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Chapter 1

Objective and Background

1.1 Introduction

Advanced driver-assistance systems (ADAS) and autonomous dri¢i) systems
are promising technology of preventing traffic accidents, reducing the environmental
load, and achieving a sustainable society. In Japan, sales of vehicles with ADAS such
as collision mitigation functions have been launched since early 2000. Moreover, the
installation of the automatic emergency braking system (AEBS) will be mandated for
the new vehicles in Japan from 2021 [1.3], and it is presumed that the ADAS market
will grow acceleratingly. Contrary to the ADAS, acceleration of research and devel-
opment of technologies for the AD system has faded slightly because of accidents in
experiments on public road and delay of development of the law. However, the AD
system still attracts attention as a mobility technology in next generation. According
to the above reasons, the market for the ADAS and AD systems has continued to grow.

Figure 1.1 shows a trend in the number of new vehicles produced in the world by
2030, and the production of vehicles equipped with the ADAS and AD systems [1.4].
The automotive market with the ADAS and AD systems is expected to drastically
grow until 2020, and then gradually expand. In the market, a market of AD systems
with level 3 or more is expected to start to rise from around 2025. As a result, it is
predicted that approximately half of the new vehicles produced in one year will be
equipped with the ADAS or AD systems after 2020.

In the background of this growth market, sensing technologies for the ADAS and
AD systems have been actively investigated, because vehicles with the ADAS and

'In this dissertation, the term “autonomous” is used as a general expression because millimeter-
wave radars which are targeted in this dissertation are necessary regardless of whether the vehicles are
controlled by in-vehicle system or remote one. On the other hand, “automated” is used in explanations
which require technically accurate expressions [1.1] such as a definition for levels of driving automation
announced by SAE (Society of Automotive Engineers) [1.2].
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Fig. 1.1. Trend in number of new vehicles with ADAD and AD systems produced in
the world.

AD systems require various sensors to detect objects around the ego vehicle. Cam-
eras, millimeter-wave radars, LIiDARs (Light Detection and Rangings), and sonars
are commonly used in the ADAS and AD systems. In such sensors, millimeter wave
radar is a key sensor due to their robust sensitivity under harsh weather conditions
such as rain, fog, and bright sunlight. A lot of technologies have been investigated on
millimeter-wave radars and improvement of antenna is an effective way to improve
both detection performance and size of the radars.

In this dissertation, | report the results of the investigation about newly proposed
structures of antennas and front-end modules for automotive millimeter-wave radars
using the 77-GHz band, especially focusing on a high performance, downsizing, pro-
ductivity, and cost reduction. First, social issues expected to be solved by the ADAS
and AD systems, regulations on the ADAS and AD systems, position of millimeter-
wave radars in the systems, and an operation principle of millimeter-wave radars fo-
cused on this study are explained in Chapter 1 in order to clarify that this study relates
to solve social issues. Next, previous works on antennas and peripheral technolo-
gies for millimeter-wave applications and their issues are described and discussed in
Chapter 2. Then, new structures for antennas and front-end modules are proposed and
discussed in Chapters 3 to 5. In the chapters, the measurement results of fabricated
antennas and versatility of the proposed technologies are also presented and discussed.
Finally, the key points of this study and future works are summarized in Chapter 6.



1.2 Social issues expected to be solved by ADAS and
AD systems

The ADAS and AD systems are expected to be a technology that solves social issues.
In this section, | explain the issues by consulting SDGs (Sustainable Development
Goals) as the most common challenges shared in the world, which were adopted at
the United Nations General Assembly held in September 2015. The SDGs consist of
17 international goals and 169 targets which should be achieved by 2030 [1.5]. The
ADAS and AD systems mainly relate to the goal 3 “Ensure healthy lives and promote
well-being for all ages” and goal 11 “Make Cities and human settlements Inclusive,
safe, resilient and sustainable”. The targets in each goal are described as follows:

Target 3.6. By 2020, halve the number of global deaths and injuries from road traffic
accidents.

Target 11.2. 2030, provide access to safe, affordable, accessible and sustainable trans
port systems for all, improving road safety, notably by expanding public trans-
port, with special attention to the needs of those in vulnerable situations, women,
children, persons with disabilities and older persons.

Target 11.a. Support positive economic, social and environmental links between ur-
ban, peri-urban and rural areas by strengthening national and regional develop-
ment planning.

1.2.1 Reduction of traffic accidents and fatalities

The number of fatalities by traffic accidents in the world was 1,350,000 people in 2018
and the number has been increasing, according to a report by the World Health Orga-
nization [1.6]. Contrary to the trend in the world, the number 3532 of fatalities caused
by traffic accidents in Japan in 2018, which has been decreasing by 162 people over
the previous year and was the lowest in the statistics since 1948, according to a report
by the National Police Agency [1.7]. Fig. 1.2 shows the number of traffic accidents,
injuries, and fatalities in Japan since 1950. The circles, triangular, and squares indi-
cate the number of accidents, injuries, and fatalities, respectively. The arrows show
the time when the seatbelt, airbag, crushable body structure, ABS (Anti-lock Braking
System), and ESC (Electronic Stability Control) began to be mandated or installed,
and the time when regulations drunken driving were tighten. As announced by the
National Police Agency, the decrease in the number of fatalities caused by traffic ac-
cidents was an achievement of patrolling and announcement for safety driving. In
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Fig. 1.2. Number of traffic accidents, injuries, and fatality in Japan.

addition to the effects of such soft measures, there is also the effect of the hard mea-
sures described above. According to SUBARU's announcement, the collision rate and
pedestrian accident rate of vehicles equipped with the AEBS using a stereo camera
“EyeSight” have declined by 84% and 49%, respectively [1.8]. Therefore, further
technologies on the ADAS and AD systems are expected to reduce the number of
traffic accidents and fatalities.

1.2.2 Providing transport systems for all

Public transportation in rural areas has continued to decline, according to the an-
nouncement from the Ministry of Land, Infrastructure, Transport and Tourism [1.3].

e In the 19 years between 2000 and 2018, 41 routes nationwide and 895.3 km of
railroad were abolished, and the abolition route length are increasing.

e In 2017, 73 of the 96 regional railroad operators had a deficit in the management
balance.

e In the six years from 2010 to 2015, about 7509 km of the general route bus
line was abolished, and its capability of transportation was reduced by 35% (6.5
billion people in 1990 to 4.2 billion people in 2016).

In order to compensate the decrease of public transportation in such a rural area by
a low-cost mobility service that does not hang labor costs, demonstration experiments
cooperated by private sectors, such as autonomous driving bus, robot taxi, and au-
tonomous driving cart, have been done in various region in Japan [1.9]. Moreover, the
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demonstration experiments of the autonomous driving bus have also been advanced in
various places. For example, autonomous driving buses are being carried out in the
Vienna suburbs of Austria [1.10] and Singapore [1.11].

1.2.3 Measures to decline in working-age population

The aging population and the decline in working-age population are major social is-
sues in developed countries. Fig 1.3 shows the domestic population composition and
the working-age population (15 to 64 years old) since 1950, which were announced
by the Ministry of Internal Affairs and Communications in 2018 [1.12]. The ratio of
the working-age production in Japan will decrease after 2000 and will drop to about
50% in 2060. Moreover, a lack of labor is serious in an occupation of driving. The
transition of the active opening rate since 1995 announced by the Ministry of Health,
Labor and Welfare is shown in Fig. 1.4 [1.13]. The active opening rate for both whole
occupations and the occupation of driving have been increased after 2009, meaning
a lack of labor. In particular, the active opening rate of whole occupations and the
occupation of driving are 2.98 and 1.45 in 2018, respectively, which means that the
lack of labor in the occupation of driving is serious situation.

ADAS and AD technologies have been attracting attention as a technology to
defuse this situation, and demonstration experiments have been underway for an AD
that assumes long-distance transport trucks on highways. Truck platooning is a can-
didate of the technology where multiple trucks are drove with a short distance and
subsequent trucks follow the preceding trucks. This function leads to improvement
of a working environment by reducing driving load, for example, the drivers for the
subsequent trucks is not required or can be resting on highways. The improvement of
the working environment is expected to increase in the number of people who would



3.50

—e— Whole occupations
—o— Occupations of driving

3.00
250 |
2.00
1.50 t
1.00 t

0.50 r

0_00 1 1 1 1
1995 2000 2005 2010 2015 2020

Active Opening Rate [a.u.]

Fig. 1.4. Active opening rate for whole occupations and occupation of driving.

like to be engaged in this occupation.

In the United States of America, the PATH program in the UC Berkeley Insti-
tute has been developing the truck platooning technology since the 1990s [1.14]. In
Europe, the truck platooning named “KONVOlhad been investigated by the Min-
istry of Transport, Aachen University of Technology, and their partners during 2005
to 2009 [1.15]. In 2016, demonstration experiments were conducted on public roads
at the European Truck Platooning Challenge [1.16]. In Japan, a demonstration exper-
iment of the truck platooning is being carried out by SIP (Cross-ministerial Strategic
Innovation Promotion program) of the Strategic Innovation Creation program of the
Cabinet Office. A demonstration experiment using four trucks was done on the Shin-
Tomei Expressway in 2019. In the experiment, a millimeter-wave radar was equipped
to the front of the trailing truck to detect the gap between the trucks.

As described above, researches and developments for the practical use of the AD
technology are being promoted all over the world to solve the social issue on lack of
labors in the occupation of driving.

1.2.4 Reduction of environmental impact

In addition, the ADAS and AD technologies have been also expected to improve en-
ergy utilization efficiency by the congestion mitigation and fuel efficiency improve-
ment. The improvement of energy utilization meets the direction of the target 7.3 “By
2030, double the global rate of improvement in energy efficiency” in the goal 7 “En-
sure access to affordable, reliable, sustainable and modern energy for all” in the SDGs.
The truck platooning described in the previous section can improve fuel efficiency (in
four platoons with gap of 4.7 m, the average fuel consumption of 4 trucks is reduced
by 18% [1.15]) as well as reduce the load of the drivers. The fuel consumption is
improved because the resistance by the wind of the subsequent truck is reduced by



narrowing the gap between the trucks.

According to the above discussions in Sections 1.2.1 to 1.2.4, the ADAS and AD
systems are being developed to solve social issues such as reduction of traffic acci-
dents, providing transport system in rural areas, measures to a decline in the working-
age population, and reduction of environmental impact. To develop new technologies
for the ADAS and AD systems in various countries, it is necessary to standardize their
functions. In the next section, | will explain standardization and regulatory trends for
the ADAS and AD systems.

1.3 Standardization and regulatory trends for ADAS
and AD systems

There are regulations and assessments for vehicles with the ADAS and AD systems.
First, standardized definition for levels of driving automation is explained in this sec-
tion, which is commonly used as a classification standard of the ADAS and AD sys-
tems. Next, procedures and organizations to create regulations on the systems and
example of the regulations are described. Finally, assessments are introduced.

1.3.1 Definition for levels of driving automation

A definition for levels of driving automation is generally used in this field, which

is defined by the Society of Automotive Definition by Engineers (SAE) where the
National Highway Traffic Safety Administration (NHTSA) bases. The definition is

composed of six stages of levels from 0 to 5 as listed in Table 1.1 [1.2].

DDT (Dynamic Driving Task) means the operation task of a vehicle (such as steer-
ing, acceleration, and braking) and OEDR (Object and event Detection and Response)
indicates detection of obstacles and correspondence to events (such as a signal turned
red). At level O, the driver is responsible for the task to continue the driving such as
external monitoring and response. Driver assistance functions such as a blind spot
warning (informing the driver about the presence of a vehicle approaching from the
adjacent lane behind during the lane change operation) and lane departure warning
correspond to the level 0. The system which performs either one of the operations
of the longitudinal or lateral direction corresponds to level 1 and one which performs
both operations corresponds to level 2. For example, a system which performs only
acceleration and braking is categorized in the level 1. A system which performs only
steering is also categorized in the level 1. Contrary to the above systems, a system
performs all operations of the acceleration, braking, steering is defined as the level 2.



Table 1.1. Definition for levels of driving automation defined by SAE.

DDT
[ . —_ Sustained Example
E Name Narrative definition vehicle OEDR OoDD features
motion
control
- Automatic
The performance by the driver ﬁ;:grkgir?gcy
0 No Dr|V|r_lg of the entire DD'I_', even when Driver Driver NA - Blind spot
Automation | enhanced by active safety warning
systems. - Lane departure
warning
The sustained and ODD-
specific execution by a driving
automation system of either the .
Driver lateral or the longitudinal Driver bI_Rane centering
1 : vehicle motion control subtask and Driver | Limited . .
Assistance | o¢ine DDT (but not both simul- | System - Adapflve cruise
taneously) with the expectation
that the driver performs the
remainder of the DDT.
The sustained and ODD-
specific execution by a driving ) .
automation system of both the Lane centering
. o . AND
Partial lateral and longitudinal vehicle - Adaptive cruise
2 | Driving motion control subtasks of the System Driver Limited c ont?ol at same
Automation | DDT with the expectation that time
the driver completes the OEDR
subtask and supervises the
driving automation system.
The sustained and ODD-
specific performance by an
automated driving system of the
B entire DDT with the expectation
Conditional | that the DDT fallback-ready -
3|Driving | user is receptive to automated | System | System | Limited T;afﬂfc; jam
Automation | driving system issued requests chautreur
to intervene, as well as to DDT
performance-relevant system
failures in other vehicle systems,
and will respond appropriately.
The sustained and ODD- - Local driverless
specific performance by an taxi
High automated driving system of the - Pedals / steering
4 | Driving entire DDT and DDT fallback System | System | Limited wheel mav or
Automation | without any expectation that a mav not b)(/e
user will respond to a request to inst{/alled
intervene.
The sustained and uncondition-
al (i.e., not ODD-specific)
performance by an automated Same as level 4,
Full driving system of the entire DDT o but feature can
5| Driving | and DDT fallback without any System | System | Unlimited | grive everywhere
Automation | expectation that a user will in all conditions
respond to a request to
intervene.




However, the operation of the vehicle to continue driving and the external monitoring
are responsible to drivers, therefore, the level 2 or lower is categorized as the ADAS.

The AD system generally corresponds to systems with level 3 or higher functions.
A major difference between the level 3 or higher and the level 2 or lower is that
systems have responsibility to the OEDR for the level 3 or higher whereas driver
has responsibility to that for the level 2 or lower. However, even in the level 3, the
driver is required “fallback-ready” which means that diver has to response to a request
for delegation of operation from the system and operate the vehicle. For example,
following cases are assumed: when the system cannot continue designed operation
because sensor performance degrades significantly due to environmental conditions
or when the system is broken. According to the above definition, the AD system of
the autonomous driving bus demonstrated in Singapore described in Section 1.2.2 is
categorized in the level 3, since it requires the emergency response staff. Moreover,
the ODD (Operational Design Domain) where the AD system is available is limited in
the level 3. For example, a traffic jam assistance which can be used on highways and
in low speed range is classified as the level 3.

Contrary to the level 3, the word “driver” disappears from the definition and is
described as “user” in level 4 or higher. The definition indicates that passengers are
not expected to operate the vehicle while the system operates that. Moreover, it is
allowed the case that all passengers do not have driver’s license. In the level 4 or
higher, vehicles without brake pedal, accelerator pedal, and steering wheel are also
assumed. However, the ODD is still limited in the level 4. An AD system which can
perform anytime and anywhere is categorized in level 5. Since the experiments on the
truck platooning described in Section 1.2.3 were carried out in a limited area such as
highways, the AD system for them corresponds to the level 4.

1.3.2 Regulations on ADAS and AD systems

Next, | describe the laws and regulations on the ADAS and AD systems. The safety
standards for the AD system in Japan assumed to be the level 3 and 4 are stipulated
by the amended Road Traffic Vehicle Act, which was established in May 2019. Since
the AD system is being developed globally, international coordination, such as har-
monization of vehicle standards and mutual recognition of certifications, is required.
For example, by establishing a system to legislate and mutually authenticate the same
automobile standards in country A and country B, if vehicles that passed certification
in country A are exported to country B, the acquisition of a new certification to the
vehicles in the country B will not be required. Thus, the international coordination
can reduce distribution costs and shorten distribution periods.

The activities of the international cooperation on automobiles are conducted at the
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UNECE (United Nations Economic Commission) [1.18], and the standards are being
examined by a working party WP. 29 in the UNECE. For example, for the AEBS, the
basic plan was agreed upon in WP. 29 in June 2019 and was issued as an international
standard in January 2020. Under the agreement of this basic plan, the mandate of the
AEBS for new vehicles in Japan will be enforced in 2021.

