characterization of the S-parameters can be
performed, to obtain reflection, transmission loss and isolation.

On top of the back-to-back launcher device, a waveguide fan-out structure is intended
to connect the 4 channels of the launcher to the VNA, allowing enough space for standard
waveguide connectors and loads, see Figure 3.3. The performance of this waveguide fan-out
device is presented in Figure 3.4. Simulations on this device reveal that the reflections are
lower than -30 dB and transmission losses are lower than 0.004 dB for the 76-81 GHz car
radar band when using a perfect conductor material. The waveguide fan-out should therefore
not add major losses to the launcher besides the material. Higher losses are expected for
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Figure 3.2: Top view of the back-to-back model of the 77 GHz launcher with conductive
interface.

back-to-back launcher FR4-support layer

Figure 3.3: Final model of the launcher and waveguide to be manufactured and tested. The
orange structure at the bottom is the 4-channel back-to-back launcher. Each channel is
connected to a standard WR-10 waveguide.

a realistic material with finite conductivity and this effect will be shown in the following
sections, when compared with measurement results.

The model to be tested consists of a waveguide fan-out structure with 4 ports. At the
bottom, the 4-channel back-to-back launcher device is connected, as shown in Figure 3.3.
As explained before, there are 4 versions of the launcher: 77 GHz with dielectric interface
in between the waveguide and the cavity, 77 GHz with conductive interface in between the
waveguide and the cavity, 100 GHz with dielectric interface in between the waveguide and
the cavity, 100 GHz with conductive interface in between the waveguide and the cavity.

The dimensions for all models were optimized in CST Studio Suite [39] and the differences
between them are the size of the cavity, i.e. smaller for the higher frequency model, and the
size and shape of the loop launcher. Double loop launchers were used for the 77 GHz model
and single loop launchers for the 100 GHz model. The addition of the second loop in the lower
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Figure 3.4: Waveguide fan-out performance as a standalone device simulated for 76-81 GHz.
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Figure 3.5: Simulated performance of the 77 GHz launcher with dielectric interface.

frequency model was due to the need for a larger bandwidth. More details on this design can
be found in [34].

The simulation results for the 4-channel back-to-back models are shown in Figure 3.5 and
Figure 3.6. The 77 GHz model has a reflection coefficient lower than -10 dB and transmission
losses lower than 3.1 dB. The 100 GHz model has reflections lower than -10 dB between
95-105 GHz and transmission losses lower than 5.5 dB. Isolation level is lower than -30 dB
in both cases. Even though the reflection and transmission loss is higher than the target, a
model based on less restrictive design rules could be produced as long as the concept shows
to be successful, by meeting the simulation expectation. The previous model optimized by
Valeria Tapia [34] based on another set of design rules but the same concept, did meet the
required performance.
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Figure 3.6: Simulated performance of the 100 GHz launcher.

3.4 Launcher and waveguide fan-out fabrication

The back-to-back 4-channel launcher was manufactured and assembled by external compan-
ies, commissioned by NXP. The waveguide fan-out was machined internally at TU /e at the
Equipment and Prototype Center (EPC) workshop. Some general characteristics of the pro-
cesses are discussed below.

3.4.1 Launcher

As mentioned before, the launcher was fabricated using laminate manufacturing technology
based on stacked materials. After the simulated model was agreed upon as the final design,
a .gds file of each of the layers was exported directly from CST. Afterwards, an engineer
at NXP prepared a proper layout to be sent to the external companies. Then, after a few
iterations, the design was ready to be manufactured. Each back-to-back launcher device was
implemented in a laminate of size 9.55 x 9.09 mm, and a thickness of 0.45 mm. Figure 3.7
show an example of the manufactured launcher demonstrators.

3.4.2 'Waveguide fan-out

In the waveguide fan-out, the waveguides have to go from as close as 1 mm between themselves
(output of the launchers) up to a separation of 30 mm in order to accommodate connectors
when measuring with the VNA. For that reason, and because of the milling technology used
for manufacturing it, a model in three layers with bends was conceived, as shown in Figure 3.8.
Each layer should be milled from one side only to maintain accuracy. Then, the three layers
are put together using alignment pins and screws. For the purpose of reducing losses, a
metal with good conductivity and low oxidation levels was selected. In this case, the chosen
material was brass, which also has good mechanical properties in terms of robustness and
ease of machining. Additionally, after milling, a lapping procedure had to be applied to all
contact surfaces to reduce air-gaps between layers. This was done after realizing that the
losses were higher than expected.
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Silicone Epoxy No interface Silicone Epoxy No interface

Figure 3.7: Final model of the launcher in package. Different models were designed for 77
and 100 GHz and for a conductive and dielectric interface layer.

Figure 3.8: Final model of the waveguide fan-out. Four channels allow access to the two
launchers connected back-to-back.

3.5 Measurements of launcher and waveguide fan-out

With the purpose of characterizing the launcher as a passive device, the back-to-back config-
uration was selected. In this way, the device, through the waveguide fan-out, can be connected
to the VNA ports to retrieve the S-parameters. S11 gives information on the reflection, S21 on
the transmission losses, S31 and S41 on the isolation between adjacent and opposite channels.
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3.5.1 Measurement strategy

As the VNA ports are of coaxial-type, some transitions and additional considerations were
needed. There are two VNAs available at TU /e to measure the performance of the launcher
structure inside the waveguide fab-out. On the one hand, the Electromagnetics (EM) group
has a 2-port VNA with extenders capable of measuring up to 90 GHz with rectangular WR12
waveguide terminations. On the other hand, the IC group has a VNA with extenders to
cover 90-140 GHz, terminated in WRS8. As the waveguide fan-out was designed for a WR10
standard waveguide, transitions from WR8 to WR10 and WR12 to WR10 were bought.
Also, to calibrate the measurement setup, a WRI10 load, short and delay-line were ordered
to facilitate a Thru-Reflect-Line (TRL) calibration. By performing repeated calibrations
and measurements, the reproducibility of the test setup and calibration can be assessed. The
performance of the waveguide fan-out, without launcher connections, will also be characterized
using a VNA. In this way, when post processing the data of the launchers, the influence of
the performance of the waveguide can be considered for a final conclusion on the performance
of the launcher.

As shown in Figure 3.9, S11, S22, S33 and S44 allow to retrieve the reflection of each
channel. They are all expected to be equivalent and similar to what is shown in Figure 3.5 and
Figure 3.6, respectively. S12 and S34 (and S21 and S43) give information on the transmission
losses. Especially for this measurement, the double path traveled needs to be taken into
account when analyzing the losses, as those are doubled for the back-to-back model than for
the stand-alone device. Finally, by measuring S13 and S24 (and S31 and S42) the adjacent
isolation is obtained and by measuring S14 and S23 (and S41 and S32) the opposite or diagonal
isolation is obtained.

3.5.2 Measurement results

Several measurements were conducted to characterize the launcher performance and the be-
havior of the different interfaces to identify the combination that shows a good compromise
in between low losses and reliability, for which the selected interface plays a big role. S-
parameter measurements show the performance of the launcher and they can be compared
with simulations. Additionally, insights about the preferred interface material can be ob-
tained after performing repeatability and pressure tests, showing which type of interface is
more suitable for a car radar.

The result of the measurements on the waveguide fan-out in a back-to-back configuration,
without inserting the launcher device, is shown in Figure 3.10. Transmission losses are 1.5
- 1.7 dB in the frequency range of 76 - 81 GHz, for a path length of 14 ¢m. This result
is used for de-embedding the losses when measuring the launcher located at the bottom of
the waveguide fan-out. Reflection is lower than -12 dB and isolation lower than -50 dB, as
expected.

The results of the measurement on each launcher type: 77 and 100 GHz model without
interface, or with conductive or dielectric interface, are shown in Figure 3.11 and Figure 3.12
and summarized in Table 3.3. Reflection and isolation results are as expected, but transmis-
sion losses are higher. Mostly for the 77 GHz model.