A required sensor detection area for AD is shown in Fig. 1.5 as an example of the
requirements for an AD system discussed in the UNECE [1.19]. The required detec-
tion ranges from an ego vehicle are 176 m or more in forward direction, 8 m or more
in lateral direction, and 113 m or more in backward direction. The detection range of
the front is a braking distance required to stop the ego vehicle behind a stopped vehicle
under a condition that an ego vehicle’s speed is 130 km/h and deceleration is3.7 m/s
The lateral sensing distance is the distance required for detecting vehicles or other
objects such as motor bicycles in adjacent lanes. The detection range of the rear is
defined by assuming following scenario: a vehicle with the speed of 130 km/h which
is approaching from the rear side in the adjacent lane can travel without collision and
with reasonable deceleration when the ego vehicle with the speed of 60 km/h changes
lanes from current lane to the adjacent lane. The UNECE defines requirements for
the AD system and performance standards such as braking distances and those are
legislated in each country.

1.3.3 Assessments for ADAS and AD systems

In parallel with the legislation described in the previous section, assessments that eval-
uate safety of automobiles have also begun to be common. New Car Assessment Pro-
gramme (NCAP) has been launched in the North America since 1979 and introduced
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Fig. 1.6. (a) Test protocol for AEBS to avoid collision with adult pedestrian running
across the road and (b) required sensing area.

in Europe [1.20], Japan [1.21], Asia [1.22], and other countries around the world. In
the NCAP, safe performance of a new vehicle is evaluated by the number of stars up to
five based on test results of defined protocols. The international standards prescribed
by the UNECE are legal and must be complied with in all new vehicles. Contrary
to the standards, the NCAP is an evaluation criterion for safety and is not obliged to
do so, but it is used as an authoritative result for the promotion of safety to end users
in order to improve sales volume. In fact, the NCAP evaluation results are posted
on the home page of each NCAP institution and are used for the selling point of car
manufacturers.

As an example, Fig. 1.6(a) shows a test protocol for an AEBS to avoid collision
with an adult pedestrian running across the road defined in the Euro NCAP. In the
test protocol, the speed of an ego vehicle is changed from 20 to 60 km/h and that of
the pedestrian is 8 km/h. The condition “impact position for 50%” means that the
ego vehicle and pedestrian collide at the front-center of the ego vehicle if the AEBS
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is not enough to avoid the collision. Fig. 1.6(b) shows the required sensing area in
order to support the test protocol shown in Fig. 1.6(a), where a sensor is equipped
at the front-center of the ego vehicle. As shown in the figure, sensors equipped for
a forward sensing are required a wide field-of-view (FOV) of abhbRP degrees in

a short range of about 5 m whereas those are required a narrow FOV of-a8out
degrees in a middle range of about 28 m. Thus, a sensing system which has such wide
FOV is required to support the NCAP. (The FOV and detection range depend on the
equipped position of the sensors in the ego vehicle, a delay time between detecting
a pedestrian and starting braking, and delay of braking due to the weight of the ego
vehicle.)

The test protocols of the Euro NCAP had been limited in use-cases when the ego
vehicle drives on the street until 2018. However, the ODD will be expanded to junc-
tions from 2020. Moreover, the test conditions will be expanded from daytime to night
in the future. Therefore, further technologies on the ADAS and AD systems will be
needed to meet requirements of the NCAP.

1.4 Sensor configurations and part of radars in ADAS
and AD systems

To comply with laws and regulations and to obtain a high score in such a test protocol
defined in the NCAP, vehicles should be equipped with various sensors. In this section,
| explain a sensor configuration for vehicles with the ADAS or AD systems based on
characteristics of each sensor. | also describe purpose to apply millimeter-wave radars
to the vehicles.

Cameras [1.23], millimeter-wave radars [1.24], LIDARSs [1.25], and sonars [1.26]
are generally used for the ADAS and AD systems. Table 1.2 shows the comparison of
the detection characteristics and price of each sensor. The characteristics and prices
are evaluated relatively among sensors in each item, basing on the following four
stages; Excellent, Good, Fair, and Poor. Here, since the results are based only a relative
evaluation between sensors, a sensor can be used to the ADAS and AD systems if its
performance is sufficient for functional requirements of the systems. Therefore, the
evaluation results do not indicate the applicability of the sensors to the ADAS and AD
systems.

A camera commonly has a long detection range and high spatial resolution while it
has a fair detection range accuracy (detection range accuracy decreases as the distance
to a target increases) due to its principle of operation. On the contrary, a millimeter-
wave radar which is commercially available has a long detection range and high de-
tection range accuracy while it has a fair spatial resolution due to its principle of
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Table 1.2. Comparison of the detection characteristics and price of sensors.

Camera .
Monocular / Stereo NERED e SRV
Detection Range Good Excellent Fair Poor
Detection Range Fair / Good Excellent Excellent Poor
Accuracy
Velocity Detection Fair / Good Excellent Good Poor
Accuracy
Spatial Resolution Good Fair Good Poor
Classification Excellent Poor Good Poor
E hicle Velocit Good Good Good Fair
go-venicie Velocity (Whole speed range)| (Whole speed range) | (Whole speed range) (Low speed)
. Fair Poor .
Environment . } Fair
Condition (weak to rain, snow, Good (weak to rain, snow, (weak to wind)
fog, back-light etc.) fog, back-light etc.)
Time Zone qur Good Good Good
(at night)
Price Good / Fair Good Poor Excellent

operation. Moreover, the camera can identify whether the detected object is a per-
son, car, bicycle, and so on; however, the detection performance degrades under harsh
weather conditions (such as heavy rain, snow, and fog) and depends on the brightness
of the environment (such as darkness and backlight). Contrary to the camera, the radar
commonly has a poor classification performance; however, the detection performance
does not degrade due to such environments of the ego vehicle.

A LiDAR generally has a high detection range accuracy, high spatial resolution,
and good classification performance (the performances mainly depend on the num-
ber of layers in the LIDAR). The detection performance does not degrade in a dark;
however, it degrades in the condition of rain and snow. A sonar has a short detec-
tion range and poor spatial resolution. The detection performance degrades due to the
wind, therefore, the sonar can be applied when the speed of the ego vehicle is slow.
However, the price of the sonar is much smaller than other sensors, therefore, it is
commonly used for a parking support system.

As described above, since the sensors have advantages and disadvantages, it is
significant to improve the performance of peripheral sensing of the ego vehicle by
combining the sensors with a complementary relationship in the ADAS and AD sys-
tems.

Fig. 1.7 shows an example of a sensor configuration in a vehicle with the ADAS
or AD systems. The right direction is the front direction of the ego vehicle in the fig-
ure. The peripheral sensors consist of a long-range radar (LRR), meddle-range radars
(MRRs), front camera, multi-view cameras, electronic mirrors, LIDAR, and sonars.
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Fig. 1.7. Example of sensor configuration in vehicle with ADAS or AD systems.

Here, LRRs and MRRs commonly have detection range of about 200 and 100 m, re-
spectively. The sensor configuration and its detection range and angle are optimized
by functions required from the regulations of the UNECE, levels of driving automation
defined by the SAE, test protocols of the NCAP, and safety performances in practical
use. Therefore, the front camera only, front MRR only, or LRR only configurations
are also conceivable in order to realize the function of ACC (Automatic Cruise Con-
trol) and AEBS at the level 1, since the functions requires sensing capability only in
the front direction of the ego vehicle. However, since the system has responsibility
for peripheral monitoring and correspondence in the level 3 or higher as described
in Section 1.3.1, a redundant system is required, in which important areas to operate
the ADAS or AD systems are detected by multiple sensors. In the sensor configura-
tion shown in Fig. 1.7, the front sensing system has quadruple system with the front
camera, LRR, MRRs, and LIDAR, and the front-side sensing system has triple system
with the front camera, MRRs, and LiDAR.

As shown in Fig. 1.7, millimeter-wave radars are often used in combination with
cameras because of their complementary performance on detection range accuracy,
special resolution, classification performance, and robustness against the environmen-
tal conditions. In particular, since the ADAS and AD systems are required to work
at any time and in any environmental conditions, the millimeter-wave radar is a key
sensor for the systems. For example, in snowy roads where lane markers and road
edge are unclear, a technique for detecting the position of the snow pole installed at
the roadside by using a millimeter-wave radar has been studied in order to recognize
a drivable area [1.27].
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According to the above discussions in Sections 1.3 to 1.4, the required area of
peripheral sensing is determined by requirements of needed function to comply with
laws and regulations and to obtain a high score in such a test protocol defined in the
NCAP. Commonly used sensors include cameras, millimeter-wave radars, LiDARS,
and sonars. Although millimeter-wave radars have poor object classification perfor-
mance, they have robust sensitivity under conditions such as rain, snow, fog, and
bright sunlight in which camera performance is degraded. Thereby, millimeter-wave
radar sensing is necessary to achieve robust sensing for the ADAS and AD systems.
In the next section, | will outline a regulation, operation principle, and configuration
of millimeter-wave radars.

1.5 Automotive millimeter-wave radars

In this section, first, | explain lows and regulations on millimeter-waves radars for au-
tomotive applications. Next, a principle of operation and configuration of millimeter-
waves radars are described as a background of this study. Finally, a dual-range dual-
FQOV radar is introduced, which is focused on this dissertation.

1.5.1 Regulation on millimeter-wave radars

Since millimeter-wave radars use radio waves, they have to meet the frequency band
and emitted power prescribed by the Radio Act in each country. Table 1.3 summarizes
the frequency bands and applications used in the current millimeter-wave radars for
automotive applications [1.12]. The frequency band of 24-GHz, 76-GHz, and 79-GHz
are commonly used at the timing of writing.

The 24-GHz band was used by an ultra wide-band (UWB) radar that could use
up to the 26-GHz band and that was commercialized in Japan in 2010. However,
the 24-GHz UWB (21.65 to 26.65 GHz) was abolished in 2013 in Europe. Currently
only the 24-GHz narrowband (24.05 to 24.25 GHz) is available [1.12]. Moreover, an
equivalent isotropically radiated power (EIRP) from a transmitter (Tx) antenna of a
radar is limited to a low value 0+41.3 dBm/MHz. Thus, radars with the 24-GHz
band are used for sensing applications around the ego vehicle, which do not require
a high spatial resolution and detection performance for objects with a low radar cross
section (RCS) such as pedestrians.

The 77-GHz band was assigned to automotive applications in Japan in 1999. Since
the limitation of the EIRP has a large value of 50 dBm (average), the band is used as
LRRs or MRRs, where LRRs have the long detection range (200 m or more) and
narrow FOV and MRRs have the detection range of about 100 m and wide FOV up to
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Table 1.3. Regulated frequency band and radiated power for millimeter-wave radars
and their uses.

Band Frequency [GHz] EIRP Use
EU | 24.0~24.25 | EU -41.3 dBm/MHz
-61.3 dBm/MHz Short and middle-range radar to detect
24 GHz | NA | 23.12~29.0 | NA (23.6~24 GHz) |[mainly vehicle within about 30 m in front
-41.3 dBm/MHz (other) and rear of ego vehicle.
JP | 24.05~24.25 | JP -41.3 dBm/MHz
EU Average 50 dBm
76.0~77.0 Peak 55 dBm - Middle-range radar to detect objects
' ' Average 50 dBm at 3 m (vehicle, pedestrian, cyclist etc.) within
77 GHz NA | baak 50 dBm at 3 m about 100 m around ego vehicle.
- Long-range radar to detect objects
76.0~77.0 10 dBm at feed point more than 200 m ahead.
800 MHz innormal | JP | Antenna gain: Max. 40 dB
EU Average -3dBm/MHz
Peak 55 dBm Short and middle-range radar to detect
79 GHz 77.0~81.0 NA Average 50 dBm small objects with high resolution within
Peak 50 dBm about 100 m around ego vehicle.
JP 10 dBm at feed point

150 degrees [1.28]. The spatial resolution (especially range resolution) of radars with
the 77-GHz band is higher than that of radars with 24-GHz band because the former
radars can use wider frequency bandwidth. Therefore, the radars with the 77-GHz
band can be applied to detect smaller objects than vehicles, such as pedestrians.

It should be noted that an input power at the feed point of antenna is limited to 10
dBm or less in Japan, whereas the 77-GHz band is allowed to have the EIRP of 50
dBm in Europe and North America.

While the 77-GHz band is allowed to use frequency bandwidth 500 MHz in Japan,
the 79-GHz band can use a bandwidth of 4 GHz. Therefore, it is possible to improve
the range resolution compared with the 77-GHz band [1.29]. For example, vehicles
and pedestrians can be detected by separating even in places where the vehicle and
pedestrians crowded such as a parking area. Thus, MRRs with the 24-GHz and 77-
GHz band will be replaced by those with 79-GHz band in the future.

In addition, the 60-GHz band has also been assigned in 1995 to a vehicle appli-
cation in Japan, which is not listed in Table 1.3. However, the 60-GHz band is not
currently used as the radars for the peripheral sensing because of following two rea-
sons: the band is not assigned to radars for peripheral sensing in Europe and North
America, and the band has a problem that a detection of targets at long distance is
difficult due to the attenuation of electric-wave by the air (oxygen molecules). How-
ever, the 60-GHz band has advantage that the electric-wave with 60-GHz band has
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less influence on other wireless devices due to the large attenuation by the air. Thus,
the band is expected to use as a passenger monitoring sensor in the cabin of the ego
vehicle by taking advantage of the feature [1.30], such as “Child Presence Detection”
which is a test protocol in the Euro NCAP that will be implemented from 2022.

In this study, millimeter-wave radars using the 77-GHz band is focused because
the targeted dual-range dual-FOV radars should have long-range detection as detailed
in Section 1.5.4.

1.5.2 Operation principle of millimeter-wave radars

This section outlines an operation principle of millimeter-wave radars for automotive
applications, regarding a range, velocity, and angular detections.

First, | explain an operation principle to detect range and velocity of a target.
The millimeter-wave radars mainly use the frequency modulated continuous wave
(FMCW) [1.31], fast chirp [1.32], or 2-frequency CW [1.31] as a modulation method
for transmitting waves. In this section, the FMCW is applied as an example.

Fig. 1.8 shows (@) a circuit configuration, and (b) transmitted and received wave-
forms of an FMCW millimeter-wave radar. As shown in Fig. 1.8, a transmission
antenna radiates an electric-wave with the center frequénapd modulation band-
width 2A f, and a receiver (Rx) antenna receives a reflected wave from a target at
the distancd.. The center frequency of the received signal becorjes f, by the
Doppler shift corresponding to the target speedHere, f, is called the Doppler fre-
guency. The received signal is down-converted to a signal with a kHz order frequency
by multiplying the received signal and partial of the transmitted signal in a mixer. The
down-converted signal is called a beat signal because the signal has periodicity and its
shape is rectangular as shown in the lower side of Fig. 1.8(b).

In the upper side of Fig. 1.8(b), the solid and dashed lines are the waveform of the
transmitted and received signals, respectively. In the figliie,a modulation period
of the transmitted signal andis the speed of light. The waveform of the received

signal shifts% in the time direction compared with that of the transmitted signal.
The waveforr% of the received signal also shiffsin the frequency direction by the
Doppler shift. The frequencies of the beat sigfigl and fz, shown in the lower side

of Fig. 1.8(b) are represented by the following equations.

4foL

fB1 = T Ja (1.1)
4foL
B2 = f% + fa (1.2)
The Doppler frequency, is described by the following equation.
2
£, = 2o (1.3)

C
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Therefore, the distanck and speed of the target are obtained from the equations

fo-Af~fo+Af  Voltage controlled oscillator
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A
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AV \/ \/_\/: Time

(b)

Fig. 1.8. Operation principle of millimeter-wave radar to detect range and velocity
of target.

(1.1) to (1.3) and are expressed as follows:

L= g (Jon + fo) (1.9)
v= g7 Um = fm) (L.5)

These equations indicate that the distance and speed of the target can be provided
by measuring the voltages corresponding to the frequerfgieand fz, of the beat
signal.

Maximum detection rangé,... is represented by the following Fisher’s equation
[1.31]. Here,P, is a power at the feed point of the Tx antenGaandG, are antenna
gains of the Tx and Rx antennas, respectivély,;, iS a minimum receivable power,
o is an RCS of the target, ang is the wavelength in the free space.

2 11
PthG,,«/\OO':| (16)

Lmax = |75 a5
|: (47T)3P7'min
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Fig. 1.9. DOA estimation by using phase-shifted monopulse method.