The real thickness of the interfaces was measured and it was found that the silicon dielec-
tric interface is 50 pm thicker than the simulated material. By adjusting the parameters
in the simulation to fit the measured results, ¢, and tand of the measured materials were
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Figure 3.9: Measurement connections to characterize launcher S-parameters. At the top,
the measurement set up from the VNA to the waveguide transition is presented. At the
bottom, the top view of the model in three different scenarios is shown. Left one is used
to measure reflection loss and isolation between lateral channels, the middle one is used to
measure transmission loss and the one in the right side is used to measure isolation between
diagonal channels.

estimated. The results are shown in Table 3.4, together with the measured thicknesses of the
interfaces.

Finally, the influence of pressure applied to the launcher on the performance was char-
acterized. Differences of about 5 pum were encountered between a reference point and the
optimum. Additional results are shown in Appendix B.

3.5.3 Analysis of results

The mechanical performance of the interface made with silicone material is better than the
one made with epoxy, as the former is elastic and keeps its original shape. The epoxy material
leaves residuals when pressure is applied against a metallic waveguide. Electrical performance
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Figure 3.10: Waveguide fan-out performance. Measurements with 2-port VNA and compar-
ison with the CST simulation. A misscalibration of the measurement setup provokes ripples
in between 75-90 GHz. The black solid curve fits the expected behavior.

Table 3.3: Launcher performance summary for the range 76 - 81 GHz.

Launcher type Trans. Loss | Ref. Loss | Iso. Adjacent | Iso. Diagonal

[dB] [dB] [dB] [dB]
(less than) (less than) (less than)

77 GHz conductive no deposit 4.5-6.3 10.9 45.3 43.1
77 GHz conductive silicone 5.6 - 10.5 4.4 35.2 41.2
77 GHz conductive epoxy 5.3 -8.1 5.4 32.9 40.0
77 GHz dielectric no deposit 14.8 - 17.7 4.3 44.2 52.6
77 GHz dielectric silicone 5.2-5.5 8.7 34 32
77 GHz dielectric epoxy 4.6-5.5 8.0 35 32
100 GHz conductive no deposit 3.0-4.5 7.5 32.2 33.0
100 GHz conductive silicone 3.0-4.5 7.5 36.9 43.2
100 GHz conductive epoxy 3.6 -4.5 7.6 36.9 46.5
100 GHz dielectric no deposit 3.3-44 9.2 34.0 40.6
100 GHz dielectric silicone 5.1-8.4 11.2 28.3 32.5
100 GHz dielectric epoxy 4.2 - 6.0 11.2 28.7 32.5

for both materials is similar. Both show higher losses than expected, comparable with a
material with a tand of 0.06 instead of the simulated 0.004.

The silicon interface shows less spread in the results. In other words, the silicon interface
makes the model more robust to differences in pressure and is then more reliable. Launcher
measurements are repeatable. This applies to assembly and disassembly of the same unit or
measuring different units of the same type.
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Table 3.4: Properties of interfaces materials.

’ Interface type Thickness [pm] ‘ Estimated e, ‘ Estimated tan § ‘

Silicon conductive 20 N/A N/A
Epoxy conductive 50 N/A N/A
Silicon dielectric 150 3.52 0.05
Epoxy dielectric not measured 3.52 0.05

Conductive models perform best with maximum pressure applied against the launcher.
On the contrary, dielectric models perform best with medium pressure.

The 100 GHz models match better with the simulations than the 77 GHz models. One
possible cause for this is that the double loop design is more sensitive, because the spacing
between the loop and the cavity is small. In general, dielectric models did not match the
simulations because the material has a higher loss tangent than expected. Dielectric material
interfaces allow for an increased bandwidth, but due to the material properties they exhibit
higher losses. Also, as the dielectric material is thicker, the isolation is worse than for models

with conductive interface.
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Figure 3.12: Conductive layer launcher performance. Measurements with 2-port VNA and comparison with CST simulation.
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3.6 Conclusions

Four launcher designs were proposed, two of them are re-optimized versions of the 77 GHz
launcher with dielectric and conductive interface and the other two are new higher-frequency
versions that keep the same concept of a cavity with loop launcher. Laminate manufacturing
technology was selected for these demonstrators devices. In order to test them as passive
devices, a back-to-back configuration was used. Mirrored models of each launcher were con-
nected through a differential feed-line and replicated to the side, thus achieving a 4-channel
passive device. On top of this structure, a waveguide fan-out, designed in three layers, was
used to allow placement of standard WR10 connectors on each flange.

All designs achieve good performance in simulation and measurements. Some discrepan-
cies in measurements with respect to simulations were found. The waveguide fan-out structure
had to go to a lapping procedure to polish the surfaces for reducing extra air gaps. The dielec-
tric material of the launcher interfaces exhibited higher losses than expected because it was
thicker and the loss tangent was higher. For a single path, after de-embedding the extra losses
due to the waveguides, the transmission loss of the launcher is lower than 2.5 dB, isolation
level is lower than -30 dB and reflection loss better than 10 dB. The concept shows an ac-
ceptable performance and there is room for improvement. By using a less lossy material, a
total transmission loss of even 1 dB could be obtained.

The different interfaces behave differently. The preferred materials are silicone based,
because the behavior is less sensitive to the applied pressure and it is also more repeatable.
Pressure applied is most relevant for the launcher without interface, but when maximum
pressure is applied, the performance is optimum. Epoxy material also shows mechanical
issues, due to the fact that it sticks to the metal waveguide and it deforms too much.
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Chapter 4

Slotted-waveguide antenna array

In 1946-1947 Watson [40] investigated how a slot cut in the wall of a rectangular waveguide
was producing radiation by interrupting the currents on the inner surface of the waveguide.
Later on, Stevenson [41] found an expression for the conductance of a slot when modeling the
electromagnetic propagation by transmission lines and lumped elements formalism. Other
researchers [42, 43] made further improvements on those expressions, making them more
accurate by including the effect of the exact geometry of the waveguide and the internal storage
of energy. In [44], Oliner described a method for determining the impedance of different
types of slots. After that initial period of investigation of slotted-waveguide antennas, several
examples have been produced for different applications and especially for navigation systems
and radar [45, 46]. They are an attractive option because of the high antenna efficiency, ease
of construction and compact shape. Also, slotted-waveguide antennas provide flexibility in
controlling the beam shape according to the disposition of the slots [47].

During an ongoing project at NXP, it was decided to design slotted-waveguide antennas for
a BSD radar module consisting of three Tx and four Rx channels. In parallel to this PDEng
project, a six-slot antenna array was designed according to requirements already explained in
Chapter 2. That antenna design was transversely polarized and there was a need to compare
the performance with a longitudinally polarized concept. The design of each of the functional
components of a longitudinally polarized slot antenna and the comparison between the two
possible designs is presented in this chapter.

4.1 Antenna specification goals and constraints

The goal performance parameters of the slotted-waveguide are set based on the recognition
software, as explained in Chapter 2. The position of each slotted-waveguide is fixed and each
slotted-waveguide should provide a gain of 16 dBi or more and a maximum side-lobe level of
-19 dB, as summarized in Table 2.2.

The transversely polarized slot array, that was designed in parallel, achieves these perform-
ance parameters, but the required structure is complex and not straightforward to fabricate.
In order to find a simpler alternative and reduce the cost of the module, a second design,
based on a longitudinally polarized antenna is the goal in this part of the project.

In principle, the waveguide must be based on the WR-10 standard. At least at the input,
which is connected to the launcher, it has to be of dimensions 1.27 x 2.54 mm. Due to the
space constraint, the slotted-waveguide antenna must be shorter than 30 mm.
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Figure 4.1: Magnetic field and electric current lines associated with rectangular waveguide
mode TEg. Slots cut in the broad wall provide a transverse or horizontal polarization and
slots cut in the narrow wall provide a longitudinal or vertical polarization. Image adapted
from [49, 50]

4.2 Slotted-waveguide antenna theoretical model

The type of slotted-waveguide antenna considered here consists of a waveguide with an array
of slots cut in the narrow or broad wall. The slots, when properly designed, interrupt the
currents flowing at the surface of the waveguide wall, thus producing electromagnetic radiation
similarly as for a magnetic dipole antenna. The direction of the electric current density lines
are perpendicular to the magnetic field lines, as shown in Figure 4.1, thus when the electric
current is perpendicular to the slot axis, the excitation in the slot is in its maximum limit
because the magnetic field is aligned with the slot, and the slot will radiate as a magnetic
dipole. When the direction of the electric current density lines are parallel to the slot axis,
there is no excitation in the slot. The selection of the wall on which the slots will be allocated
will then determine the disposition of the slots along the wall [40, 48].