Next, | describe a method for direction of arrival (DOA) estimation as an angular
detection of millimeter-wave radars. The phase-shifted monopulse method [1.33] and
MUSIC (multiple signal classification) [1.34] are commonly used to the DOA esti-
mation. Here, | explain the DOA estimation by using the phase-shifted monopulse
method, which was applied in this study. In the phase-shifted monopulse method, the
DOA estimation is done by comparing the phase difference of the received signals of
Rx antennas. An arrangement of the Rx antennas is illustrated in Fig. 1.9.

Here, two channels Chl and Ch2 are arranged symmetrically with the central axis
indicated by the dashed line in the figure, and each channel is composed of two an-
tennas. The voltage amplitudes of the received signal in the Rx antennas are 1 and A
when the phase of the received signal in the Rx antennas are the same in each chan-
nel. d; andd, are distances between the Rx antennas and the central axig,isnd
an arrival angle of the received signal. Since the received signal pBwefr Chl is
described

P; = Aexp (j2mda Ao sin 0) + exp (j27di A\g sin 6), (1.7)

the phase anglg, of the received signal of Ch1l is provided by the following equation:

Asina +sin 8

tan g1 = Acosa + cos 3 (1.8)
wherea and are defined by the following equations:
a = 2mdaAgsin€, [ = 2mwdiAgsinf (1.9)

Similarly to the Ch1, the received signal powey of Ch2 is obtained by the fol-

lowing equation:
Asina + sin 3

tan ¢y = —
an g2 Acosa + cos 3

(1.10)
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Therefore, the phase difference between received signals in Chl and Ch2 is described

as follow: ) )
_, Asina +sin 8

Acosa + cos 3
The DOA estimation can be done by measuring the phase difference between re-
ceived signals¢s — ¢1) and calculating by using the equations (1.9) and (1.11).

¢2 — ¢1 = —2tan (1.11)

1.5.3 Configuration of millimeter-wave radars

| explain a general configuration of a millimeter-wave radar using the 77-GHz band in
this section. Fig. 1.10 shows a circuit block diagram and hardware configuration of the
millimeter-wave radar. The millimeter-wave radar consists of a front-end module and
back-end circuit. The front-end module mainly consists of a Tx and Rx antennas and a
transceiver circuit implemented in monolithic microwave integrated circuits (MMICS)
[1.35-1.37], which work in the 77-GHz band. The modulation and demodulation
circuits for generating the modulation signal and beat signal described in Section 1.8
are also integrated on the front-end module. A VCO (Moltage Controlled Oscillator)
which generates transmission frequengy) (s also mounted on the front-end module.
The back-end circuit mainly consists of a signal processor, voltage source, and CAN
(Controller Area Network) adapter, which are operated at frequencies below MHz.

In this study, the front-end module was focused considering a high performance,
downsizing, productivity, and cost reduction.

Back-end circuit RF front-end module
(handle MHz-order)| | (works in 77 GHz-band)
Tx
Antenna
Signal >| MOD > }
processor (€ DeMOD
T ‘l’ 1\ Eﬁtennas
VCO RF
CPU Transceiver
Detected <€ CAN circuit
results (MMIC)
Ego vehicle __E adapter
data (velocity) j
Battery ——)I Source | TCXO
(12Vv)

Fig. 1.10. Configuration of millimeter-wave radar using 77-GHz band.
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1.5.4 Dual-range dual-FOV radars

Millimeter-wave radars for automotive applications are commonly categorized on the
basis of their detection range: LRR, MRR, and short-range radar (SRR) as described
in Section 1.4 [1.28]. LRR is usually used to detect obstacles at distances over 200
m in front of the ego vehicle for applications such as pre-crash warning and adaptive
cruise control. MRR is usually used to detect objects around the ego vehicle within
about a 100-meter range, so MRR requires a wider FOV than LRR. For example, the
FOV of more thant-22 degrees is required to meet the protocol in the Euro NCAP
illustrated in Fig. 1.6(a). SRR is used to detect objects around the ego vehicle to
cover blind spots in the MRR coverage so as to provide a radar cocoon around the
ego vehicle. Each type of radar is commonly produced separately; now, however, a
new type of radar that covers both the LRR and MRR detection areas [1.38] using the
77-GHz band is needed to obtain more redundant sensing in front of the ego vehicle.

Fig. 1.11 shows an example of the detection area required for a dual-range dual-
FOV radar: an azimuth beamwidth #f7.5~10 or more degrees in LRR-mode (long-
range detection with narrow FOV), one-685 or more degrees in MRR-mode (middle-
range detection with wide FOV), and an elevation beamwidth~of br less degrees
in both modes.

A radiation pattern needed to attain the target gains for the Tx antennas for LRR-
and MRR-modes is shown in Fig. 1.12. The target gains in this study are 21 dBi at
boresight for LRR-mode and 15 dBi or more within azimuth angles85 degrees
for MRR-mode to obtain the detection areas shown in Fig. 1.11. The antenna gain at
azimuth angles of-35 degrees needed to achieve a detection range of 100 m was de-
rived from the gain at boresight needed to achieve a detection range of 200 m by using
the Fisher’'s equation (1.6). The detection range in MRR-mode is half that in LRR-
mode, so the difference in antenna gain between at azimuth angte&bategrees for
MRR-mode and at boresight in LRR-mode should be 6 dB or less, when common Rx
antennas are used for both modes. Switching between the narrow-beamwidth and the
wide-beamwidth antenna was assumed to be done in accordance with the mode.
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Fig. 1.11. Example of required detection area for front-facing dual-range dual-FOV
radar on vehicle equipped with ADAS or AD systems: azimuth FOV (top) and eleva-
tion FOV (bottom).
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Fig. 1.12. Radiation pattern for Tx antenna needed to achieve detection area for
dual-range dual-FOV radar shown in Fig. 1.11.
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1.6 Summary
The key points of this chapter are as follows:

e ADAS and AD systems are expected to solve social issues such as reduction of
traffic accidents, providing transport system in rural areas, measures to a decline
in the working-age population, and reduction of environmental impact, which
meet the targets defined in the SDGs.

e Standardization and regulatory legislation for the ADAS and AD systems on
a global scale are being promoted. Laws and regulations are discussed in the
UNECE, and assessment criteria are defined in the NCAP in each region.

e A required area of peripheral sensing is determined by requirements of needed
function to comply with laws and regulations and to obtain a high score in such
assessment criteria defined in the NCAP.

¢ While millimeter-wave radars have poor object classification performance, they
have robust sensitivity under conditions such as rain, snow, fog, and bright sun-
light in which performance of cameras or LiDARs is degraded. Thus, the radars
are necessary to achieve robust sensing for the ADAS and AD systems.

e Adual-range dual FOV radar which has both narrow FOV at a long-range detec-
tion and wide FOV at a middle-range detection is newly required to obtain more
redundant sensing in front of the ego vehicle, which uses the 77-GHz band.
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Chapter 2

Issues on Antennas for Automotive
Millimeter-wave Radars

2.1 Introduction

Issues on millimeter-wave radars for automotive applications, especially on dual-range
dual-FOV radars, and those on a front-end module and antennas in the dual-range
dual-FOV radars are explained in this chapter. First, the issues on the dual-range dual-
FOV radars are introduced and broke down to technical issues on components which
consist of a front-end module for the radars in Section 2.2. Next, a preferable structure,
technologies for integration structure of the front-end module, and the technical issues
are explained and in Section 2.3. Then, technologies on antennas, peripheral elements,
and architectures of the radars in previous works and their problems to realize the
dual-range dual-FOV radars are described and discussed in Sections 2.4 and 2.5. The
issues of the front-end module, antennas, and peripheral technologies are summarized
in Section 2.6. Finally, an approach and outline of this dissertation are described in
Section 2.7.

2.2 Issues on dual-range dual-FOV radars, front-end
modules, and antennas

A front-facing dual-range dual-FOV radar equipped on vehicles with the ADAS or
AD systems requires to detect objects at distance over 200 m in front of the vehicles
and also requires a wide FOV af35 degrees or more in MRR-mode as described

in Section 1.5.4. The above targets are not only vehicles and trucks which have a
large RCS but also pedestrians and falling objects on the road which have lower RCS
than vehicles. Moreover, the dual-range dual-FOV radar is typically installed behind
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Issues on radars Issues on front-end module and antennas

Improve detection performance (1) Improve antenna gain
* Obstacles at a distance,

(2) Reduce insertion loss of feed line
pedestrians with low RCS etc.

Perpose Tx: Enlarge output power
Rx: Improve signal-to-noise ratio

(3) Downsize module substrate
* Reduce amount to use expensive materials

Reduce face area and costs
* Improved mountability

(4) Reduce height of antenna

* Downsizing of radar sensor by reducing
height of horn

Reduce depth
* Improved mountability

(5) Enlarge antenna isolation
* Downsizing by high-density integration of
antennas

(6) New antenna with wide beamwidth
(include Tx architecture)
* Reduce gain degradation at beam edge
* Reduce size and cost (material, heatsink etc.)
* Use of discrete MMIC

Dual-range and dual-FOV
* Long-range and narrow FOV
* Middle-range and wide FOV

(7) DOA estimation and antenna
configuration
* MUSIC, MIMO

Improve angular resolution
* Ghost reduction of guard rail

(8) UWB radar using 79-GHz band
* Widen bandwidth of antenna

Improve range resolution
* Detection of curb stone

3y 38 ¥ 33 ¥

Fig. 2.1. Issues on dual-range dual-FOV radar, front-end module, and antennas.

the front bumper, the front grill, or an emblem on the front grill so as not to disturb
the vehicle design. Therefore, a small housing especially with a small face area are
required for the dual-range dual-FOV radar. In addition to the small face, a small depth
is also required to install the dual-range dual-FOV radar to compact cars. Another
consideration is the cost of materials and fabrication, which is an important issue in
mass production.

To meet these requirements, it is important to achieve a high antenna gain, low
feed-line loss, and high antenna isolation, while downsizing a front-end module com-
posed of antennas and MMICs. Moreover, it is also important to provide a wide
beamwidth in a middle-range detection by using the same antenna structure for a
long-range detection. Furthermore, higher spatial resolution is expected to the dual-
range dual-FOV radar in order to reduce a ghost caused by the reflected signal from
guard rails as a multipath signal [2.1] and recognize a drivable area by detecting curb
stones [2.2]. The issues on the front-end module and antennas are detailed by using
Fig. 2.1.

The left side and right side of Fig. 2.1 show the issues on the dual-range dual-FOV
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radar and those of the front-end module and antennas in the radar, respectively. To im-
prove detection performance of the radar, it is important to improve an antenna gain
because an input power of the Tx antenna is limited to 10 dBm or less as described in
Table 1.3. Reduction of insertion loss of feed lines for the antennas is also required
to reduce an output power from the Tx MMIC because it is limited due to charac-
teristics of semi-conductor devices (such as break-down voltage) and heat dissipation
structure. Regarding Rx, reduction of insertion loss of feed lines for the antennas is
also necessary to extend a detection range of the radar, since the minimum receivable
power P,,;, in the equation (1.6) becomes small as the insertion loss is reduced.

Downsizing of a substrate of the front-end module is required to reduce the face
area and costs of the radar because the face area of the current radars for automotive
applications mainly depends on the size of the front-end module substrate. In addi-
tion, reducing the size of the front-end module substrate and applying a mono-layer
substrate with a low dielectric loss tangetii()) are effective ways to reduce ma-
terial cost because the substrate requires expensive materials and a special method of
production for millimeter-wave applications. Reduction of the height of the antennas
is also needed to reduce the depth of the radar. However, reduction of the depth of
the radar is less important than the face area since the dual-range dual-FOV radar is
usually installed in areas behind the bumper or emblems on the front grill, which have
a depth of several centimeters.

To reduce the face area, a high antenna isolation is also required because the face
area can be reduced by integrating the Tx and Rx antennas without a gap between
output-apertures of the antennas. Since, in the phase-shifted monopulse method, the
DOA estimation is done by comparing the phase difference of the received signals of
Rx antennas as described in Section 1.5.2, a high isolation between the Rx antennas is
required. However, the isolation degrades as shortening the gap of the output-apertures
of the Rx antennas.

The dual-range dual-FOV radar requires the wide FOV in the middle-range detec-
tion, therefore, new technigues to widen beamwidth of the Tx antenna or new tech-
nique to sweep the beam of the antennas are required. To widen the beamwidth, it is
necessary to reduce an antenna gain degradation at a large azimuth angle compared
with boresight or beam-nose. Reductions of antenna substrate size and cost are also
required. In addition, it is important to realize the radar with the antennas by using
commercially available MMICs, considering mass production. Moreover, a combin-
ability of the antennas is necessary where the antennas for MRR-mode (middle-range
detection and wide FOV) should have the same structure with those of LRR-mode
(long-range detection and narrow FOV) considering integration of the antennas into
the radar.
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In order to improve a spatial resolution of the radar, new technologies for the DOA
estimation, such as MUSIC and MIMO (Multi Input Multi Output) [2.3], and using
the 79-GHz band are required.

In this study, | focused on the issues (1) to (6) shown in Fig. 2.1 which relate to
technologies for the structure or configuration of the front-end module and antennas.
In the next three sections, | will introduce technologies reported in previous works
and discuss their problems. First, | describe structures of front-end modules and pro-
pose a preferable structure. Next, technologies and issues on antennas and peripheral
elements in previous works to improve an antenna gain and isolation are explained.
Then, technologies and issues to widen FOV are introduced. Finally, the key points of
the technologies and issues are summarized.

2.3 Structures of front-end modules and their issues

First, a preferable structure of a front-end module for a dual-range dual-FOV radar is
discussed in this section, considering following two aspects: reduction of an insertion
loss of feed line and reduction of material cost.

Two structures for integrating the antenna and MMICs in a millimeter-wave radar
are illustrated in Fig. 2.2. In the conventional structure (hereafter structure (a)), the
antenna and MMICs are mounted on opposite sides of the substrate [2.4] and are
connected with quasi-coaxial in the substrates and coaxial or waveguides in the base
plate. In the structure with a mono-layer substrate with atlaws and a low-cost FR-

4 substrate (hereafter structure (b)), which was recently developed, the antenna and
MMICs are integrated on the same surface [1.28] and are connected with a microstrip
line. Structure (a) has a benefit of independent modification and a wide selection of
materials for the antennas and radio frequency (RF) circuits because they are inte-
grated on different substrates. In addition, using structure (a) reduces the size of the
front-end module substrate because the MMICs are mounted on opposite sides of the
antennas. However, structure (a) requires a transitions between microstrip line and the
guasi-coaxial whose insertion loss is 2 dB [2.4] adding to transmission lines such as a
microstrip line in order to connect the MMICs and antennas. A transition between a
microstrip line and waveguide with an insertion loss of 0.4 dB was also reported [2.5]
in order to connect microstrip lines integrated on the opposite surfaces each other by
using a waveguide instead of the quasi-coaxial. Structure (a) requires two transitions
integrated on each surface, therefore, total insertion loss of the transition becomes 4
or 0.8 dB by using the quasi-coaxial or waveguide, respectively. Contrary to structure
(a), the MMICs and antennas can be connected by only using the microstrip line in
structure (b) because the MMICs and antennas are integrated on the same surface of
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Fig. 2.2. Integration of antenna and MMICs for automotive radars: (a) conventional
structure; (b) structure with mono-layer front-end module substrate and low-cost resin
substrate.

the substrate. Therefore, the insertion loss of the feed line can be reduced by using
structure (b). In addition, structure (b) has higher robustness against production de-
viations such as frequency shift due to an etching error of the metallic patterns in the
substrate because degradation of the insertion loss caused by the etching error for the
microstrip line is smaller than the transitions.

Moreover, applying a mono-layer substrate with a low ¢ is effective way to
reduce costs of the front-end module because a substrate withtal@whas higher
material and manufacturing costs than common resin substrates such as FR-4 sub-
strates. However, structure (a) requires multi-layer substrate with thealowfor RF
circuit substrate to reduce the insertion loss of the quasi-coaxial or post-wall waveg-
uides. The amount of material to build up multi-layer substrate increases as increasing
the number of layers. Therefore, the material cost of structure (a) becomes higher than
that of structure (b) even if the mounting areas of each structure are the same. Fur-
thermore, structure (b) can integrate back-end circuits which mainly consist of signal
processors and power supplies on the bottom side of the FR-4 substrate, whereas ad-
ditional substrate is required in structure (a). Therefore, structure (b) can reduce total
costs of the substrates for the front-end module and back-end circuits in the dual-range
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dual-FOV radar.