Taking into account the dominant TE;g mode in a rectangular waveguide [49], for broad-
wall slots, the slots should be arranged longitudinally [51, 52] as shown in Figure 4.1. To
increase the excitation of the radiated fields, the slots cut in the broad wall can be moved
towards the edge of the waveguide. For narrow-wall models, the optimum way to radiate is to
cut a slot at a slanted angle [53, 54, 55], as shown in Figure 4.1. To control the excitation, the
tilting angle of the slot can be used. Zero tilting will yield no excitation and a larger angle will
produce more excitation. In both cases, if the spacing in between slots is half the wavelength
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Figure 4.2: Longitudinally polarized slotted-waveguide design parameters. L, in red, is the
resonant length, L in blue, is the length of the slot cut in the narrow wall § in orange, is
the part of the slot cut into the broad wall, w in light-blue, is the width of the slot and € in
purple, is the inclination angle of the slot.

inside the waveguide, i.e. half the guided wavelength \,/2 pertaining to the dominant mode,
a radiation pattern based on constructive interference will be created, equivalent to the case
of an array of dipoles. The guided wavelength is defined as:

Ag = N (4.1)

1-(38)°

Where \g/2 is the wavelength in free space for the design frequency and a is the longest
edge of the waveguide cross-section, as shown in Figure 4.2.

A directive beam can be achieved with a large aperture containing an array of slots. If
the spacing between slots is fixed to A\y/2, then the more slots, the more directive the beam.
Also, to reduce the side-lobe level of the pattern, the slot array can be designed in a specific
way so that a tapered amplitude of conductances is produced [55, 56].

4.2.1 Longitudinally polarized slotted-waveguide antenna analytical model
based on literature

The narrow-wall slanted slots produce a longitudinally polarized pattern [53, 54, 55]. The
main design parameters of this type of slot array are: the angle of the slot, the width of the
slot, the length of the slot and the total number of slots. All these parameters are represented
in the scheme of Figure 4.2. Different approaches of slots done in the narrow wall of the
waveguide were studied in [57, 58, 59] and they are different from inclined slots.

In order to have a real-valued conductance value, i.e. cancelling all susceptance compon-
ents, the slot has to be as long as L, = 0.4625)\, called radiation length [42]. Depending on
the inclination angle 8, the radiation length can only be achieved by cutting the slot into the
broad wall by § [42]. The radiation length L,, the length of the slot contained in the narrow
wall L, the angle of the slot with respect to the vertical # and the depth of the cut in the
broad wall § are related as [42]:

26 = L, — L = 04625\ — (4.2)

cosf’
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Where b is the shortest edge of the waveguide cross-section, as shown in Figure 4.2.

Angles 6 < 45.6° will always produce a slot that is cut into the broad wall. Larger angles
produce slots that are fully contained in the narrow wall. An alternative for cutting into the
broad wall was explored in Chapter 9 of [48], where instead of cutting the slots into the broad
wall, a circular hole was created in the extremes to provide the needed resonant-length effect.

The conductance of a slot created in the narrow wall, normalized with respect to the wave
impedance of the dominant TE;o mode, can be written as [42]:

LGN (sin(O.SﬁolW Cos 9))2( sin 6 )2
g 0580 W eos0 ) \1= (32 sing)?

B 2w a3b /\0
(cos(kd) cos(0.5801 Lsinf) — cos(0.5kL,) — % sin 6 sin(k¢) sin(0.5801 L sin 6))?
cin(kL,) + (cin(kL,) — 0.5¢in(2kL;)) cos(kL,) — (si(kL,) — 0.581(2kL,.)) sin(kL,)"

(4.3)

where

si(z) = / L (4.4)
ot

1 —cost

cin(a:):/o fdt. (4.5)

The parameters with the most influence in this equation are 6, L, L and §. Nevertheless,
L., L and ¢ are tied to the selection of the angle 6, so ultimately, 6 is the main design
parameter to determine the conductance.

The expression in Equation (4.3) does not take into account mutual coupling between
two or more slots and the storage of energy in evanescent modes around the slot [43], but it
does improve Stevenson’s formula [41] by adding the effect of the cut ¢ into the broad wall
of the waveguide [42]. For larger angles 0, the internal power storage decreases and thus the
expression in Equation (4.3) becomes more accurate [43].

By adding several slots in a waveguide wall, an antenna with higher gain can be obtained.
As shown in Figure 4.1, slots cut in the narrow wall have to have angles # with alternating
sign to obtain alternating phases each A\y/2 [40]. An equivalent circuit of an array of slots is
shown in Figure 4.3, where the slot array can be modeled as a parallel circuit with lumped
elements and each conductance g; represents a slot in the array [53]. If small resistance losses
are assumed inside the waveguide, the equivalent conductance of a slot array can be estimated
as:

N
Jeq = Zgi. (4.6)
1=1
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Figure 4.3: Equivalent circuit for a slot array. Each conductance g represents a slot cut in
the waveguide. When the waveguide is terminated in a load, there is a travelling wave, and
when the waveguide is terminated in a short, there is a standing wave. Image adapted from
[53].

4.3 Longitudinally polarized slotted-waveguide antenna array
design

Ideally, the designed slotted-waveguide antenna should have a reflection coefficient lower
than -10 dB and a beam pattern that shows a gain > 16 dBi and a SLL< —19 dB over the
frequency range of 76-77 GHz. Additionally, it should have the required field of view and
isolation as it was shown in Table 2.2, and it will be fabricated at a low cost. Achieving all
these properties is challenging and some trade-offs must be made through design choices. An
overview of the different design possibilities is explained below and also shown in the scheme
of Figure 4.4. They are: (1) how to feed the waveguide, (2) which type of wave will exist
inside the waveguide, (3) what a single slot will look like and (4) how to arrange an array of
slots. Once deciding all these aspects, a slotted-waveguide antenna has been designed. After
that, a matching network has to be designed to connect the slotted-waveguide antenna to the
waveguide openings on top of the seven channels of the launcher. Finally, to integrate each of
the seven slotted-waveguide antennas, a beamforming network has to be designed, including
a metal plane that will shield the radiation plane from all electronics placed below.

In the following sections, the frequency range in which the antenna achieves a reflection
coefficient lower than -10 dB will be referred to as impedance-matching frequency bandwidth
and the frequency range in which the antenna achieves a gain > 16 dBi and a SLL< —19 dB
will be referred to as beam-pattern frequency bandwidth.

4.3.1 Feeding strategy

The simplest way to feed the slotted-waveguide is with a single 90° H-bend from one side, as
shown in the left side of Figure 4.5. Another possibility is to feed the waveguide from the
middle, as in a T-splitter configuration [60, 61], as shown on the right in Figure 4.5. The
middle feed has the advantage of providing additional beam-pattern bandwidth at the cost
of a more complex structure to fabricate because of the need for an additional H-bend. For
longer waveguides, the effect of feeding from the middle becomes even more relevant.

As covering the frequency range of 76-77 GHz is required and ideally also covering until
81 GHz, it was decided to opt for a middle feed. The additional cost of it is related to extra
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Figure 4.4: Design flow of a slotted-waveguide antenna.

antenna

beamforming
network

launcher

side feed middle feed

Figure 4.5: Schematic lateral view of a longitudinally polarized slotted-waveguide antenna
fed from the side (left) and from the middle (right). The position of the launcher and the
phase center of the radiation pattern is fixed, so the beamforming network has to be adapted
to those positions.

layers needed to fabricate this device. Nevertheless, this is only required for a demonstrator
as a final product could be made by using a mold and in that case the extra cost is minimal.
Beam-pattern simulation results obtained for a slotted-waveguide antenna with a side feed
can be found in Appendix C.
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4.3.2 Travelling wave vs standing wave

The slotted-waveguide antenna can be designed under the principle of a travelling wave or a
standing wave. A travelling wave will need either a load at the end of the waveguide or that
the waveguide is long enough such that the power will decay towards the end. A standing
wave will be produced when the ends are short circuited. A scheme including the equivalent
circuit in both scenarios was shown in Figure 4.3.