In short, structure (b) is better than structure (a) with respect to the insertion loss,
robustness against production deviations, and material cost. However, the antenna
substrate in structure (b) is larger than that in structure (a). Thus, an antenna structure
based on structure (b) with small antenna substrate is required, while keeping a high
antenna gain.

2.4 Antennas, peripheral technologies, and their issues

Next, previous works on antennas and peripheral technologies for millimeter-wave
applications and their issues are described and discussed in this section. First, | de-
scribe antenna technologies to improve an antenna gain and peripheral technologies
about feeding elements. Next, technologies to achieve a high antenna isolation are
explained.

2.4.1 Array antennas fed by post-wall waveguides

Various antenna structures have been investigated for radars in automotive applica-
tions. Structures with post-wall waveguides as their feed elements provide a high
antenna gain due to the reduced insertion loss of the feed elements [2.6—2.8], where
slot, patch array, or cavity resonator are used as their radiation elements. Main perfor-
mances of the reported antennas are listed in Table 2.1.

A pair-slot array antenna with a post-wall waveguide for automotive applications
was reported [2.6], which consisted of four sub-arrays in which 19 pair-slot were fed
by using the post-wall waveguide integrated in an antenna substrate. PTFE (Poly Tetra
Fluoro Ethylene) was used as the material of the substrate. The measured insertion
loss of the post-wall waveguide was 0.20 dB/cm. The antenna had an antenna gain of
24.4 dBi and aperture efficiency of 67% at 76.5 GHz where the aperture size was 55
x 9.2 mm.

A microstrip patch array antenna with a post-wall waveguide as a feed line using
a low temperature co-fired ceramics (LTCC) substrate was reported [2.7]. The mea-
sured results of the antenna showed that an antenna gain was 13 dBi and a half-power
beamwidth (HPBW) was 7 degrees or less in E-plane at 77 to 81 GHz. The antenna
consisted of 12 layers of ceramic tapes and had the size of28.2 mm.

Bauer et al. [2.8] presented a planar array antenna for LRRs, which used a ceramic-
filled cavity resonator and a post-wall waveguide in an LTCC. The antenna provided
an antenna gain of 13.2 dBi, efficiency of 65%, and HPBWs of 13 and 100 degrees
in E- and H-planes, respectively, at 79 GHz. The fabricated antenna was fed by using
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Table 2.1. Main performances of array antennas fed by post-wall waveguides in
previous works.

ltem | 26 | [2.7] | [2.8] |
Radiation element| Pair-slot array| Microstrip patch array Cavity resonator
Frequency band 77 GHz 79 GHz 79 GHz
Antenna gain 24.4 dBi 13 dBi 13.2 dBi
Aperture efficiency 67% N.A. 65%
E-plane N.A. <7° 13
HPBW
H-plane N.A. N.A. 1000
Aperture size 55x 9.2 mm 28.3x 1.2 mm N.A.
Antenna
i 55x 9.2 mm 28.3x 1.2 mm N.A.
substrate size
Substrate materia PTFE LTCC LTCC
Results Measurement Measurement Measurement

WR-12 waveguide from the backside of the substrate.

However, the above antennas cannot be applied to a front-end module with a
mono-layer substrate but can be adapted to that in which the antenna and MMICs
are integrated on opposite sides of the substrate due to their feed structures. A tran-
sition to connect a microstrip line and post-wall waveguide was reported [2.9], which
can be used a configuration that has the MMICs and antennas on the same surface of
the front-end module substrate. However, the transition requires at least two layers in
the substrate which consist of a material with a lew . Thus, the transition can not
be applied to structure (b) with the mono-layer substrate.

According to the above discussion, the above antenna structures using post-wall
waveguides as their feed elements cannot be applied to a front-end module with the
mono-layer substrate, although the antennas have a high antenna gain and aperture
efficiency. Thereby, an antenna structure is required, which can be realized by using
the mono-layer substrate as well as can provide a high antenna gain.

2.4.2 Microstrip array antennas

Antenna structures with a mono-layer substrate which consisted of aalowhave
been reported. A series-fed microstrip patch array antenna [2.10-2.12] and comb-line
antenna [2.13-2.15] are commonly used in current radars for automotive applications.
Main performances of the reported antennas are listed in Table 2.2.

A series-fed microstrip patch array antenna for automotive LRRs was reported
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Table 2.2. Main performances of microstrip array antennas in previous works.

ltem | 12] | [2.13]
Antenna type Series-fed Series-fed Comb-line
Frequency band 77 GHz 77 GHz 77 GHz
Antenna gain 22.3 dBi ~20 dBi ~30 dBi 22.5 dBi
Aperture efficiency 19.4% ~40% ~30% 53%
H-plane 10° N.A. 4.¢
HPBW
E-plane 5.6 N.A. 26.3
Aperture size 47 x 19 mm N.A. 58.5x 7 mm
Antenna
) 47 x 19 mm N.A. 58.5x 7 mm
substrate size
er 3.2 N.A. 2.2
Substrate
tan § 0.004 N.A. 0.001
Results Measurement Estimation| Estimation| Measurement

[2.12], which consisted of 8 sub-arrays where each sub-array had 20 radiation ele-
ments. Rogers RO3003 was applied to the antenna substrate whose dielectric constant
e, andtan § were 3.2 and 0.004, respectively. The fabricated antenna had an antenna
gain of 22.3 dBi, aperture efficiency of 19.4%, and HPBWs of 5.6 and 10 degrees in
E- and H-planes, respectively, at 76.5 GHz. The aperture size of the antenna was 47
x 19 mm. lizuka et al. estimated an available aperture efficiency of the series-fed mi-
crostrip patch array antennas [2.13] that the efficiencies of about 40% and 30% would
be obtained when the targeted antenna gains were around 20 and 30 dBi, respectively,
using the 77-GHz band. The efficiency regrades as the targeted antenna gain increases
due to increasing of insertion losses of transmission lines, bend, and dividers.

A comb-line antenna for automotive radars using a substrate with a dielectric con-
stant of 2.2 andan ¢ of 0.001 was reported [2.13], which consisted of two linear
arrays with 37 radiating elements per one array. The antenna had an antenna gain
of 22.5 dBi and aperture efficiency of 53% at 76.5 GHz. HPBWSs were 4.0 and 26.3
degrees in H- and E-planes, respectively. The aperture size wax5Bf/Hm. The
comb-line antenna provided a high antenna gain and aperture efficiency. However, the
gain of the comb-line antenna is roughly in proportion to its aperture size, therefore,
the area of the antenna substrate must be increased in order to increase the antenna
gain to the level required. Moreover, an additional area to mount MMICs is required
when the planar antennas are used in the front-end module structure (b) described
in the previous section. Therefore, a new antenna structure is required to reduce the
substrate area considering an integration of the antennas and MMICs.
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Table 2.3. Main performances of antennas with dielectric lens in previous works.

ltem | [2.16] | [2.17] | [21g] |
Antenna tvpe MSA array Two MSAs Flat lens
yp and cylindrical lens| and parabolic lens and horn
Feed element Microstrip line Microstrip line Waveguide
Frequency band 77 GHz 77 GHz 71to 76 GHz
i MSA array ) )
Antenna gain 20.2 dBi 28.9 dBi
+1.5dB
Aperture efficiency N.A. N.A. 60%
H-plane ~20° 9° N.A.
HPBW
E-plane 4.5 N.A. N.A.
Aperture size 40 x 89.7 mm 875 mnt 42 x 42 mm
Antenna
) 40 x 89.7 mm 25x 44.5 mm —
substrate size
Antenna height N.A. 17.66 mm 37 mm
er N.A. 2.6 —
Substrate
tan § N.A. N.A. —
Lens material N.A. N.A. N.A.
Results Measurement Measurement Simulation

2.4.3 Antennas with dielectric lens

Antenna structures with microstrip antennas (MSAs) and dielectric lens that increase
the gain compared with that of the series-fed microstrip patch array antenna have been
reported [2.16, 2.17]. Other antenna structures with lens have also been investigated
[2.18]. Main performances of the reported antennas are listed in Table 2.3.

Wenig et al. [2.16] presented an antenna for automotive radars with a cylindrical
lens and microstrip patch array. The diameter and length of the lens were 40 mm and
23\ (corresponding to 89.7 mm at 76.5 GHz), respectively. The antenna provided 1.5
dB higher antenna gain than that the series-fed microstrip patch array antenna with two
sub-arrays where each sub-array consisted of 16 radiation elements at 76.5 GHz. A
—1.5 dB-beamwidth was 4.5 degrees in E-plane and that in H-plane was around 20
degrees (the value was not specified). The antenna could improve the antenna gain;
however, substrate required an area at least the same size as the output-aperture area
of the lens (40x 89.7 mm) to arrange a Tx and Rx antennas. The large size of the
antenna substrate is a problem of the antenna.

A dielectric lens antenna feeding with two MSAs for LRRs was reported [2.17].
The antenna had a peak antenna gain of 20.2 dBi and an HPBW of 9 degrees in H-
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plane in the 77-GHz band. Rogers RT/Duroid 5880 with a dielectric constant of 2.6
was used as the material of the antenna substrate and a dielectric material with the
dielectric constant of 3 was used for the lens. The diameter and height of the lens were
35 and 17.66 mm, respectively, and the substrate size was£285 mm. Although

the antenna has potential to reduce the size of antenna substrate because it consists of
two MSAs, the antenna has following problems: 1) the antenna requires large antenna
substrate to arrange a Tx and Rx antennas and 2) the radiation pattern will regrade if
the lenses for the Tx and Rx antennas are overlapped in order to reduce the substrate
size.

Another type of antenna with a pyramidal horn and flat lens was reported [2.18]
for 71 to 76 GHz band. The lens consisted of two dimensional periodic unit cells of
A2 periodicity and a phase correction of each unit cell were changed with respect
to the position of the unit cell in the lens. The height of the horn was 37 mm. The
antenna had a simulated gain of 28.9 dB and aperture efficiency of 60% at 72.5 GHz,
where the output-aperture size of the horn was<422 mm. The aperture efficiency
is higher than that of the comb-line antenna described in Section 2.4.2. However, the
antenna requires an additional horn-to-microstrip transition in order for it to be applied
to a mono-layer antenna substrate. Moreover, the structure of the lens is difficult to be
applied to mass production of automotive radars due to its complicated structure.

The key points of the above three types of antennas described in Sections 2.4.1 to
2.4.3 are as follows: Structures with a slot or microstrip array antenna with a post-
wall waveguide as their feed elements provide a high antenna gain due to the reduced
insertion loss of the feed elements; however, they cannot be applied to structure (b).

Contrary to the above antennas with waveguide feedings, the series-fed microstrip
patch array and comb-line antennas can be applied to structure (b). The comb-line
antenna with a high antenna gain and high aperture efficiency. However, the antenna
substrate becomes large due to the large aperture size of the antenna and an additional
area to mount MMICs, therefore, the material cost is still high.

To attain a high antenna gain, antennas with dielectric lens have been reported.
The antennas can also use structure (b); however, the antennas require a large an-
tenna substate when the antennas are arranged for a Tx and Rx in radars. Moreover,
the antenna with lens and horn provides a high antenna gain and aperture efficiency.
However, the reported lens horn antenna can be applied to structure (a) because it
was fed by a waveguide. Therefore, a transition between horn and microstrip line is
necessary to apply the lens horn antenna to a front-end module with structure (b).
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2.4.4 Horn-to-microstrip transition

To connect a lens horn antenna to a microstrip line, the author referred to the transi-
tions between the horn and microstrip line. Several transitions between a rectangular
waveguide and microstrip line have been reported, which applied a patch antenna
type [2.5,2.19], probe fed type [2.20], and slot coupled type [2.21] structures. How-
ever, these transitions connect the microstrip line to a rectangular waveguide integrated
on the opposite side of the substrate each other.

Topak et al. [2.22] presented a transition in which the waveguide was mounted on
the same side as the microstrip line by using a coplanar patch antenna. However, the
transition requires a narrow gap of @én between the feed line and ground pattern,
so itis hard to apply this transition to low-cost LRRs given the possible occurrence of
etching errors and transition misalignments during mass production.

Furthermore, designs for transitions with a high tolerance to problems such as
misalignment of the horn and antenna substrate due to mechanical deviation during
production have yet to be reported to the best of the author’'s knowledge. Misalignment
in a structure in which a microstrip line and rectangular waveguide were integrated
into opposite sides of the substrate has been investigated [2.5]. However, the optimum
structure for the transition for the horn to attain a high tolerance to misalignment
differs from that for a rectangular waveguide. Therefore, a new design method is also
required.

2.4.5 Antenna isolation

An antenna isolation is important for reducing the sizes of a substrate and projected
area of a front-end module while keeping the accuracy of DOA estimation in the
phase-shifted monopulse method [1.33] described in Section 1.5.2. Here, the pro-
jected area is the area of the module seen from the boresight, which should be small
to make the face of radars small. The required antenna isolations from Tx to Rx and
from Rx to Rx are greater than 40 and 20 dB, respectively, for FMCW radars [2.23].

While a few technologies have been reported for Tx-Rx antenna isolation for mi-
crostrip array antennas in millimeter-wave applications [2.24, 2.25], the isolation of
lens horn antennas has yet to be reported to the best of the author’s knowledge. There-
fore, investigation of lens horn antenna isolation is required to achieve high-density
integration of antennas arranged side-by-side without gap for a front-end module with
a small substrate and small projected area.
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2.5 Technologies to widen FOV and their issues

Digital beamforming (DBF) is well-known as a technology to widen FOV and extend
detection range of systems such as radars and communication systems, which were
applied to Rx of the systems [2.26,2.27]. However, it is hard to extend the detection
range at the edge of the FOV by using only DBF if the number of Rx channels is
limited in order to reduce costs (in particular, MMICs for Rx) of automotive radars
using the 77-GHz band.

Fig. 2.3 shows an example of a comb-line antenna array for an Rx with four chan-
nels using Rogers RO3003 with a dielectric constant of 3.2 as an antenna substrate and
the 77-GHz band. The length of radiation elements is abgi2twhere), is a wave-
length on the microstrip line\; ~ \y/,/e,), and the radiation elements are arranged
with space of abouk,/2. Since the distance between each channel is desigyi2do
avoid grating lobes within an angle &f90 degrees in:z-plane, one array of antenna
is assigned to each channel. Therefore, an antenna gain of one channel becomes small,
so that it is necessary to increase the number of Rx channels to provide a high antenna
gain for Rx.

According to the discussion, a new technology to enlarge both FOV and antenna
gain by improving Tx is required. In this section, previous works on technologies on
Tx for millimeter-wave applications to widen FOV and their issues are introduced and
discussed.

~A
g ~Xg/ 2

..... I_I_I_I_ITI_I_IJ;I_I_I_I_L« Feed point of Ch1

A /21 :
- <+ Feed point of Ch2
LI_LI_LI_I_I_I_I_LI_LI_L« Feed point of Ch3
y<—)T( I—I—LI—I—I-I-I-I-I—I—I—I—I—L<— Feed point of Ch4

Fig. 2.3. Example of comb-line antenna array layout for Rx with four channels using
77-GHz band.

2.5.1 Transmitter antenna switching

A technology was reported [1.38] that combined DBF with a phased-array Rx and

switching two Tx antennas for a long-range and short-range detections where the sys-
tem was operated in the 24-GHz band. A series-fed microstrip patch array antenna
was applied to the Tx antennas. The Tx antennas provide 18 dBi gain at boresight
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to achieve a detection range of 150 m for the narrow beam. As for the wide beam,
an HPBW wast40 degrees, and the gain at anglest@dO degrees were 12 dBi to
attain the detection range of 60 m. The result for an antenna gain reduction between
boresight and azimuth angle of 40 degrees meets the specification of Tx antennas for
dual-range dual-FOV radars shown in Fig. 1.12. However, the size of antenna sub-
strate is problematic as described in Section 2.4.2 even if the antenna gain reduction
between boresight and the angleds40 degrees is kept while enlarging antenna gain

by 3 dB and using the 77-GHz band.

2.5.2 Beam scanning

Technologies to widen FOV by scanning a Tx beam by changing the position of ra-
diation sources electrically or mechanically have been investigated [2.28-2.30] for
automotive radars or wireless communications.

A technology was reported that sweeps the presented Tx beam by electrically
switching among four Tx antennas composed of MSAs arranged in the direction which
corresponds to azimuth below a dielectric lens with a parabolic shape for automotive
LRRs [2.28]. However, the HPBW in the overlapping radiation patternstseveral
degrees in azimuth, and antenna gains at angles36fdegrees were not discussed.

Beam scanning technologies by using a flat lens based on a plate inhomogeneous
Luneburg lens were reported for millimeter-wave communication and radar systems.
Imbert et al. [2.29] reported simulation results for a beam steering capability in which
an antenna gain reduction from boresight at a steering angi@5tlegrees was?2.8
dB at 75 GHz by moving the position of a radiation source. The performance meets
the specification of radiation pattern for MRR-mode of the dual-range dual-FOV radar
shown in Fig. 1.12. Lafond et al. [2.30] presented an antenna which had a beam
steering capability from-55 to 35 degrees at 62 GHz by switching several radiation
sources. The antenna gain reduction at the edge of the scanning angle compared with
the gain at boresight was not specified in the report. Although the technologies have
a large steering angle with the antenna gain reduction of few dB, the plate inhomoge-
neous Luneburg lenses are hard to apply to mass production of automotive radars due
to production costs.

2.5.3 Transmitter beamforming

Technologies for Tx beamforming to widen FOV have been reported, which used a
hybrid beamformer with analog and digital phase shifters or an analog beamformer
with analog phase shifters.
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A hybrid beamforming technology using analog beamformers, digital beamform-
ers, and phased array antenna with 16 elements was reported for millimeter-wave
wireless communication systems [2.31]. The beamformers were integrated on 60-
GHz CMOS (Complementary Metal Oxide Semiconductor). The technology had a
beam steering angle of arourdl7 and around 25 degrees, where an HPBW of the
beam was several degrees (the value was not specified). However, a gain reduction at
the beam steering edge from boresight was not discussed in the report.

An analog beamforming using modulator has been reported for radars using the
77-GHz band. Wanger et al. [2.32] presented a 77-GHz phased-array radar Tx with 1Q
modulators integrated on an MMIC using SiGe HBT (Hetero-junction Bipolar Tran-
sistor) technology and with four array antennas. The IQ modulators acted as analog
phase shifters by controlling their IF (Intermediate Frequency) input signals. How-
ever, a steered angle of the main beam waslegrees and the antenna gain degrada-
tion was not discussed. Since the antenna gain at the steering angB® afegrees
was about 12 dB smaller than that-ab degrees (corresponds to beam center) by
consulting the reported result, the result does not meet the specification of radiation
performance of the Tx antenna shown in Fig. 1.12.

Other technologies on analog phase shifters using MEMS (Micro Electro Mechan-
ical Systems) have been reported in millimeter-wave applications, which have not dis-
cussed a radiation performance of Tx antennas. McFeetors et al. [2.33] reported an
analog phase shifter which had phase shifts ofld®at 40 GHz and 150dB at 30
GHz. Chicherin et al. [2.34] presented another analog phase shifter which provided
differential analog phase shift from 0 to up to 240 degrees and had an insertion loss
of 0.7 to 3.5 dB at 83.4 GHz. For example, in the ideal array antenna with three point
radiation sources separated by half wave-length, a phase shift of about 34 degrees is
required to tilt the direction of the beam by 35 degrees in azimuth. Thus, the analog
phase shifter in the antenna array may have the insertion loss of about 1 dB at the 77-
GHz band to provide a steering angle-685 degrees. Because of the large insertion
loss of the phase shifters, pre-amplifiers are required to insert between Tx MMICs and
Tx antennas to keep a high EIRP. A power consumption of the Tx increases due to in-
troducing the additional pre-amplifiers. Since an additional heat dissipation structure
such as large heat sink is required in order to dissipate the heat generated by the Tx
circuits, a large size of a radar housing become a problem in automotive applications.

Furthermore, a demonstration using analog beamforming for automotive radars
using the 77-GHz band was done by the Metawave Corporation [2.35], which applied
an analog phase shifter comprising a metamaterial. However, there is no production
with respect to an analog phase shifter which is commercially available to the best of
the author’s knowledge at the time of writing.
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Table 2.4. Main performances of technologies to widen FOV in previous works.

ltem | [1.38] | [2.28] | [2.29] |
Tx Antenna switching  Tx electrical Tx mechanical
Technology L .
and Rx DBF switching scanning
Antenna type MSA array Parabolic lens Luneburg lens
Radiation element MSA MSAs Waveguide
Frequency band 24 GHz 77 GHz 75 GHz
Steering angle +40° + several degrees +45°
Antenna gain
. —6dB N.A. —2.8dB at+35°
reduction
Results Measurement Measurement Simulation
ltem | [230] | [231] | [2.32] |
Tx electrical Tx hybrid | Tx analog beamforming
Technology o .
switching beamforming w/ 1Q modulator
Antennatype | Luneburglens MSA array MSA array
Radiation element Waveguides MSA MSA
Frequency band 62 GHz 60 GHz 77 GHz
Steering angle —551t0 3% —17to 25 —5°
Antenna gain
_ N.A. N.A. N.A.
reduction
Results Measurement, Measurement Measurement

In short, the Tx beamforming with modulators cannot attain both wide FOV and
high antenna gain at the edge of the FOV where the required FOM36fdegrees
and the antenna gain reduction-e8 dB at azimuth angle of35 degrees compared
with the antenna gain at boresight. Contrary to the Tx beamforming with modulators,
that with analog beam shifters which consist of a MEMS or metamaterial may be a
candidate. However, an additional heat dissipation structure to cool the Tx circuits
with pre-amplifiers and analog phase shifters is problematic in the size of the radar
housings. Therefore, the Tx beamforming is hard to apply to current research and
development on the dual-range dual-FOV radar.

Table 2.4 summarizes main performances of technologies to widen FOV in the
previous works described in Sections 2.5.1 to 2.5.2. Technologies to widen FOV by
improving Tx circuits and antennas such as Tx antenna switching, beam scanning with
lens antennas, and Tx beamforming using beamformers have been reported. The tech-
nologies for Tx antenna switching [1.38] and beam scanning [2.29] have possibility
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to be a candidate of a Tx for dual-range dual-FOV radars. However, the above tech-
nologies still have the following issues: MSA arrays used in the Tx antenna switching
require large antenna substrate which consists of a material withtatoio enlarge

an antenna gain, and material costs become high as a result. Since the Luneburg lens
used in the beam scanning have complicated structure, production costs will be an
issue to apply it to automotive radars with low cost. Therefore, a new technology to
wide FOV while keeping a high antenna gain at the edge of FOV for the dual-range
dual-FOV radar is required. Moreover, it is also important to reduce the amount of
expensive materials for the antennas such as a resin substrate withal®and to

apply simple structure of antennas for cost reduction.

2.6  Summary of issues on front-end module, antennas,
and peripheral technologies

In this section, the discussions on previous works and their issues with respect to front-
end modules, antennas, and peripheral technologies described in Sections 2.3 to 2.5
are summarized.

e A front-end structure which consists of mono-layer substrate with atove
to integrate antennas and MMICs on the same surface of the substrate is prefer-
able for dual-range dual-FOV radars, considering reduction of an insertion loss
of feed line and material cost. However, the structure requires a large front-
end module substrate due to integrating the antennas and MMICs on the same
surface of the substrate.

e Various antenna structures have been investigated for radars in automotive ap-
plications. Structures with post-wall waveguides as their feed elements and slot
or patch arrays as their radiation elements provide a high antenna gain due to the
reduced insertion loss of the feed elements. However, they cannot be applied to
an antenna module with a mono-layer substrate described above.

e Several antenna structures with a mono-layer substrate with aalow have
been reported. Although a comb-line antenna has a high aperture efficiency, it
requires large substrate size because an antenna gain is roughly in proportion to
the aperture size. Therefore, the material cost is still high.

e A lens horn antenna which consists of flat lens and pyramidal horn provides
a high antenna efficiency. However, the antenna requires a horn-to-microstrip
transition in order to connect the antenna and MMICs. However, such transition

42



has yet to be reported to the best of the author’'s knowledge. Moreover, the cost
of the flat lens is problematic.

e An antenna isolation is important for reducing the sizes of a substrate and pro-
jected area of a front-end module while keeping the accuracy of DOA estimation
in the phase-shifted monopulse method. While a few technologies have been re-
ported for Tx-Rx antenna coupling for microstrip array antennas in millimeter-
wave radar applications, isolation of lens horn antennas has yet to be reported to
the best of the author’s knowledge, which are the base structure of the proposed
antennas in this study.

e Technologies to widen FOV by improving Tx circuits and antennas have been
reported, such as Tx antenna switching and beam scanning which satisfied a
specification for FOV of the dual-range dual-FOV radars. However, material
and production costs are problematic due to a large size of antenna substrate
and additional heat dissipation structure and complicated structure of lenses.

Therefore, a new antenna structure is required, which has a small antenna substrate
with a mono-layer substrate composed of a lew ) material and can be connected
with MMICs by only using microstrip elements, in order to reduce an insertion loss of
feed lines and material cost. In addition, the new antenna structure required to provide
a high antenna gain, high isolation, and wide beamwidth to achieve the dual-range
dual-FOV radar with a small face. Reduction of costs are also required in the newly
proposed front-end modules and antennas.

2.7 Approach and outline of this study

In order to solve the above issues to provide the dual-range dual-FOV radar described
in Sections 2.3 to 2.6, new antenna structures have been proposed, which consisted of
horns, lenses, and horn-to-microstrip transitions [2.12, 2.36—2.40]. In this section, an
approach to solve the issues and an outline of this dissertation are described.

2.7.1 Approach in this study

First, a single MSA was chose as a radiation element focusing on both connectivity
of antennas to MMICs and downsizing of the antenna substrate which had a mono-
layer substrate in order to reduce an insertion loss of feed line and material cost. In
particular, | aimed to reduce the size of an antenna substrate smaller than that of whole
output-aperture of antennas for Tx and Rx. Next, a lens horn antenna was applied to
enlarge an antenna gain at boresight and to provide a flat beam whose beamwidth in
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Fig. 2.4. Outline of this dissertation.

azimuth was much wider than that in elevation in order to realize the LRR-mode of
the dual-range dual-FOV radar. Then, a technique to widen FOV was investigated for
MRR-mode, which can be realized by using the same structure of the antenna for the
LRR-mode considering an integration of the antennas on a front-end module.

Moreover, all technologies have been investigated under a policy that all the mate-
rials have been already used in current automotive millimeter-wave radars considering
productivity and production costs. Furthermore, since the proposed technologies re-
late to passive elements of a front-end module such as antennas, it is significant that the
technologies can be realized by using active devices such as MMICs which are com-
mercially available at the time of writing in order to develop technologies considering
mass production. Thus, | investigated a new configuration of the front-end module
and architecture of a Tx circuit under a policy that the configuration and architecture
could be attained by using such MMICs in this study.

2.7.2 Outline of this dissertation

Fig. 2.4 shows an outline of this dissertation with respect to the issues to be solved in
order to achieve the dual-range dual-FOV radar. First, a new antenna structure with
lens, horn, and single microstrip antenna is proposed and evaluated to provide a high
antenna gain, small insertion loss of its feed line, and small antenna substrate for the
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LRR-mode in Chapter 3 as a basic antenna structure proposed in this study. In par-
ticular, a design of the new antenna structure comprising a new horn-to-microstrip
transition is proposed considering a robustness against deviation in mass production.
Next, techniques to reduce the height of the proposed antenna and to increase an an-
tenna isolation are proposed and discussed in order to provide a small face of LRRs in
Chapter 4. A newly proposed configuration of a front-end module for a compact LRR

is also proposed in Chapter 4 in order to demonstrate that the proposed antennas can
attain smaller size of the front-end module substrate (antenna substrate) than the whole
output-aperture of Tx and Rx antennas. Then, a new technology to widen beamwidth
of antennas based on the lens horn antenna is proposed and evaluated in Chapter 5 in
order to support both the LRR- and MRR-modes for a dual-range dual-FOV radar. A
new architecture of a Tx circuit of the dual-range dual-FOV radar is also proposed in
Chapter 5. Moreover, versatility of the proposed techniques on frequency bands are
discussed in each chapter. Finally, the key points of this study and future works are
summarized in Chapter 6.
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Chapter 3

Proposal and Verification of Lens
Horn Antenna Fed by Single
Microstrip Antenna for Long-Range
Radars

3.1 Introduction

In this chapter, a new structure of antenna for automotive long-range millimeter-wave
radars is proposed as a basic structure of antennas for a dual-range dual-FOV radars,
which can provide both small antenna substrate and high antenna gain.

First, the concept and basic design of an antenna with a horn, lens and single MSA
are presented in Sections 3.2 and 3.3, respectively. Next, a robust design of the transi-
tion to connect microstrip line and lens horn antenna is proposed in Section 3.4. The
simulated radiation performance and loss of the proposed antenna are described and
discussed in Section 3.5. Then, the fabricated antenna and the measurement results
are described and discussed in Section 3.6. Moreover, versatility of the proposed lens
horn antenna is discussed in Section 3.7. Finally, the key points are summarized in
Section 3.8.

3.2 Antenna structure with horn, lens, and horn-to-
microstrip transition

To achieve a high antenna gain and reduce antenna costs, a new antenna structure with
a pyramidal horn, dielectric lens, and single MSA has been investigated. Fig. 3.1
illustrates the structure: (a) shows a perspective view, and (b) shows cross-sectional
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views considering its integration with the MMIC®,, andV,, are the output-aperture
lengths of the horn in th& and X directions, respectively. The coordinates®fand

Y are shown in Fig. 3.1(a)D; andW; are the input-aperture lengths of the horn,
and H is the height of the hornL, and 1V, are the length and width of the antenna
substrate, respectively.

Use of the single MSA, which works as a matching element of the transition be-
tween the horn and the microstrip line, by the proposed antenna provides the follow-
ing effects: (1) the antenna gain is improved because the antenna has a shorter feed
line than array antennas, (2) the antenna can be connected to the ICs by using the
microstrip elements due to its feed structure, (3) the size of the antenna substrate is re-
duced compared to that in array antennas due to the reduction in the number of MSAs
to one, and (4) the face size of the LRR is downsized by three-dimensional integra-
tion in which the MMICs are mounted behind a tapered part of the pyramidal horn, as
shown on the right in Fig. 3.1(b).

Aluminum and poly-phenylene sulfide (PPS) were used as the material of the horn
and lens, respectively. Aluminum and PPS are commonly used as the materials for the
frames and radomes of radars, respectively. The horn and lens can be integrated into
existing frame and radome, respectively. Thus, additional material costs for the horn
and lens are negligibly small in the proposed antenna.

3.3 Design for low-height horn with lens antenna

A design method for the pyramidal horn with dielectric lens is explained in this sec-
tion. The size of the output aperture of the horn is roughly derived using

A
HPBW ~ 73 0 (3.1)

A

whereD 4, and )\, are the aperture length of the antenna and wavelength in free space,
respectively. In particular, to achieve HPBWs of 5 degrees in elevation and 15 degrees
in azimuth, this equation indicates that the size of the output apertyrar(dV,) of
the pyramidal horn should be 45 and 18 mm in thend X directions, respectively.
The optimal input-aperture size of the horh; x W;, is 2 x 4 mm to match the
impedance of the input-aperture of the horn to that of the leading radiating edge of an
MSA detailed in the next section.

The shape of the lens in tHé direction is described by the following equation
[3.1], whereD, L, ande, are the diameter, focus distance, and dielectric constant of
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the lens, respectively;

B T A7)
N A
A=¢, —1 (3.2)

B=\Je (D)4 +13) ~ Lp |

z

They andz coordinates are shown in Fig. 3.2.

Technologies on lens with matched layer and antireflective coatings have been re-
ported to enhance directivity of lens antennas. A lens antenna with matched layers
was reported [3.2], which consist of square-lattice dielectric slabs designed on both
surfaces of the lens. The size of the square-lattice dielectric slab was2%x 0.95
mm (width x lengthx depth), which was optimized to a design frequency of 60 GHz.
The fabricated antenna with the matched layers provided a higher directivity by 0.7
dB at 60 GHz than that without the layers. Another lens antenna with an antireflec-
tive coatings was proposed [3.3] to reduce reflection loss on beam scanning, which
consist of three layers with different dielectric constant (5.35, 3, and 1.75). Simu-
lated results showed that the lens antenna with the antireflective coatings improved an
antenna gain of 3 dB at 77 GHz. Although the above technologies improve the di-
rectivity or antenna gain of lens antennas, their structures require additional materials
and production process which needs highly-accurate thickness control of the matched
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layers. As a result, material and production costs increase. Moreover, the performance
of the matched layer with small lattice integrated on the output surface of a lens may
changed by foreign materials when the lens is integrated in a radome of an automotive
radar. Thereby, | applied a lens with smooth faces on both input and output sides.