As the available space for the BSD module is not enough to have a long waveguide, the
decision of having a travelling wave or a standing wave depends on the type of waveguide
end. The use of a load was discarded because even though it provides a better starting point
to perform the impedance matching, there is significant loss of power in the load and one of
the most important goals of this project is to minimize losses. A standing wave will imply a
high Q value due to the energy storage inside the cavity, resulting in a low resistance over the
whole frequency range, except for a region in which both the imaginary and real component
are high. Results obtained with a matched load can be found in Appendix C. A travelling
wave slotted-waveguide antenna with high performance is demonstrated in [50].

4.3.3 Single-slot design

After the preceding two decisions, meaning, feed the waveguide from the middle and have the
waveguide with a shorted end, the remaining design choices for an antenna design are how
a single slot will look like and how to distribute an array of slots. CST Microwave Studio
(CST) was used as a tool to simulate the RF performance of the different structures. Brass
with a conductivity of 2.74x107 S/m was used for all models.

In principle, for a slanted slot cut in the narrow wall the selection of the angle of the slot 6 is
arbitrary, as long as the resonant length L, complies with Equation (4.2). However, depending
on the selection of the angle 6 some particular properties arise. It has been empirically found,
and also confirmed in literature [55, 54, 40], that to obtain a high antenna efficiency, the
normalized conductance of the slot shown in Equation (4.3) has to be < 0.1. This maps to an
angle of around 15°. Nevertheless, the larger the angle, the more radiated power, as explained
in Section 4.2. More radiated power will imply less energy stored in the waveguide cavity
and thus a less resonant behavior, which will provide a model that is easier to match. This is
because the input impedance of the antenna will be more constant over the frequency range.

An angle of 15° was selected to initialize the design. For the design frequency of 76.5 GHz,
this angle corresponds to the values of L, = 1.8 mm, § = 0.25 mm and L = 1.3 mm based on
Equation (4.2) and w = 0.2 mm was decided upon, based on manufacturing feasibility. The
normalized conductance of this slot is 0.12 based on Equation (4.3). The wave impedance of
the TE gy mode is Zy = 592 Q at 76.5 GHz.

4.3.4 Slot-array design

As explained in Section 4.2, the slots cut in the narrow wall have to be alternating in angles.
Due to the available space and the need to radiate as much power as possible, it was decided to
cut six slots, the maximum possible number separated by A\;/2 from each other. So initially,
the slotted-waveguide antenna consists of six #-alternated slots cut in the narrow wall.

For the feed from the middle there is an additional concept to be taken into account for
the design. Because the wave is going to be split in the middle, going half to the right side
and half to the left side, there has to be a tilt in 180° in the slots located on one of the
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Figure 4.6: T feed wave propagation. When the waveguide encounters the septum, half of
the wave goes to the right side and the other half to left side, with Poynting vector going in
opposite direction.

branches to generate a constructive main beam. The radiation produced by the portion of
the wave that goes to the right-hand side has to be seen with a point symmetry with respect
to the left-hand side. As the waves at each slot are already phase-shifted by 180°, the slots
on one side have to be arranged with the same angle as the mirrored ones, when seen from
outside, as shown in Figure 4.6.

In theory, an array of dipoles will have a SLL of -13 dB [62]. A taper can be applied to
have conductances of different amplitudes and then obtaining an even lower SLL. By using
six slots, one option was explored to find the optimum sparse positions for the slots based
on Rabia Syeda’s approach [63]. This approach provided theoretically a SLL of less than
-15 dB. An angle 6 = 15°, a width of 0.2 mm and the sparse positions were used in the CST
model of the six-element slotted-waveguide, but the obtained beam pattern exhibited poor
performance. From this experiment, it was concluded that the phase component needs to be
included for the optimization algorithm and that the angle of the slots needs to be adjusted
accordingly, to obtain a constructive beam pattern. This additional step is proposed as a
parallel approach to obtain a taper based on spacing in between the slots.

Another way of creating a taper of amplitudes is by having a fixed A;/2 spacing but
with different angles 6 for the individual slots. By selecting a Taylor tapering based on six
elements, six Taylor coefficients can be obtained to map to six different conductances based
on a target SLL [62, 55, 56]. First, the six Taylor coefficients crgyior—; are calculated. Then
the coefficients are translated into corresponding conductances g; as shown in Equation (4.7)
and finally to the required slot angles 6 by means of Equation (4.3). After this process, scaling
down to match angles around 15° and fine tuning of the angles is done in the 3D model in
CST, thus obtaining a symmetric pattern of § = 5.8°, 8.6°, 12.3°, 12.3°, 8.6°, 5.8° as it was
shown in Figure 4.6 in the top view.

N N

Zi:l C%aylorfi

Geq = E gi = N (47)
i=1 Zi:l CTaylor—i
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Frequency = 76.5 GHz Frequency = 76.5 GHz

Main lobe magntude =  14.5 dBi Main lobe magnitude =  -4.57 dBi
Main lobe drection = 0.0 deg. Main lobe direction = 24.0 deg.
Angular width (3 dB) = 13.2 deg. Angular width (3 dB) = 21.8 deg.
Side lobe level = -22.0 dB Side lobe level = -1.8 dB

Figure 4.7: Middle feed model. 3D Ludwig 3 copolar (longitudinal) and cross-polar (trans-
verse) component for 76.5 GHz. Directivity is 14.5 dBi and cross-polar level is -19.07 dB with
respect to maximum directivity.
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Figure 4.8: Middle feed model. Ludwig 3 copolar (longitudinal) and cross-polar (transverse)
component for 76.5 GHz.

Simulation results slot array

The resulting beam pattern at 76.5 GHz for the design with a middle feed is shown in Fig-
ure 4.7 and Figure 4.8. For a range of other frequencies, the beam pattern is shown in
Appendix C in Figure C.7 and Figure C.8. A summary of the overall performance is shown
in Figure 4.9.

At 76.5 GHz, the Ludwig-3 directivity is 14.5 dBi for the longitudinal polarization and
-4.57 dBi for the transverse polarization, resulting in a cross-polarization level < —19.07 dB.
Also, the SLL is -22.0 dB. The directivity, cross-polar level and SLL are fairly constant over
the frequency range from 75-80 GHz. The beam-pattern frequency bandwidth for this model
ranges from 75-80 GHz with a decay of less than 10% from the target.

The gain level is extremely low. It is assumed that this is because the model is completely
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Figure 4.9: Middle feed 15° model simulation results over frequency. (a) is half power beam-
width, (b) is SLL, (c) is directivity and gain and (d) is reflection coefficient

not matched and thus the calculation is not accurate. The realized gain is a factor lower than
the gain, according to the impedance matching.
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Figure 4.10: Middle feed model. Ludwig 3 copolar (longitudinal) and cross-polar (transverse)
component for 76.5 GHz, second iteration using larger angles. Directivity is 11.9 dBi and
cross-polar level is -8.65 dB with respect to maximum directivity.

4.3.5 Second alternative for a slot design

As it was explained before, depending on the selection of the angle, the beam-pattern can
show a better antenna efficiency or the slotted-waveguide can radiate more. Following all
previous steps, a second model is proposed based on angles # ~ 30° to provide more radiation
at the cost of antenna efficiency. For the design frequency of 76.5 GHz, this angle corresponds
to the values of L, = 1.8 mm, § = 0.17 mm and L = 1.5 mm based on Equation (4.2) and w =
0.2 mm. The normalized conductance of this slot is 0.5 based on Equation (4.3). The Taylor
coefficients provide the slot angles 6 = 17.4°, 25.8°, 36.9°, 36.9°, 25.8°, 17.4°. Additionally,
the spacing between slots was fine tuned to optimize a constructive beam with low SLL in
the center frequency. Results for this design are shown in Figure 4.10 and Figure 4.11.

At 76.5 GHz, the Ludwig-3 directivity is 11.9 dBi for the longitudinal polarization or
copolar field component and 3.25 dBi for the transverse polarization or cross-polar field com-
ponent, resulting in a cross-polarization level < —8.65 dB. Also, the SLL is -21.0 dB. The
directivity, gain, cross-polar level and SLL are fairly constant over the frequency range from
75-80 GHz. The beam-pattern frequency bandwidth for this model ranges from 75-80 GHz
with a decay of less than 10% from the target.

By comparing Figure 4.9 and Figure 4.11 it can be seen that the directivity, cross-
polarization level and SLL are better in the model of smaller angles, in particular the cross-
polarization level is considerably lower for the small-angle case. Nevertheless, the realized
gain is considerably better for the larger-angle design. This effect is expected because it was
known that larger angles radiate more and it was explained that it affects the impedance
matching. The starting point for the impedance matching is better in the larger-angle design,
as it is shown in Figure 4.12. Because of this, the larger-angle design was selected to continue
for the next design steps.
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Figure 4.11: Middle feed 30° model simulation results over frequency. (a) is half power beam-
width, (b) is SLL, (c) is directivity and gain and (d) is reflection coefficient

4.3.6 Impedance-matching structure

The design of an impedance-matching structure highly depends on the termination of the
waveguide. Because of the resonant nature of the design when the waveguide is shorted at
the end, the impedance of the slot array shows a strong and frequency-dependent imaginary
component, as it was shown in Figure 4.12. To mitigate this effect, a series of inductive
and capacitive components can be added to the design as a matching network. An array
of inductive irises is selected to compensate the reactive behavior of the slot array [64, 49].
Other approaches, such as a A\/4 transformer were considered, but due to the large reactive
component and small real part, that approach was practically not feasible. The equivalent
circuit of this matching network is shown in Figure 4.13.

The focus of this design is for 76-77 GHz, the operation frequency for BSD, but there
is also interest in the entire 77-81 GHz band, because it lies inside the frequency band of
operation of the radar transceiver. The input impedance is referenced to a different plane, in
order to better match the range 76-77 GHz.
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Figure 4.12: Input impedance of the shorted center-feed slotted waveguide antenna. (a) 15°
model. The real and imaginary components show a strong variation in a narrow frequency
range, making it difficult to match. (b) 30° model. The real and imaginary components show
less variation over frequency, making it easier to match.
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Figure 4.13: Impedance-matching network formed by capacitive or inductive irises. Capacitive
irises are created when they are placed in the broad side of the waveguide a and inductive
irises are created when placed in the narrow side b. Image adapted from [64].

Simulation results including matching network

By adding an inductive iris, a reflection coefficient lower than -10 dB can be obtained, but only
for a narrow impedance-matching frequency bandwidth of 300 MHz, as shown in Figure 4.14.
Figure 4.14 also shows that the performance parameters remain similar as for the design
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Figure 4.14: Middle feed 30° model, with matching structure, simulation results over fre-
quency. (a) is half power beam-width, (b) is SLL, (c) is directivity and gain and (d) is
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without iris, but the realized gain is greatly improved for the design frequency. Nevertheless,
the addition of irises will make the model more complex and expensive to fabricate, but this
addition is needed to achieve the impedance matching. Also, when the antennas are fabricated
in mass-production, the use of a mold will lower the cost of the addition of irises, making it
comparable as a model without irises. In order to further improving the impedance-matching
frequency bandwidth it is possible to add more irises in cascade at an additional cost.

4.3.7 Beamforming network and integration of the design

Because of the fixed disposition of the phase center of the seven slotted-waveguide antennas
for the three Tx and four Rx, and the required spacing between them, as already mentioned
in Chapter 2, a ridge to reduce the size of the waveguide is needed in the case of a waveguide
antenna with slots cut in the broad wall, when targeting half-wavelength spacing between
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Figure 4.15: 90° H bend reflection and transmission coefficient. The steps have been optimized
to have minimum reflection and maximum transmission from one side to the other.

two adjacent waveguides [65, 66]. However, this is not in the case for slots cut in the narrow
wall. The width of the slotted-waveguide narrow wall is 1.27 mm, which allows to fit two
waveguides at half-wavelength spacing, as shown in Chapter 2 in Figure 2.3.

The required beamforming network then consists of waveguide bends optimized for low
losses, interconnected with regular rectangular waveguides. The design of the waveguide bend
consists of optimized steps that lead to a reflection lower than -30 dB and transmission loss
lower than 0.05 dB, as shown in Figure 4.15. The complete beamforming network is shown
in Figure 4.16.

All three Tx and four Rx channels are positioned according to the requirements spe-
cified by the software team. The beamforming network is connected to all respective middle
feeds, which include the impedance-matching network. A metal plane is added to isolate the
radiating plane from all the electronics that would be placed below the antenna array.

The optimized position of the ground plane was found to be at the middle of the waveguide
broad wall or at one wavelength from the antenna aperture. The metal plane does not
greatly affects the performance of the slotted-waveguide antenna. The coupling between the
different slotted-waveguide arrays does not greatly influence the beam pattern performance
when studied one by one in active-passive mode. The final design is shown in Figure 4.17.
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Figure 4.16: Beamforming network for a seven-channel slotted-waveguide antenna array. Both
the position of the starting waveguide openings and the phase center of each of the antennas
is fixed. The beamforming network consists of rectangular standard WR-10 waveguides con-
nected through H-bends. An additional bend on each channel can be added to feed from the
center of the waveguide.

Figure 4.17: Seven-channel antenna array. Three Tx and four Rx antennas are placed at their
intended positions. A metal plane shields the design to the electronics that will be placed
below it.
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Figure 4.18: Single-channel antenna model to be fabricated in metal layers. It includes a
standard WR-10 UG-387/U flange.

4.4 Slotted-waveguide antenna fabrication

The model presented in the preceding section in Figure 4.17 can be built into a brass block
by splitting it into several layers and by using the milling technique available at EPC. This
approach is the same as used for the waveguide fan-out presented in Chapter 3. A lapping
procedure would not be needed in this case because the surfaces are much smaller and thus
a good contact in between surfaces is achieved by only using screws and alignment pins.

Due to time and budget constraints, it was decided to fabricate the model of a single
six-element slotted-waveguide antenna together with its matching network, instead of the
full TxRx seven-element array. The model to be fabricated is shown in Figure 4.18 and
it includes a standard WR~10 UG-387/U flange to be connected to a standard waveguide
connector. Results of simulations for this model, including a metal plane of finite size, can
be found in Appendix in Figure C.9

4.5 Slotted-waveguide antenna characterization

To characterize the slotted-waveguide antenna, two measurement set-ups are needed. First, a
beam scanner to obtain the beam pattern properties such as gain, SLL for co-polarization and
cross-polarization components in the frequency range of interest, at least from 76-77 GHz,
but preferably from 75-82 GHz. Second, a VNA to characterize the reflection loss in the
frequency range from 74-83 GHz. The first set-up is available at TU/e and the second at
NXP, in both cases a WR10-WR12 waveguide transition is needed because both laboratories
have their set-up based on WR-12 waveguide connectors.

4.6 Comparison of longitudinally and transversely polarized
slotted-waveguide antenna

Transversely-polarized antennas have already been used for automotive applications and a
longitudinally-polarized slotted-waveguide antenna is less studied for this particular applica-
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tion. The theory to model the conductance of the slots cut in the broad wall is analytic and
then the equations to find the conductance of the slot are more accurate than the case for the
longitudinally-polarized slot. For the longitudinally polarized antenna, there are approximate
models that are much more complex and can only be resolved numerically. This difference
gives rise to the tendency to prefer the transversely polarized concept over the longitudinally
polarized one, but for some applications one polarization might be more convenient than the
other or it might even be needed to have a dual polarization system.

Additionally, the main design parameter of the longitudinally polarized slot antenna is the
angle of the slot, while for the transversely polarized antenna it is the offset from the center of
the broad wall of the waveguide. The challenge for longitudinally polarized antennas is that
small angles lead to less radiation, meaning there is more storage of energy and this results
in an input impedance that is difficult to match, and yields a narrow-band behavior. Larger
angles lead to more radiation and have less constraints at the moment of creating a matching
network, but the antenna efficiency is maximized for conductances lower than 0.1[54, 40],
which maps to angles lower than 15°. This trade-off does not exist in the case of transversely
polarized antennas. Examples have been found of longitudinally polarized slotted-waveguide
antennas that show a good matching, but always with a narrowband behavior. Examples of
large arrays can be found in [67, 68] and small arrays can be found in [69].