The height of a pyramidal horn with a lens antenna depends on the focus distance
of the dielectric lens because the focus distance is much shorter than the height of an
optimum horn [3.1]. Therefore, shortening the focus distance of the lens is an effective
way to reduce the height of the horn with a lens antenna. However, the curvature of
the lens increase as the focus distance is shortened, resulting in degradation of the
lens transmittance. Transmittan€g at the edge of the lens is calculated using the
following Fresnel equation (3.3) [3.4].

2./€, cosa

T, = (3.3)

e, cosa+ v/ e, —sin®a

In this equationg is the incident angle of the wave onto the lens surface at arbitrary
point P, as shown in Fig. 3.2, and is described as

o= E+tan_1
2

Yy
VB2 —A(D?/4— y2)]
ALp — B++/B*— A(D%*/4 — y?)
Ay ’

-1

(3.4)

— tan

where parameterd andB are defined in equation (3.2), and theoordinate is shown
in Fig. 3.2.

Fig. 3.3(a) shows the calculated transmittance (using equation (3.3)) dependence
of the antenna gain on the focus distance of the lens by using a dashed line. The
transmittance was normalized by those at a focus distance of 40 mm. This calculated
result showed that the transmittance remarkably degraded where the focus distance
was less than 25 mm. A dependence of the antenna gain on the focus distance was
also simulated by using ANSYS HFES to confirm the level of the gain degradation.

The simulated result is shown by a solid line with open circles in Fig. 3.3(a). The
gain degradation was normalized by those at the focus distance of 40 mm. In this
simulation, the dielectric constant of 4.2 ana ¢ of 0.01 were used as loss factors for

the lens. They were derived from the measurement results for the PPS. The material
of the horn was aluminum with conductivity of 3:8 10" S/m. The calculation and
simulation results were in good agreement as shown in Fig. 3.3(a). Fig. 3.3(b) shows
a simulated dependence of a reflection coefficient S11 on the focus distance. Since
the S11 of less thar 13 dB in the sweep range of the focus distance is small enough,
the S11 does not affect the gain. In accordance with these results, the focus distance
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of the lensL was designed to be 32 mm to reduce the low-height horn while keeping
enough margin for gain degradation.

The maximum phase difference in thé direction of the radiated waves at the
output aperture of the horn was within 180 degrees; therefore, the design method was
different from that in theY” direction. The maximum phase difference was roughly
calculated from the distances traveled by the waves at the center and edge of the horn
for the four lenses shown in Fig. 3.4 centers liens_centers lair_edges @NUliens edge- ThE
thickness of the lens was constant. The maximum thickness of the lens was 6.8 mm,
as obtained from equation (3.2), and horn heifhivas 29 mm. The calculated max-
imum phase difference of the radiated waves at the horn output aperture was 0.30
which is close to that of the optimum horn (0.37j33.5]. Thus, the shape of the lens
was designed flat in th& direction in consideration of the ease of production. As a
result, a cylindrical lens was applied to the lens in this study.

Simulated radiation patterns of a horn with a lens antenna are shown in Fig. 3.5.
The antenna gain was 25.1 dBi, and the HPBWSs were 5 degrees in elevation and 15
degrees in azimuth. Fig. 3.6 shows simulated reflection coefficient S11 of the horn
with a lens antenna. The horn with lens antenna had a wide matching bandwidth where
the S11 was below-10 dB, and the S11 had dips which had an interval of about 4
GHz.
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Fig. 3.6. Simulated reflection coefficient S11 of horn with lens antenna.
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3.4 Robust design of horn-to-microstrip transition

3.4.1 Impedance matching with wide frequency band

In this section, a technology is presented for widening the frequency bandwidth to
obtain a high tolerance to errors in the etching of metal patterns, such as the MSA
used as a matching element in the proposed horn-to-microstrip transition.

A schematic of the MSA and the ground pattern around the antenna comprising a
horn-to-microstrip transition is shown in Fig. 3.7(d)p andWWp are the lengths of
the MSA in theY and X directions, respectivelyL; andW are the lengths of the
ground opening around the MSA in théand X directions, respectively. Using the
MSA with the excited TM10 mode converts the quasi-TEM mode of the microstrip
line into the TE10 mode of the horn. The size of the MSA was initially calculated
from the following well-known equations for a rectangle MSA [3.5]. Heras the
thickness of a dielectric layer of an antenna substrate, whiér¢h > 1. Rogers
RO3003 was applied to the antenna substrate whose thickness of 0.127 mm, dielectric
constant of 3.2, anthn ¢ of 0.004.

(
Ao 2
Wp =22
P= 9 Ve +1
Lp = Ao —2AL
21/€eff

(3.5)

el e —1[ 12 ~2
(5 =
71 2 2 Wp

(eeff + 0.3) (% + 0.264)
AL =0.412h

(€epr — 0.258) (% + 0.8)
\
Fig. 3.8 shows the simulated reflection coefficient S11 of a lens horn antenna with
a horn-to-microstrip transition. A reference plane of the S11 was placed on the feed
line at the slot of the horns as indicated in Fig. 3.7(a). The dotted line indicates the
S11 of the proposed antenna with the MSA, horn, and lens. The S11 had dips whose
interval was about 4 GHz indicated by arrows in Fig. 3.8, where the frequency of the
dips and their interval were almost the same as those observed in Fig. 3.6. Therefore,
the origin of these dips was the result of impedance matching of the lens horn antenna,
and the dips appeared in the S11 of the horn-to-microstrip transition due to impedance
matching between the input-aperture of the horn and leading radiating edge of the
MSA. A dip in the S11 at 76 GHz was caused by the above mechanism. Here, the
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frequencies of the dips were different by about 1 GHz between Figs. 3.6 and 3.8,
which might be caused by difference of terminated impedance of the input-aperture
of the horn; the input-aperture of the horn was terminated by a waveguide port in Fig.
3.6, while that was terminated by an MSA and ground pattern in Fig. 3.8. To widen
the frequency bandwidth, the resonance frequency of the MSA was designed to be
about 77.5 GHz, which is higher than the frequency of the dip at 76 GHz. This takes
into consideration the potential misalignment between the horn and MSA detailed in
the next section. The optimized size of the MS4, (x 1W,) was 1.02x 1.33 mm.

A matching circuit was inserted into the feed line to expand the bandwidth by 10%.
As shown in Fig. 3.7(b), it consisted of two microstrip linds,(; and L,,.,), each
with a length of), /4, where), is the effective wavelength of microstrip lines. Their
widths for matching circuit$V,,,., and W,,,.. were 0.35 and 0.5 mm, respectively.
As shown in Fig. 3.8, the proposed lens horn antenna with the horn-to-microstrip
transition had a frequency bandwidth of 3.6 GHz where the S11 was bel®wB.

3.4.2 Robust design against misalignment of horn and MSA

A design process to obtain a high tolerance to misalignment due to mechanical devi-
ation during mass production is presented in this section. The proposed antenna has
three components (horn, lens, and MSA), so misalignment of these three components
inthe X, Y, andZ directions should be investigated. Misalignments of these compo-
nents in the Z direction are negligible because they can be tightly assembled by using
screws or other methods. A misalignment of the lens and horn iXtbeY direction

is also negligible due to the shape of the lens, which is convex on the inside of the
horn. However, misalignment of the horn and MSA can occur in the assembly pro-
cess due to mechanical deviation during production. Therefore, the robustness against
misalignment of the horn and MSA was investigated in this study.

The horn must contact the ground pattern around the MSA to reduce the reflection
at the input aperture of the horn. In a rectangular waveguide-to-microstrip transition
[2.5], the openings of a ground pattefn surrounded by vias are designed to be the
same size as the waveguide apertiife as shown in Fig. 3.9, to obtain the same
impedance on both sides of the matching element. The optimum structure for the
opening of the ground pattern for a horn-to-microstrip transition differs from that for
a rectangular waveguide because the impedance of the horn aperture depends on the
horn height. Therefore, the optimum structure of the ground pattern for a horn-to-
microstrip transition was investigated with respect to the antenna gain degradation.
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3.4.2.1 Maximum gain degradation

A method for designing the ground opening size to obtain a high tolerance to misalign-
ment of the horn and MSA during production is presented in this section. First, the
dependence of the maximum gain on the ground opening lengénd the misaligned
lengthdY” of the horn in theY” direction is discussed. Th& andY coordinates are
defined in Fig. 3.1(a), and the aligned integratidy £0 mm) indicates where the
center of the input aperture of the horn and the MSA overlap. The size of the MSA
and input aperture of the horn are the same as those described in Section 3.4.1.

The simulated dependence of the antenna gain variation on the misaligned length
dY at 76.5 GHz is shown in Fig. 3.10, where the gains were normalized by ttiat at
=0 mm. The solid lines with open circles, triangles, and squares indicate the results
for ground patterns with openingéd{ x Wg) of 1.5 x 3 mm, 2x 3 mm, and 2.5
x 3 mm, respectively. The misaligned length™ of the horn was varied fromra-0.3
to 0.3 mm. The results show that the ground patterns with openings of B.5nm
and 2x 3 mm produced a small gain degradation (within 0.3 dB) at misaligned length
dY'=+0.3 mm. In contrast, the antenna gain for the ground pattern with an opening of
2.5 x 3 mm was degraded by 3 dB at misaligned lengti=—0.3 mm.

To analyze these results, the reflection coefficients S11 for each structure were
simulated. Fig. 3.11 shows the simulation results for the ground patterns with an
opening of 1.5x 3 mm and 2.5x 3 mm. The dotted and solid lines indicate S11 at
misaligned lengthgY of 0 and—0.3 mm, respectively.

The simulation results for the ground pattern with an opening ofxX1L.5 mm
showed that the dip around 78 GHz shifted to a lower frequenecjyat—0.3 mm,
and S11 at 76.5 GHz decreased as a result. The shift of the dip in the S11 was caused
by increasing coupling capacitance of the MSA as it came closer to the horn. The
resonance frequency of the MSA was designed to be higher than the 77-GHz band,
as described in Section 3.4.1, so the ground pattern with an opening &f 3./Hm
provided a high tolerance to misalignment of the horn and MSA.

In contrast to the simulation results of S11 for a ground pattern with an opening of
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1.5 x 3 mm, those for one with an opening of 2x53 mm were degraded: from11
dB to —6 dB at 76.5 GHz for/Y=—0.3 mm, as shown in Fig. 3.11(b). To illustrate
the cause of this degradation, schematics of the horn and MSA integrations are shown
in Fig. 3.12 for (a) misaligned lengifY” of 0 and (b)—AL. The shaded areas in the
figures represent the post-wall waveguide part surrounded by the horn, ground pattern
in the bottom layer, and the vias. Its lendth,, is extended from 0.05 mm (0.Q2)
to 0.55 mm (0.23,) by the misaligned lengti}Y” (= —AL) of —0.3 mm, which is
close to)\,/4. As a result, the post-wall waveguide part works as an open stub. This
changes the impedance condition of the reference ground for the MSA from short to
open near the leading radiating edge of the MSA, and this impedance mismatch of the
MSA causes as a result. This degradation of S11 corresponds to a gain degradation of
0.8 dB. The rest of the S11 degradation of 2.2 dB may have been caused by a standing-
wave in the post-wall waveguide part. A large current flow through the vias, which
are the terminal edge of the open stub, and some of the fed power is consumed.
Simulation results for a surface current distribution on a ground pattern in the bot-
tom layer of the antenna substrate are shown in Fig. 3.13 for ground patterns with
openings of (a) 1.5« 3 mm and (b) 2.5« 3 mm. The surface current at misaligned
lengthsdY of 0 mm and—0.3 mm are depicted in the left and right areas, respec-
tively. A large concentration of surface current formed around the vias for the ground
pattern with an opening of 2.5 3 mm, as indicated by the dotted oval in Fig. 3.13(b)
while such a concentration was not observed for the ground pattern with an opening
of 1.5 x 3 mm (Fig. 3.13(a)). A concentration of surface current indicates that some
of the fed power is consumed, as described above. These simulation results for the
surface current distribution indicate that some of the gain degradation was caused by
the standing-wave at the post-wall waveguide part, which had a length claggdto

Next, the dependence of the variation in the maximum gain on the ground opening
length W and the misaligned lengtthX of the horn is discussed. The simulated
dependence of the antenna gain variation on the misaligned léig#t 76.5 GHz is
shown in Fig. 3.14, where the gains were normalized by thé¥a0 mm. The solid
lines with open circles, triangles, and squares indicate the results for ground patterns
with openings L& x W) of 1.5 x 3 mm, 1.5x 4 mm, and 1.5< 5 mm, respectively.

The misaligned lengtli X of the horn was varied from-0.3 to 0.3 mm. The gain
degradations caused by the misalignment of the horn intltkrection were within

0.02 dB at the whole variation of the misalignment and were smaller than those in the
Y direction. These results were due to the structure of the MSA and horn: the distance
between the antenna and horn was sufficiently large, and the misalignment did not
affect the TM10 mode of the antenna.
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Fig. 3.10. Simulated misalignment dependence of antenna g#imlirection at 76.5
GHz.

In accordance with these simulation results for the gain degradation caused by the
misalignment of the horn and MSA in the¢ andY directions and in consideration of
the margin of fabrication errors for the input-aperture size of the horn and opening of
the ground pattern, a ground pattern with an opening x W) of 1.5 x 3 mm was
selected for this study.

3.4.2.2 Beam-tilt due to horn misalignment

The beam-tilts of the major lobes caused by misalignment of the horn iX thad

Y directions are described here. The simulation results for beam-tilt angles at 76.5
GHz are plotted in Fig. 3.15 for a ground pattern with an opening X W) of 1.5

x 3 mm. The directions of the misalignment and beam-tilts in elevation and azimuth
are defined in Fig. 3.1(a). The solid lines with open circles and triangles indicate
the misalignment of the horn in thé and X directions, respectively. The misaligned
lengthdY” of the horn was varied from 0.3 to 0.3 mm in each direction. The beam-tilt
angles of the proposed antenna were within 0.3 degrees in elevation and 0.7 degrees
in azimuth for misaligned length&Y’=0.1 mm andiX=0.1 mm, respectively.
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3.5 Simulation results for radiation performance and
loss factors

This section summarizes the simulation results described in Sections 3.3 and 3.4. Pa-
rameters of the materials used in the proposed antenna as loss factors are summarized
in Table 3.1. Fig. 3.16 shows the simulated radiation pattern of the proposed antenna
for a horn-to-microstrip transition at 76.5 GHz, where the feed point was placed on
the feed line at the slot of the horns as indicated Fig. 3.1(a). The solid and dot-
ted lines represent the radiation pattern for elevation and azimuth, respectively. The
proposed antenna had an antenna gain of 23.6 dBi, and the HPBWs were 5 and 15
degrees in elevation and in azimuth, respectively. The radiation pattern for elevation
was asymmetrical due to radiation by the feed line in the input aperture of the horn
and the asymmetrical structure of the input aperture of the horn, which had a slot to
pass through the feed line, as shown in Fig. 3.1(b).

The simulated antenna gains and losses are listed by component in Table 3.2. The
antenna gain of an optimum horn is about 26.0 dBi as calculated using an aperture
efficiency of about 60%. Thus, the loss due to reducing the height of the horn by
using a dielectric lens was 0.9 dB. The transmission loss of the horn-to-microstrip
transition was 1.5 dB.

Table 3.3 summarizes the simulation results for the antenna gain variation and
beam-tilt angle of the proposed antenna at 76.5 GHz for a misaligned length of the
horn to MSA of 0.1 mm. They show that the proposed transition between the horn
and microstrip line had a high tolerance to misalignment since the gain degradation
of 0.03 dB and beam-tilt angles of 0.3 and 0.7 degrees were small enough compared
with the antenna gain of 23.6 dBi and HPBWs of 5 and 15 degrees in elevation and
azimuth, respectively.

Table 3.1. Parameters of materials used in simulations for proposed antenna.

Element \ Material \ Parameter Value
Horn Al Conductance 3.8 x 10" S/m
e, 4.2
Lens PPS
tan d 0.01
e, 3.2
Antenna substrate RO3003
tan d 0.004
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Fig. 3.16. Simulation results for radiation patterns at 76.5 GHz.

Table 3.2. Simulated antenna gains and loss factors at 76.5 GHz.

ltem Aperture efficiency| Antenna gain
Optimum horn antenna ~60% ~26.0 dBi
Proposed antenna without transitipn 49.3% 25.1 dBi
Proposed antenna with transition 34.6% 23.6 dBi
Factor Loss
Height reduction of horn with lens 0.9dB
Horn-to-microstrip transition 1.5dB

Table 3.3. Simulated maximum gain degradation and beam-tilt angle for misaligned
lengthdY of £0.1 mm at 76.5 GHz.