The big advantage of longitudinally polarized slotted-waveguide antennas is that the radi-
ating plane is at the narrow wall. This means there is more flexibility in placing multiple slot
arrays as close as A\o/2, without the need for additional structures such as a ridged waveguide.
Overall, there are less references for longitudinally polarized slotted-waveguide antenna for
the required application and there are also more constraints when selecting the angles for the
slots.

4.7 Conclusions

The design of a longitudinally polarized slotted-waveguide antenna has been discussed. Design
choices exist for the feeding strategy, the termination of the waveguide, the selected angles of
the slots and the way to arrange an array of slots. All design choices provide a good perform-
ance in some aspects, but there is not a combination that can cover all requirements at once.
Small slot angles produce a good and constant performance over the desired frequency band
in terms of directivity, cross-polarization and side lobe level. Nevertheless, the impedance
bandwith is only possible for a very small frequency range. The design for larger slot angles
provided a pattern with higher cross-polarization level, less directivity and a side lobe level
that decays faster over frequency. But the realized gain and the impedance matching are
considerably better than the small-angle case.

For other applications, where the space occupied by the antenna is not an important
constraint, a larger slot array containing at least 20 elements is a good option to mitigate
the large impedance and its variation over frequency associated with the storage of energy
inside the waveguide and at the same time achieve a good antenna efficiency. For a restricted
space and based on the requirements for the BSD module, a transversely polarized slotted-
waveguide antenna provides a better compromise in terms of performance, although at a
higher manufacturing cost.
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Chapter 5

Conclusions and future work

5.1 Conclusions

The motivation behind self-driving cars, a brief overview of the principle of operation of
radars, types of radars, and the state of the art of commercial MIMO radar solutions were
reviewed. After this, the conclusion was that there is still a long way towards having a fully
automated level-5 car. The major obstacles for the moment are to have a solid legislation
around it and the acceptance at the society level. Spite of this being the major constraint,
there are also technology improvements to be done. We have focused on the improvement
of the sensor, specifically a radar sensor. It was found that to make radars a competitive
solution, the losses and isolation have to be improved, specially for the case when several
antennas are used.

In addition to the requirement of having a radar sensor with low losses and high isolation in
between different channels, there were other requirements. The starting point for this design
was an updated version of the 3Tx4Rx Dolphin transceiver chip from NXP. It operates in the
current car radar frequency band of 76-81 GHz. So the frequency of operation was already
fixed. Also, the decision was to opt for waveguide-like transitions and antennas, for the reason
they can provide good performance at a relatively low cost, compared with PCB transitions
and antennas as the commonly used solution. Finally, it was decided to use BSD as use case.
The software team from NXP proposed positions for the phase center of the antennas to scan
in 2D for a BSD use case. All design choices also had to provide low-cost solutions to make
the radar module profitable.

The proposed solution consisted then on vertically mounting a waveguide interface from IC
to waveguide antenna array. The first step towards the proposed solution was to finalize the
design and characterization of a waveguide launcher in package. Re-optimization according
to updated design rules and the addition of a higher-frequency design of the launcher was
conducted. The characterization of the different versions of the LiP in combination with
different types of interface layers in between the launcher and a standard waveguide was also
part of the conducted tasks. It was found after measurements in the laboratory that the
fabricated models were in agreement with the simulations. Even though the results show
reflections less than -10 dB and transmission loss lower than 2.5 dB, there is still room for
improvement to get to reflections less than -15 dB and losses of around 1 dB. This is because
a major constraint was the design rules of the technology used, which was updated just before
the deadline to fabricate the launcher demonstrator. Isolation was in all cases less than -30 dB.
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Regarding the different interfaces, they showed different mechanical properties and some
were certainly more reliable than others. Preferred materials are silicone based. They are less
sensitive to applied pressure and they keep their shape even after several cycles of mounting
and dismounting. All the selected dielectric materials showed a behavior consistent with a
material with high loss tangent of around 0.05. Thus, if a less lossy material is used, even
with loss tangent of 0.01, 1 dB of losses can be recovered. Overall, the concept of the launcher
in package was proven.

For the antenna design it was opted to use a longitudinally-polarized slotted-waveguide
antenna. The feeding strategy, the type of wave that exists inside the waveguide, the selected
angle of tilting of the slot and the slot-array disposition were the main design choices. It
was chosen to use a central feed to increase the frequency bandwidth at the cost of a more
complex beamforming network structure. A standing wave was produced after having shorted
ends in the waveguide, this was at the cost of a more complex matching strategy but wining
radiating power, which was the main goal of the design. The choice of the angle of tilting of
the slot was a difficult decision because there is a trade-off in between the radiation efficiency
and the radiating power. Small angles, in particular if they are ~ 15° provide better beam
pattern properties, but larger angles, for example ~ 30° provide a slot with higher excitation
and thus the radiating power is more per slot. Because the array of slots was restricted to
a small number, this effect had a big impact in the matching because it resulted in a cavity
less resonant just by changing the angle of the slot. For the disposition of the six slot array
it was decided to use a Taylor tapering of amplitudes based on different tilting angles and a
fixed separation in between them.

The resulting antenna showed to be narrow-band because of the issue previously men-
tioned. A ~ 15° tapered based array had a good performance in terms of the beam pattern.
The obtained directivity was 14.5 dBi, SLL was -22 dB, cross-polarization level was lower
than -19 dB and fairly constant over the frequency range of 76-81 GHz. Nevertheless the
starting point of reflection coefficient was challenging. For the model of ~ 30° the impedance
matching bandwidth was ~300 MHz after adding a single iris. This case provides a worse
cross-polarization level in the order of -10 dB. The slotted-waveguide antenna cut in the broad
wall, which is transversely polarized, seems to be a better option for a small array due to the
trade-off existing in the longitudinally-polarized case.

5.2 Future work

The measurements of the longitudinally-polarized antenna are pending as the device is cur-
rently to be ordered to the mechanical workshop at TU/e. Additional long term tasks are to
integrate the complete module, including the IC with LiP in the respective application board
and an array of seven antennas, one for each of the seven channels of the radar transceiver.
Then, apart from the operation as a full radar module with 2D scan capabilities, the antenna,
array can be tested standalone to characterize the beam pattern, the interaction in between
antennas and the reflection and isolation coefficients.

A step even further is to use several [Cs connected in cascaded operation to be able to
integrate a large array of antennas. In this case, by using MIMO array capabilities, sparse
positions could be used to obtain a large aperture maximizing the use of power. All of this can
only be a real advantage if each of the cells IC+interface+antenna are optimized to provide
very low losses, which is why the tasks conducted in this project were relevant to move to
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imaging radars.
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Appendix A

State of the art of commercial
automotive MIMO radars

The automotive industry has included radars to implement different ADAS and NCAP func-
tionalities. Bosch (Germany), Continental (Germany), Autoliv (Sweden), Hella (Germany),
Denso (Japan), Delphi (UK) and Valeo (France), in partnership with semiconductor suppli-
ers, have developed radar modules for car manufacturers. A review of the automotive vendors
of these commercial solutions is given and the characteristics of the systems are presented,
with a focus on FMCW MIMO radars in the 77 GHz band.

A.1 Transceiver suppliers (77 GHz band)

There are several companies that supply semiconductor transceiver solutions. The focus of
this review is on companies dedicated to the automotive industry and, in particular, on the
77 GHz car radar frequency band.

NXP

NXP is a Dutch-American semiconductor manufacturer. Until 2006 it was the Philips sub-
division of semiconductors. In 2015, NXP acquired Freescale Semiconductors. Currently it
has full solutions aimed for ACC, CTA, parking assist, AEB and BSD, including S32R26 and
S32R27 microcontrollers for High-Performance radar and TEF810X Fully-Integrated 77 GHz
radar Transceiver [22]. A summary of the general characteristics of the TEF810X transceiver
are listed below:

e Single chip, FMCW radar for short, medium and long range.

Car radar frequency band: 76 GHz to 81 GHz.

Low cost integrated solution: ADC, waveform generator, 3 Tx and 4 Rx units, frequency
filters, safety monitoring circuit.

Phase noise = -86dBc/Hz, transmit power = 12 dBm, noise figure = 12dB.

Support different MIMO radar operation modes.

Operating temperature from -40°C to 135°C
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e Size: packaged in a 7.5 mm x 7.5 mm area.

e 15 x 15 Ball Grid Array (BGA) for interfacing with antenna board technologies.

Infineon

Infineon is a German semiconductor manufacturer. Until 1999, it was a division of Siemens.
In April 2020, Cypress, another semiconductor company, was acquired by Infineon [23]. Two
versions of 77 GHz transceivers are under development. The general characteristics of the
transceivers are:

e FMCW radars with waveform generation capability, integrated filters and ADC.
e 2 GHz modulation bandwidth.

e RXS816xPL, a 7x8.5 mm packaged 3Tx4Rx transceiver [70]

e RXS8156PLA, a is a 7x7.5 mm packaged 2Tx4Rx transceiver [70]

Texas Instruments

TT is an American technology company focused on semiconductors. It was founded in 1930
[24]. Currently, they have three sensors available for the 77 GHz band with (MIMO) ima-
ging radar capabilities: AWR1642/AWR1843/AWR2243. They also provide cameras, lidar,
ultrasound and sensor fusion solutions [25]. A summary of the general characteristics of the
transceivers are listed below:

e Single chip, FMCW radar for short, medium and long range.

e Car radar frequency band: 76 GHz to 81 GHz.

Integrated PLL, ADC, 2/3/3 Tx and 4 Rx units. Built-in calibration and self-test.

Phase noise = -95 dBc/Hz, transmit power = 12/12/13 dBm, noise figure = 14.5/14.5/12 dB.

Support MIMO radar operation modes.

Automotive temperature operating range

Size: packaged in a 10.4 mm x 10.4 mm area.

e BGA for interfacing with antenna board technologies.

STMicroelectronics

STMicroelectronics is a French-Italian electronics and semiconductor company headquartered
in Geneva, Switzerland. It was born as the fusion of SGS Microelettronica and Thomson Semi-
conducteurs. They have one 77 GHz STRADA770M tranceiver, which main characteristics
are listed below [26]:

e Single chip, FMCW radar for short, medium and long range.

e Car radar frequency band: 76 GHz to 81 GHz.
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Integrated PLL, ADC, 3 Tx and 4 Rx units.

Support MIMO radar operation modes.

Size: packaged in a 9 mm x 9 mm area.

e BGA for interfacing with antenna board technologies.

UMS

UMS is a French-German company focused on RF and millimeter-wave 1Cs. They are in
operations since 1996. Currently, they provide multipliers, mixers and LNAs in the range
76-77 GHz [27].

From all of the above, NXP, TI and STMicroelectronics have transceivers with MIMO
capabilities, allowing multiple-chip connection in MIMO mode, making them feasible for
imaging systems with virtual-array capabilities. NXP and TI also have application boards
with wide azimuth FOV, but as they have 1D array antennas, they can not scan in 2D.

A.2 Imaging radar solutions

In the past years, few companies have also developed full imaging radar solutions, either
using proprietary transceivers or acquiring them from semiconductor suppliers. An analysis
of the products that are available in the market is conducted here in order to show potential
competitors.

Arbe Robotics

The company Arbe Robotics was founded in 2015 in Israel. Phoenix is their chipset solution
with imaging capabilities [28] which main characteristics are listed below:

e Frequency range: unknown

FMCW, proprietary tranceiver, 24 Tx and 12 Rx, Time domain MIMO

FOV: 100° Azimuth, 30° Elevation. Angular resolution: 1° Azimuth, 2° Elevation

Range: 300 m (7.5-60 cm accuracy)

Velocity: 0.1 m/s doppler resolution

Identification of 100 targets

No false alarms, minimal mutual radar interference, protection from cyber attacks

Modular and scalable design.
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Cognitive Pilot

Cognitive Pilot is a Russian company specialized in software for transport, agriculture and
artificial intelligence and hardware for autonomous vehicles. Cognitive Imaging radar is their
automotive radar solution [29]. Its main characteristics are listed below:

e Frequency range: 76-81 GHz

e Type of radar: unknown. Number of channels: unknown.

FOV: 90° Azimuth, 15° Elevation. Angular resolution: unknown

Range: 280 m (10 cm accuracy)

Velocity: 0.03 m/s doppler resolution

97.7% detection accuracy

Vayyar

Vayyar is an Israeli company and since 2011 they are dedicated to design low-cost imaging
solutions. For the automotive industry they have one solution aimed for inside and outside
the car [30]. Some characteristics of this 4D sensor are listed below:

e Frequency range: 76-81 GHz

FMCW, MIMO radar. 72 Tx and 72 Rx.

Wide FOV in both axis. Angular resolution: unknown.

Range: unknown.

Velocity: unknown doppler resolution

e High accuracy and low false alarms

Smartmicro

Smartmicro is a German company founded in 1997, as a spin-off from the Technical University
of Braunschweig. They focus on radar design solutions for traffic, automotive and airborne
uses [31]. CATegory8 is their concept for imaging radar solution. Two options are available:

UMRR-96 Type 153
e Frequency range: 77-81 GHz

FOV: 130° Azimuth, 15° Elevation. Angular resolution: 1° Azimuth, 2° Elevation

Range: 0.15-120 m (1% accuracy)

Velocity: -400-140 km/h, 0.15 m/s accuracy

Transmit power (max) 31 dBm
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o Weigh: 153 g / Dimensions: 97x76x17.7 mm
UMRR-11 Type 132

e Frequency range: 76-77 GHz

FOV: 100° Azimuth, 15° Elevation. Angular resolution: 0.5° Azimuth, 0.5° Elevation

Range: 0.5-175 m (1% accuracy)

Velocity: -400-200 km/h, 0.1 m/s accuracy

Transmit power (max) 31 dBm

Weigh: 274 g / Dimensions: 94.7x84.4x26.4 mm
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Appendix B

Additional measurement results
launcher in package
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Figure B.1: Different launcher samples.
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Figure B.3: Isolation between lateral channels. Upper plots are for 77 GHz model and lower
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Figure B.4: Isolation between diagonal channels. Upper plots are for 77 GHz model and lower
plots are for 100 GHz model
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Figure B.5: Simulation for different material interfaces.
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Figure B.6: Testing set-up for pressure measurements.
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Apr 6

Apr 9

Apr 19

May 4

May 11, 25

May 20,
21,31

Measurement

VNA Launcher 77c without deposit

VNA Launcher 77c without deposit

VNA Launcher 77¢ (deformable), 77d
silicone, 77d epoxy

Launcher 100c (deformable), 100d silicone,
100d epoxy

VNA Launcher 77c, 77d, 100c, 100d
{no deposit, silicone, epoxy)

Thickness samples
Pressure gualitative analysis
Repeatability of launcher measurements

Launcher compression vs performance
Dielectric silicone

Conductive undeformed

Conductive deformed

Conductive no deposit

Higher losses than expected

One waveguide show ~7dB and the other ~11 dB

EPC FR4 and NXP material behave similar. FR4 is better.
Assembly at EPC and assembly at NXP give comparable results

Improved calibration and use of loads improved isolation results
First layer in lossy waveguide had higher roughness inside WG
Different laminate units show similar results

Same laminate show repeatability after disassembly

Epoxy dielectric gets fully deformed. It leaves a deposit in WG
Silicone dielectric is elastic

Deformed conductive (miss measurements conductive elastic)
77c no deposit has less losses, but it is narrowband.