Item Horn misalignmenﬁ Variation
_ , Y direction 0.04 dB
Antenna gain degradatiopr ——
X direction 0.02dB
i Y direction 0.3 degrees
Beam-tilt angle —
X direction 0.7 degrees
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3.6 Fabricated antenna and measurement results

3.6.1 Fabricated antenna

Photographs of the fabricated antenna are shown in Fig. 3.17: (a) and (b) show per-
spective views of the antenna without and with the dielectric lens, respectively, and (c)
shows a top view without the lens. The antenna had an output-apertur®sizéi(,)
of 45 x 18 mm and a heightH{) of 29 mm. The size of the antenna substréte x L)
in the fabricated prototype antenna required to fix the horn to the antenna substrate was
20 x 20 mm, which was determined by referring to a standard WR-10 waveguide. In
the measurement setup, the antenna substrate was pasted onto an aluminum plate. The
horn was fixed to the aluminum plate with the antenna substrate with 4 socnews,
which are commonly used to connect a standard WR-10 waveguide. Therefore, the
size of the antenna substrate can be reduced by changing the method used to fix the
horn and the antenna substrate, such as by reducing the number of screws or reduc-
ing the screw pitch. In principle, the required size of the antenna substrate & 4
mm which is equivalent to the input-aperture size of the horn. Hereafter, the antenna
substrate size is used in comparison with the previous works.

Aluminum and PPS were used as the materials for the pyramidal horn and dielec-
tric lens, respectively. A mono-layer resin substrate (Rogers RO3003) was applied to
the antenna substrate.

3.6.2 Measurement results

The simulation and measurement results for the normalized gain of the fabricated
antenna at 76.5 GHz are shown in Fig. 3.18 for (a) elevation and (b) azimuth. The
insertion loss of the feed line for measurement was de-embedded, where the feed point
was shown in Fig. 3.1(a). The solid and dotted lines indicate the measurement and
simulation results, respectively. The antenna achieved an antenna gain of 23.5 dBi and
produced HPBWSs of 4.5 and 16 degrees in elevation and azimuth, respectively. The
measurement results are in good agreement with the simulation results with respect to
the major lobes in both directions.

The simulated and measured reflection coefficient S11 of the fabricated antenna
is shown in Fig. 3.19, where a reference plane was placed at the end of a feed line
for measurement with insertion loss of about 2 dB. The solid and dotted lines indicate
the measurement and simulation results, respectively. The measurement results had
two dips due to impedance matching of horn with lens and resonance of the MSA, the
same as for the simulation results at around 76 GHz and 78 GHz, respectively. For
the S11 below-10 dB, the fabricated antenna had a wide frequency bandwidth for
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Fig. 3.17. Photographs of fabricated antenna: (a) perspective view without dielectric
lens, (b) perspective view with lens, and (c) top view without lens.

impedance matching of up to 4 GHz, which is sufficient for a 1-GHz bandwidth in
the 77-GHz band. The proposed antenna therefore has a high tolerance to frequency
variations caused by size deviation of the MSA during fabrication.

Table 3.4 shows a benchmark comparison with other antennas. In comparison with
the antennas with a microstrip line as the feed element, the proposed antenna provided
higher antenna gain per unit area of the antenna substrate than the conventional series-
fed microstrip patch array antenna [2.13]. The proposed lens horn antenna can reduce
its cost because of small size of antenna substrate, where the additional costs for the
horn and lens are negligibly small by using the existing frame and radome in LRRs,
respectively. The fabricated antenna had a heightdf 29 mm, which is low enough
for LRRs because they are usually installed in areas behind the bumper or emblems
on the front grill, which has a depth of several centimeters, as mentioned in Section
2.2.

The measured antenna gain variations caused by misalignment of the horn and
MSA at 76.5 GHz are shown in Fig. 3.20 for (a) misaligned lengthgofand (b)

dX. The solid line with closed circles and dotted line with open circles indicate the
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Fig. 3.18. Measured radiation patterns of fabricated antenna at 76.5 GHz.
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Fig. 3.19. Measured reflection characteristics S11 of fabricated antenna.

Table 3.4. Benchmark comparison of antennas for millimeter-wave radars for auto-

motive applications.

ltem This study | [213] | [216] | [217] |
Lens horn antenna Lensand | Lensand
Antenna type L MSA array
with single MSA MSA array MSAs
Feed Microstrip Microstrip | Microstrip | Microstrip
elements line line line line
e, Of antenna
3.2 2.2 N.A. 2.6
substrate
Frequency 7677 GHz 76—77 GHz| 7677 GHz| 76—77 GHz
i i . | MSA array i
Antenna gain 23.5dBi 22.5dBi 20.2 dBi
+1.5dB
Output-
P 810 mn? 408 mnt | 3588 mnt | 875 mn?
aperture area
Substrate area 8 mn?
o 408 mn? | 3588 mnt | 1113 mn?
(in principle) | (prototype< 400 mn¥)
Antenna height 29 mm N.A. N.A. 17.66 mm
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Fig. 3.20. Measured misalignment dependence of antenna gain variation at 76.5 GHz
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74



Table 3.5. Measurement results for maximum gain degradation and beam-tilt angle
at misaligned lengtidY” of £0.1 mm at 76.5 GHz.

Item Horn misalignmenﬁ Variation
, _ Y direction 0.1dB
Antenna gain degradatiop —
X direction 0.2dB
_ Y direction 0.6 degrees
Beam-tilt angle —
X direction 0.7 degrees

measurement and simulation results, respectively. The measurement results showed
the same tendency as the simulation results. The fabricated antenna provided a gain
degradation of 0.1 dB and 0.2 dB, respectively, where misaligned ledgtl@dd X
were within+0.1 mm.

Fig. 3.21 shows the measurement results for the beam-tilt angles at 76.5 GHz for
(a) misaligned lengths afY” and (b)d X. The solid line with closed circles and dotted
line with open circles indicate the measurement and simulation results, respectively.
The measurement results had the same tendency and order as the simulation results
in both theY” and X directions. The fabricated antenna provided beam-tilt angles of
0.6 degrees and 0.7 degrees, respectively, where misaligned lengtrsdd.X were
within £0.1 mm.

The measurement results for the gain degradation and beam-tilt angle are listed
in Table 3.5, where the misaligned lengths of the horn to the M&A é&nd dX)
were +0.1 mm. These results demonstrate that the proposed antenna with a horn-
to-microstrip transition has a high tolerance to misalignment caused by mechanical
variation during mass production since the maximum gain degradation of 0.2 dB was
small enough compared with the antenna gain of 23.5 dBi. The beam-tilt angles of 0.6
and 0.7 degrees were also small compared with the HPBWSs of 4.5 and 16 degrees in
elevation and azimuth, respectively.

3.7 \Versatility of proposed lens horn antenna fed by
single microstrip antenna

A design frequency dependence of the proposed antenna with horn, lens, and MSA has
been investigated as a versatility of the proposed technology in the previous sections.
The frequency of 60, 90, and 110 GHz were chosen as examples, which are commonly
applied to radar sensors or wireless communication systems.

First, | explain a method to optimize the size of the proposed antenna for the
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77-GHz band to other frequencies. The size of the output-aperture of the horn is de-
termined by using the equation (3.1) which has an item on frequency. Since the max-
imum phase difference in th¥ direction depends on the flare angle of the horn, the
height and input-aperture size of the horn are automatically decided from the output-
aperture size of the horn. The shape of the dielectric lens is provided by using the
equation (3.2), which do not depend on the frequency. The antenna gain of the an-
tenna with horn and lens depends on the focus distance of the lens as shown in Fig.
3.3. The focus distance is in proportion to the height of the horn while keeping the
flare angle of the horn. Therefore, the focus distance of the lens is also uniquely
determined from the output-aperture size.

According to the above discussion on the dependence of the sizes of the elements
in the antenna on the design frequency, the sizes of the horn and lens were changed
corresponding to the design frequency using the following equation.

Size(f1) = Size(fy) % % (3.6)
1

Here, f, and f, are 76.5 GHz and the design frequency, respectively,&nd( /)
andSize(f) are the size of the horn and lens for the design frequengy ahd fi,
respectively. By using the equation, the output-aperture sizgs<( D,) became 23
x 57, 15x 38, and 13x 31 mm for the design frequency of 60, 90, and 110 GHz,
respectively. The input-aperture sizég;(x D;) were 5.1x 2.55, 3.4x 1.7, and 2.8
x 1.4 mm for the design frequency of 60, 90, and 110 GHz, respectively. The heights
of the horn were 41, 27, and 22 mm, and focus distances of the lens were 41, 27, and
22 mm for the design frequency of 60, 90, and 110 GHz, respectively.

On the other hand, the size of the MSA was optimized using the equation (3.5) to
provide the largest directivity in each design frequency. Moreover, the thickness of the
substrate was determined by using the equation (3.6) to prevent a higher-order mode
which stands in the dielectric substrate. The sizes of the MBAX L,) became 1.73
x 1.33, 1.15x 0.89, and 0.94 0.73 mm for the design frequency of 60, 90, and 110
GHz, respectively.

The above main parameters of the antenna are listed in Table 3.6. To simplify the
comparison, the matching circuit added the input terminal of the MSA was not applied
in this section.

Next, | describe and discuss simulation results of the antennas designed in each
frequency. Simulated results for the antenna gain are shown in Fig. 3.22. Solid and
dotted lines indicate the antenna gain in elevation and azimuth, respectively, in each
graph. The simulation used the same parameters of the materials for the horn, lens,
and antenna substrate as those described in Table 3.1. The antenna gains of each
antenna were 23.7, 23.7, and 23.9 dBi for the design frequency of 60, 90, and 110
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Table 3.6. Main parameters of proposed antenna for each design frequency.

Design frequency \ 60 GHz 76.5 GHz 90 GHz 110 GHz
Output-aperture size [mm] 23 x 57 18 x 45 15x 38 13 x 31
Input-aperture size [mm]| 5.1 x 2.55 4x2 3.4x 1.7 28x 14
Horn height [mm] 37 29 25 20
Lens focus distance [mm 41 32 27 22
MSA size [mm] 1.73x 1.33| 1.33x 1.02 | 1.15x 0.89 | 0.94x 0.73
Substrate thickness [mm 0.162 0.127 0.108 0.088

Table 3.7. Comparison of simulation results for main performance of antennas.

Design frequency 60 GHz | 76.5 GHz| 90 GHz | 110 GHz
Antenna gain 23.7dBi| 23.6dBi | 23.7dBi| 23.9 dBi
Elevation 5° 5° 5° 5°
HPBW -
Azimuth 16° 15° 16° 16°
Matching frequency
. 25GHz| 3.3GHz | 3.9GHz| 4.6 GHz
bandwidth §11 < —10 dB)
Relative matching
i 4.1% 4.3% 4.3% 4.2%
frequency bandwidth

GHz, respectively. The antennas whose design frequencies were 60, 90, and 110 GHz
had the HPBWs of 5 and 16 degrees in elevation and azimuth, respectively. These
results are comparable to those for the antenna whose design frequency is 76.5 GHz.
Simulated results for the reflection coefficient S11 are shown in Fig. 3.23. The
matching frequency bandwidths where the S11 is beld dB were 2.5, 3.9, and 4.6
GHz for the design frequency of 60, 90, and 110 GHz, respectively. To compare the
performance of the matching frequency bandwidth, I calculated a relative bandwidth
BW,. of each antenna by using the following equation:

BW

fi’
where BW is the matching frequency bandwidth ajdis the design frequency. The
antennas whose design frequencies were 60, 76.5, 90, and 110 GHz had the relative
matching frequency bandwidths of 4.1%, 4.3%, 4.3%, and 4.2%, respectively. These
results showed that the relative matching frequency bandwidth of the antennas de-
signed with frequencies of 60, 90, and 110 GHz were comparable to those for the
antenna whose design frequency was 76.5 GHz.

The above simulated results are listed in Table 3.7. Since the simulation results for

BW, = (3.7)
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Fig. 3.23. Simulation results for reflection coefficient S11 of antenna with horn, lens,
and MSA whose design frequencies were (a) 60 GHz, (b) 76.5 GHz, (c) 90 GHz, and
(d) 110 GHz.
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the radiation and reflection performance of the antennas with different design frequen-
cies were comparable, the proposed antenna with a horn, lens, and MSA has versatility
on design frequency for providing the high antenna gain and wide matching frequency
bandwidth.

3.8 Conclusion

A high-gain antenna fed with a microstrip line of LRRs for automotive applications
using the 77-GHz band has been investigated. An antenna with a pyramidal horn, di-
electric lens, and horn-to-microstrip transition composed of a single MSA as a match-
ing element was proposed in order to achieve a high antenna gain and to reduce the
area of the antenna substrate. Measurement results for a fabricated antenna with a
substrate less than 20 20 mm showed that it had an antenna gain of 23.5 dBi. In
principle, the required size of the antenna substrate can be reducedzom which

is equivalent to the input-aperture size of the horn. The antenna had HPBWSs of 4.5
and 16 degrees in elevation and azimuth, respectively. The antenna achieved a match-
ing frequency bandwidth of 4 GHz, meaning that it has a high tolerance to frequency
variations caused by size deviation of the MSA during fabrication.

To obtain a high tolerance to misalignment of the horn and MSA, a new horn-to-
microstrip transition was proposed in which the opening of the ground pattern around
the MSA is smaller than the input aperture of the horn. Measurement results showed
that an antenna with the proposed horn-to-microstrip transition provided a gain degra-
dation of less than 0.2 dB and beam-tilt angles of less than 0.6 and 0.7 degrees in
elevation and azimuth, respectively, where the horn was misaligned with the MSA
by 0.1 mm. The gain degradation and beam-tilt angles were small enough compared
with the antenna gain and HPBW. Thus, the proposed antenna had a high tolerance to
misalignment of the horn and MSA due to mechanical deviation during production.

Moreover, simulation results showed that the proposed antenna designed to apply
it to frequencies of 60, 90, and 110 GHz provided the comparable antenna gains of
23.7, 23.7, and 23.9 dBi for the design frequency of 60, 90, and 110 GHz, respec-
tively. The simulation results for the HPBWs of those antennas were 5 and 16 degrees
in elevation and azimuth, respectively, which are also comparable to those in the an-
tenna whose design frequency was 76.5 GHz. The simulation results showed that
antennas whose design frequencies were 60, 76.5, 90, and 110 GHz had the relative
matching frequency bandwidth of 4.1%, 4.3%, 4.3%, and 4.2%, respectively. Since
the simulation results for the radiation and reflection performance of the antennas with
different design frequencies were comparable, the proposed antenna with a horn, lens,
and MSA had versatility on design frequency for providing the high antenna gain and
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wide matching frequency bandwidth.
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Chapter 4

Downsizing of Antennas for Compact
Long-Range Radars

4.1 Introduction

To improve the gain while keeping the antenna substrate small, a new antenna structure
with a single MSA, horn, and lens was proposed in which the antenna and MMICs can
be integrated on the same side of the substrate as described in Chapter 3. The antenna
had a high gain and small mono-layer substrate, but the horn height was problematic.
A new antenna structure with low-height horn and lens is thus required.

Moreover, an antenna isolation is important for reducing the sizes of a substrate
and projected area of a front-end module while keeping the accuracy of DOA esti-
mation in the phase-shifted monopulse method as described in Section 2.4.5. Here,
the projected area is the area of the module seen from the boresight, which should be
small to make the face of LRRs small.

This chapter presents the detailed design of a new antenna structure comprising a
low-height lens horn antenna fed by a single MSA with a high gain and small antenna
substrate. It also discusses the isolation of a lens horn antenna array for an Rx that
can be applied to a small front-end module for a compact LRR. First, the techniques
for reducing the height of the lens horn antenna and for optimizing its structure are
described in Section 4.2. Next, the structure of the newly proposed small front-end
module and the antenna isolation (especially Rx-Rx) are described and discussed in
Section 4.3. Then, the measurement results for a prototype of the proposed antenna
structure are presented in Section 4.4. Moreover, versatility of the proposed lens horn
antenna is discussed in Section 4.5. Finally, the key points are summarized in Section
4.6.

82



4.2 Low-height antenna with horn and lens

4.2.1 Technigue to reduce height of horn and lens

The first step in reducing the height of a horn and lens antenna with a high gain and
small antenna substrate for a Tx is to shorten the focus distance of the dielectric lens.
This is because the height of the antenna depends on the focus distance for a reduced-
height design in which the focus distance is much less than the height of an optimum
horn [3.1]. Therefore, shortening the focus distance is an effective way to reduce the
height.