77d silicone has more losses but wideband

100c no deposit and 100c conductive have similar performance
Simulation with tand=0.04 fits measurements

Differences of pressure applied change results up to 0.5 dB
100 GHz model match better simulations (mostly c model)

Are epoxy and silicone labels swapped? = no

Dielectric models with no interface have poor performance

100: conductive no interface and conductive silicone behave similar (best results)

77: conductive no interface is best but narrowband, dielectric silicone and epoxy are wideband, but higher losses
Epoxy conductive, tight is better

silicone dielectric, medium pressure for 77, max pressure for 100

Thickness: conductive silicone 20 um / conductive epoxy 60->45 um (before/after measurement) / dielectric silicone 150 um

77c&100c max pressure larger spread / 77c&100c silicone max pressure, small spread / 77c&100c epoxy max pressure medium spread

77d epoxy medium pressure larger spread & 100d epoxy maximum pressure, larger spread / 77d silicone medium pressure, small spread & 100d
silicone maximum pressure, larger spread

Repeatability: dielectric silicone > conductive epoxy > conductive silicone

Sensitivity to pressure: dielectric silicone < conductive silicone < conductive epoxy < dielectric epoxy < no interface

Dielectric silicone model is less affected: 7um compression=*0.15 dB

Conductive epoxy model is less affected: 5um compression—> 0.1 dB

Conductive silicone model has not a consistent behavior

Conductive no-deposit model is more affected: 4um compression = 0.4 dB

Compressibility: Silicone dielectric > silicone conductive > epoxy conductive > conductive no interface

Figure B.7: Summary of conducted measurements.
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Appendix C

Additional simulation results
slotted-waveguide antenna

/’_

1_
. /

Normalized conductance

5 10 15 20 25 30 35 40 45 50
Slot angle theta [deg]

Figure C.1: Normalized conductance with respect to angle of the slot 6 based on [42].
f=76.5 GHz, W=0.2 mm
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Figure C.2: Normalized conductance with respect to width of the slot based on [42].
f=76.5 GHz, 0=30°

C.1 Side feed design

The side feed is the simplest way to feed the antenna, adding only one bend to go from vertical
to horizontal, as it was shown in Figure 4.5. The resulting beam pattern for this design is
shown in Figure C.3 for 76.5 GHz and in Figure C.4 for the co-polarization component and
in Figure C.5 for the cross-polarization component in different frequencies.

At 76.5 GHz, the design frequency, the Ludwig-3 directivity is 14.2 dBi for the longitudinal
polarization and -1.39 dBi for the transverse polarization, meaning the cross-polarization level
is < —15.59 dB. The SLL is -20.7 dB at the same frequency point. Across the frequencies from
75 to 80 GHz the decay of the gain and SLL is more than 10%. Even though it does cover
the frequency range for BSD, it does not cover the entire frequency range of the transceiver
module, from 76-81 GHz.
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Frequency = 76.5 GHz Frequency = 76.5 GHz

Main lobe magnitude = 14.2 dBi Main lobe magnitude =  -1.39 dBi
Main lobe drection = 0.0 deg. Main lobe direction = 40.0 deg.
Angular width (3 dB) = 13.7 deg. Angular width (3 dB) = 20.8 deg.
Side lobe level = -20.7 dB Side lobe level = -6.4 dB

Figure C.3: Side feed model. Ludwig 3 copolar (longitudinal) and cross-polar (transverse)
directivity component for 76.5 GHz. Cross-polar level is -15.59 dB § = 5.8°, 8.6°, 12.3°, 12.3°,
8.6°, 5.8°
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Farfield Drectwity Ludwig 3 Vertical (Phi=0)

Theta / Degree vs. dBi
Frequency = 73 GHz
Main lobe magnkude = -1.47 dBi
Main lobe direction = 41.0 deg.
Angular wadth (3 dB) = 20.3 deg.
Side bobe level = -6.5 dB

Farfield Directivity Ludwig 3 Vertical (Phi=0)

Theta [ Degree vs. dBi
Frequency = 78 GHz
Main lobe magnitude = -1.75 dBi
Main lobe direcoion = 40.0 deg.
Angular width (3 dB) = 22.2 deg.
Side lobe level = -6.6 dB

Farfield Directivity Ludwig 3 Vertical (Phi=0)

Theta / Degree vs. dBi
Frequency = 76 GHz
Main lobe magntude = -1.38 dBi
Main lobe drection = 40.0 deg.
Angular width (3 dB) = 20.5 deg.
Side lobe level = -6.4 dB

Farfield Drectvity Ludwg 3 Vertcal (Phe=0)

180

Theta [ Degree vs. dBi
Frequency = 79 GHz
Man lobe magnitude =  -3.87 dBi
Man lobe direction = 43.0 deg.
Angular width (3 dB) = 27.6 deg.
Side lobe level = -6.8 dB

Farfield Directivicy Ludwig 3 Vertical (Phi=0)

Theta [ Degree vs. dBi
Frequency = 77 GHz
Main lobe magnitude = -1.42 dBi
Main lobe direction = 40.0 deqg.
Angular width (3 dB) = 21.1 deg.
Side lobe level = 6.5 dB

Farfield Drectvity Ludvig 3 Vertical (Phi=0)

Theta / Degree vs. dBi
Frequency = 80 GHz
Main lobe magnitude = -7.01 dBi
Main lobe direction = 49.0 deg.
Angular width (3 dB) = 14.9 deg.
Side lobe level = -1.4 dB

Figure C.5: Side feed model. Ludwig 3 cross-polar (transverse) for different frequencies. § = 5.8°, 8.6°, 12.3°, 12.3°, 8.6°, 5.8°
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C.2 Loaded waveguide

By adding loads to the waveguide ends, either in case of the side feed or in case of the middle
feed, the wave inside the waveguide becomes a travelling wave. There is less energy stored
in the cavity and thus the impedance matching is more straightforward because the resonant
behavior is mitigated and then, the input impedance is continuous over a larger frequency
range [53]. Without any additional matching structure, the model presented for the middle
feed already has a reflection loss better than 15 dB for the range 76-77 GHz, as shown in
Figure C.6. Nevertheless, creating a load for a waveguide in this frequency range is not simple
and then it will also imply higher costs. More importantly, though, is the fact that a load
will imply absorption of power that will not be reflected but that power is also not radiated.
Ultimately the device will not be power efficient then.

0 1 i ‘ !

L
=]
T
1

L
u
T

Reflection coefficient (dB)

R
=]
T
1

_25 ) | |
76 7 78 79 80 81

Frequency (GHz)

Figure C.6: Reflection coefficient in a loaded middle-fed slotted waveguide antenna. Because
the loads in the waveguide ends produce a travelling wave, the reflection towards the wave-
guide feed is not high.

C.3 Central feed design
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Farfield Drectivity Ludwig 3 Horzontal (Phi=0)

Theta [ Degree vs, dBi
Frequency = 75 GHz
Main lobe magntude =  14.6 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 12.2 deg.
Side lobe level = -17.7 dB
Farfield Drectvity Ludvag 3 Horzontal (Phi=0)

Theta [ Degree vs. dBi
Frequency = 78 GHz

Main lobe magnitude =  14.5 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 13.1 deg.
Side lobe level = -18.4 dB

Figure C.7: Middle feed model. Ludwig 3 copolar (longitudinal) for various frequencies. 6 = 5.8°, 8.6°, 12.3°, 12.3°, 8.6°, 5.8°

Farfield Drecivity Ludwig 3 Horzontal (Phi=0)

180

Theta / Degree vs. dBi
Frequency = 76 GHz
Main lobe magnitude =  14.6 dBi
Main lobe direction = 0.0 deg.
Angular vadth (3 dB) = 13.0 deg.
Side lobe level = -21.9 dB
Farfield Drectvity Ludwig 3 Horzontal (Phi=0)

Theta [ Degree vs., dBi
Frequency = 79 GHz
Main lobe magnitude =  14.7 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 12.5 deqg.
Side lobe level = -17.7 dB

Farfiekd Drrectivity Ludwig 3 Horzontal (Phi=0)

Theta [ Degree vs. dBi
Frequency = 77 GHz
Main lobe magntude =  14.5 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 13.3 deg.
Side lobe level = -20.9 dB
Farfield Drectivity Ludwig 3 Horizontal (Phi=0)

Theta / Degree vs. dBi

Frequency = 80 GHz

Man lobe magnitude = 15 dBi
Main lobe drection = 0.0 deg.
Angular width (3 dB) = 11.5 deg.
Side lobe level = -17.0 dB
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C.4 Model with added metal plane
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Figure C.9: Middle feed 30° model, with matching structure and metal plane, simulation

results over frequency. (a) is half power beam-width, (b) is SLL, (c) is directivity and gain
and (d) is reflection coefficient
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