Fig. 4.1(a) shows a cross section in #&-plane of the previous design of a horn
and lens antenna, whefé and D are the height of the horn and diameter of the lens,
respectively. The length of the output-aperture of the horn is the same as the diameter
of the lens. The MSA is fed through a feed line passing through a slot in the input-
aperture of the horn, as shown in the inset. Two techniques for reducing the height
of the horn byl /n by shortening focus distandg- are illustrated in Figs. 4.1(b) and
(c). The one in (b) (hereafter technique (b)) uses a lens with focus distaneeand
lens diameteD. The one in (c) (hereafter technique (c)) arrangaets of a lens and
horn in theY direction; the focus distance Is-/n, the lens diameter i® /n, and the
output-aperture length of the hornii%/n.

The shape of the lens is described by the equation (3.2). According to this equa-
tion, the lens in technique (b) is much thicker at its center than that in the previous
design whereas that in technology (c)i&:, meaning that it is as thin as that in the
previous design. Therefore, with technique (b), the antenna gain degrades due to the
large curvature of the lens surface even though both techniques have the same whole
output-aperture length ab.

The simulated dependence of the gain degradation and reflection coefficient S11
on the focus distance with technique (b) are plotted in Fig. 4.3 (the gain at each
focus distance was normalized by that at a focus distance of 40 mm). The simulations
were done using ANSYS HFS8. The parameters for materials such as lenses and
horns used in the simulation are the same as listed in Table 3.1. The results show that
the antenna gain degrades about 10 dB when the focus distance is reduced from 30
mm to 15 mm. The gain degradation is caused by reflection on the input surface of
the lens as illustrated on the right side of Fig. 4.1(b); near the edge of the lens, the
transmission of a radiated wave from the MSA is much smaller than the reflection due
to the deep incident angle of the wave on the lens surface [2.36]. Since the S11 of
less than—13 dB in the sweep range of the focus distance is small enough, the S11
does not affect the gain. Contrary to technique (b), technique (c) does not have the
large reflection on the lens surface around its edge due to the curvature of the lens
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surface being almost the same as that in the previous design. Fig. 4.3 shows simulated
results for the maximum magnitude of electric field (ComplexMam HFSS™) in

three structures of antennas: (a) the antenna described in Chapter 3, (b) antenna with
technique (b), and (c) antennas with technique (c). Figs. 4.3(a) and (c) show that
the antennas radiate electric wave from almost whole areas of the output-apertures,
whereas Fig. 4.3(b) shows that the radiated electric wave is limited in the center of the
output-aperture. According to the above simulation results, we used technique (c) in
this study.

The next step is optimizing dividing valueconsidering both feed loss and antenna
substrate size. It is important to reduce the transmission loss between the antenna
and MMICs when designing the front-end module as well as to improve the antenna
gain because feed-line transmission loss degrades antenna output power. The output
power of the MMICs cannot be increased in this millimeter-wave application due to
the characteristics of semiconductor devices (break-down voltage, heat dissipation,
etc.). Itis also important to reduce the number of feed elements with high-frequency
sensitivity to improve robustness against production deviations such as errors in the
etching of metal patterns on the substrate. Fig. 4.4 shows a series of horn and lens
array structures with reduced height, considering connectivity to MMICs. The thin
solid lines indicate the structure of a horn with an input-apertire< L; and a total
output-aperturél, x L,. The thick solid lines indicate metal patterns on the substrate
such as those for MSAs, feed lines, baluns, phase shifters, and dividers. Squares
with dotted lines indicate the MMICs, and rectangles with dashed lines indicate the
required antenna substrate si¥g, (x L, at a minimum). Since the power amplifiers in
Tx MMICs commonly have differential outputs to achieve high output power [1.35], a
balun is required in structure (a). In structures (b), (c), and (d), MSAs are used to drive
the array antenna with differential signals. Their E-planes are indicated in Fig. 4.4(b)
by thick arrays. The feed points of the MSAs are directly connected to the differential
outputs of the MMIC to reduce feed loss and improve robustness.

The lens is cylindrical with parabolic and flat profiles in tfieand X directions,
respectively [2.36]. The shape of the radiated wave inYfrairection is transformed
from spherical to plane by the lens while that in tkiedirection is transformed by the
horn. Therefore, the flare angle in thiedirection should be smaller than that in thie
direction. For the total output-aperture size 184 mm), the divided configurations
of the antenna are those shown as Fig. 4.4. As shown in the figure, the size of the
antenna substrate, the length of the feed lines, and the number of dividers and phase
shifters increase as the horn height is reduced. Fig. 4.5 shows the dependence of
the required area for the antenna substrate and the feed loss between the MMIC and
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the MSAs on dividing value.. Feed loss is the mean value of the transmission loss
between the MMIC and each MSA. The balun, microstrip line, and divider losses
used in the calculation were 1 dB, 0.8 dB/cm, and 0.3 dB, which were obtained by
simulation using the Rogers RO3003 substrate with a dielectric constant of 3.2 and
tan o of 0.004. The size of the antenna substrate and feed loss increase drastically
whenn is greater than 4, so a dividing value of 2 was used in this study.

4.2.2 Simulation results for low-height horn and lens antenna

The simulated radiation pattern at 76.5 GHz and the simulated reflection coefficient
S11 for the proposed low-height horn and lens antenna with two differential arrays are
plotted in Fig. 4.6. Reference planes of the characteristics were placed on the feed
lines at the slots of the horns as indicated in Fig. 4.4(b). The sizes of the output and
input-apertures of the horii(, x L, andW; x L;) were 18x 44 and 4x 2 mm,
respectively, and heighf was 14 mm. The size of the MSA was 1.381.07 mm.

A boundary condition under the antenna substrate was Al to have the same condi-
tion as measurements detailed in Section 4.4.1. The antenna had a gain of 23.2 dBi
and HPBWs of 5 and 19 degrees in elevation and azimuth, respectively. The antenna
provided the S11 of less thanl6 dB in the 77-GHz band. These results demon-
strate that the proposed low-height horn and lens antenna can provide almost the same
performance as one with the previous design described in Chapter 3. Moreover, the
required size of the antenna substraté (x L) is 4 x 24 mm, which is 1/8 that of
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the output-aperture of the antenna.

4.3 Isolation for high-density antenna integration

In addition to having a high antenna gain and small antenna substrate, high-density
integration of antennas with a high antenna isolation is also required to reduce the size
of the substrates and projected area of a front-end module for a compact LRR. The
gap between Rx antennas in particular should be reduced in order to widen the DOA
estimation angle [4.1] while keeping the output-aperture area unchanged in order to
maintain high antenna gain. However, achieving high isolation from Rx to Rx is
more difficult than that from Tx to Rx. Moreover, reducing the gap degrades the
isolation. In contrast, the isolation from Tx to Rx can be increased by extending the
distance between Tx and Rx antennas. Therefore, a method for achieving high antenna
isolation without gap between Rx antennas was developed.

Fig. 4.7 illustrates the concept of the newly proposed structure for the front-end
module. It uses a transceiver with one Tx antenna and a four-channel Rx antenna ar-
ray to estimate the DOA by the phase-shifted monopulse method [1.33]. The proposed
low-height horn and lens antenna is used as the Tx antenna with an output-aperture
area ofilW,; x L,. The Rx antenna array is composed of four unit antennas with the
same output-aperture ard®{. x L,/2). The antennas are arranged two-by-two with-
out gap, and the MSA of each one is connected to one of the four input terminals of the
MMIC mounted in the shaded area of the tapered part of the horns. The configuration
of the front-end module provides a small projected area which is almost the same as
a total output-aperture area of Tx and Rx antennas. The azimuth DOA estimation (
direction) is done by comparing the phase differences of the received signals between
Ch1 and Ch2 or between Ch3 and Ch4 using the phase-shifted monopulse method.
Therefore, in the configuration of Rx antennas and an MMIC described above, low
antenna coupling between Chl and Ch2 (hereafter ANT-1 and ANT-2, respectively)
or between Ch3 and Ch4 (hereafter ANT-3 and ANT-4, respectively) is required to
improve DOA estimation accuracy.

The simulated antenna isolation between the ANT-1 and ANT-2 and the simulated
reflection coefficient S11 are shown in Fig. 4.8. The output-aperture of the horn
(W, x L,I2) was 9x 22 mm, heightd was 14 mm, and the other elements in the
horn and lens antenna were the same as those described in Section 4.2. The values
were optimized considering the gain and beamwidths. The proposed Rx antenna array
had an antenna isolation of greater than 42 dB and S11 of less-thanB in the
77-GHz band, where the positions of the reference planes for the characteristics were
the same as those in the Tx antenna as indicated in Fig. 4.7. The simulated S11 is
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Fig. 4.7. Concept of proposed structure for front-end module with one Tx and four
Rx antennas in compact LRR.
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Fig. 4.8. Simulated antenna isolation and reflection coefficient S11.

acceptable because the Rx antennas are connected to the MMIC by using feed lines
with transmission loss of 1 to 2 dB in the front-end module.

To analyze the cause of the high isolation, we simulated an electric field of Rx
antennas at 76.5 GHz as shown in Fig. 4.9 where only the ANT-1 was activated; the
other antennas were connected t6236ads. The high antenna isolation is caused by
two mechanisms as shown in Fig. 4.9(a): 1) beam focusing by the horn for ANT-1
where only a diffracted wave leaks into the horn for ANT-2 as indicated by dotted line
with arrow and 2) transmission loss in the horn for ANT-2 due to phase disorder by
reflection on the surface of the horn as indicated by dashed oval. Moreover, Fig. 4.9(b)
shows that maximum magnitudes of electric field are 13925 and 166 V/m at points A
and B, respectively, where the point A has the largest magnitude near the center of
the MSA and the point B has the same relative position to the MSA as the point A. A
degradation ratio of the magnitude from the point A to B-38 dB, whose level is
equivalent to an isolation of 39 dB without loss of horn-to-microstrip transitions (1.5
dB per channel as listed in Table 3.2). Thus, the isolation can be roughly explained by
the magnitude. Furthermore, integral values of the magnitude in the output-apertures
of the horns (indicated in Fig. 4.9(b)) were calculated to roughly estimate the effect
of the former mechanism. The integral value of the magnitude of ANT-2 was 16 dB
smaller than that of ANT-1, which meant that the effect of the former mechanism to the
isolation was 16 dB. The remaining 22 dB was mainly caused by the latter mechanism,
since transmission loss of the horn for ANT-1 is small. The results indicate that the
influence of the latter mechanism is greater than that of the former one to provide the
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Fig. 4.9. Simulated (a) snapshot of phase and (b) maximum magnitude of electric
field in ZX-plane at 76.5 GHz.

high isolation.

4.4 Fabricated antennas and measurement results

4.4.1 Fabricated antennas

Perspective and top view photographs of a fabricated low-height horn and lens Tx

antenna are shown in Fig. 4.10. The output-apertureldizex L, and height were

18 x 44 mm and 14 mm, respectively. Perspective and top view photographs of

a fabricated horn and lens Rx antenna array are shown in Fig. 4.11. The output-
aperture sizéV,, x L,/2 and height of the unit antenna werex922 mm and 14

mm, respectively. The diameters and focus distance of each lens were 22 and 16
mm for both the Tx and Rx antennas. Al and PPS were used as the materials for
the horns and lenses, respectively, in consideration of material cost. Since Al and
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Fig. 4.10. Photographs of fabricated low-height horn and lens antenna for Tx: (a) and
(b) perspective view without and with lens, respectively; (c) top view without lens.
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substrate
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Fig. 4.11. Photographs of fabricated low-height horn and lens antenna array for Rx:
(a) and (b) perspective view without and with lens, respectively; (c) top view without
lens.
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PPS are commonly used for the frames and radomes of radar devices, the increase in
material cost is negligible. A Rogers RO3003 mono-layer resin substrate was used
as the antenna substrate. A rat-race balun was inserted into the feed lines of two of
the MSAs to measure the radiation pattern of the Tx antenna by using a single-ended
spectrum analyzer. In the measurement setup, the antenna substrate was pasted onto
an aluminum plate. The horn was fixed to the aluminum plate along with the antenna
substrate with screws to form a good electrical contact between the horns and ground
patterns designed on the antenna substrate.

4.4.2 Measurement results for Tx antenna

The measured and simulated elevation and azimuth radiation patterns of the proposed
low-height Tx antenna at 76.5 GHz are shown in Fig. 4.12. The low-height antenna
provided an antenna gain of 23.5 dBi and a flat beam with elevation and azimuth
HPBWSs of 4.5 and 21 degrees, respectively. The transmission loss of the balun and
feed lines was de-embedded. The measurement results are in good agreement with the
simulation ones with respect to the major lobes in both directions.

Fig. 4.13 shows the measured reflection coefficient S11 of the fabricated antenna,
where a reference plane was placed at the end of a feed line for measurement with
transmission loss of 2 dB. It was less thai8 dB in the 77-GHz band, which is
small enough for this antenna to be used in a radar sensor. The measured S11 was
similar to the simulated one. The small periodical dips with few-GHz periods in the
measurement and simulation were caused by an impedance mismatch between the
feed line and contact pattern on the antenna substrate used for connecting a GSG
(ground-signal-ground) probe [4.2] due to an error in etching of the feed line and
contact pattern.

As shown by the comparison in Table 4.1, the height of the horn in the proposed
low-height horn and lens antenna was half that with the previous design while main-
taining a flat beam and high antenna gain. Although the required substrate area of
the low-height antenna was larger than that with the previous design, it was still
much smaller than the output-aperture area compared with the previous work [2.13].
Moreover, the differential inputs with the proposed antenna provided high robustness
against frequency deviations caused by etching errors, which are problems in mass
production, because the antenna did not have feed elements with high frequency sen-
sitivity such as baluns, dividers, and phase shifters.
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Fig. 4.12. Measured and simulated (a) elevation and (b) azimuth radiation patterns
at 76.5 GHz for proposed Tx antenna.
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Fig. 4.13. Measured and simulated reflection coefficient S11 of proposed Tx antenna
with feed line for measurement.

Table 4.1. Comparison of low-height antenna and previous design.

’ Item \ Low-height antenn# Previous (Chapter 3b [2.13] ‘
Antenna gain 23.5 dBi 23.5dBi 22.5 dBi
HPBWSs
. . 4.5 /21° 45 /16 4°/26.3
(elevation / azimuth)
Output-aperture area 792 mnt 810 mn? 408 mnt
Horn height 14 mm 29 mm N.A.
Substrate area
L 96 mn? 8 mn¥ 408 mnt
(in principle)
Additional feed element
) None Balun None
except feed line
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Fig. 4.14. Measured and simulated antenna isolation and reflection coefficient S11
of Rx antenna array with feed lines for measurement.

4.4.3 Measurement results for antenna isolation between Rx an-
tennas

Fig. 4.14 shows the measured and simulated antenna isolation between ANT-1 and
ANT-2 (and between ANT-3 and ANT-4) and reflection coefficient S11 of a fabricated
Rx horn and lens antenna array, where the reference planes were placed at the ends
of feed lines for measurement with transmission loss of 1.5 dB per channel. The
simulation was done using an antenna model in which the feed lines were added to
the model described in Section 4.3 to provide the same condition as the measurement.
The simulated isolation of greater than 40 dB in the 77-GHz band was smaller than
that in Fig. 4.8 due to a leaked wave from the slot of the horn (indicated in Fig. 4.1(a))
to the added feed line of the opposite channel as shown in Fig. 4.15. Fig. 4.15 shows
the simulation results for the magnitude of electric-field on the antenna substrate at
76.5 GHz without and with a perfectly matched layer (PML) indicated by a dashed
rectangle in the figure. The PML was arranged between the antenna substrate and
horn to work as an ideal absorber preventing radiation of electric waves from the slot
of ANT-1 to the feed line for ANT-2. The magnitude of electric-field at the feed line
for ANT-2 (indicated by using dashed oval) was smaller in Fig. 4.15(b) than that in
Fig. 4.15(a) due to insertion of the PML between ANT-1 and ANT-2.

The measured isolation was greater than 34 dB in the 77-GHz band. The difference
between simulated and measured results may be caused by manufacturing errors, such
as an edge roundness of the horns, and simulation errors of few dB due to setting of
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Fig. 4.15. Simulated snapshot of magnitude of electric-field on surface of antenna
substrate (a) without and (b) with PML at 76.5 GHz.

a boundary condition. Moreover, a measurement result for an isolation without the
feed lines for measurement was 31 dB by de-embedding transmission loss of the feed
lines for both channels (1.5 d&), which is small enough for this antenna to be used
for FMCW radars. The measured S11 was less thaB8 dB in the 77-GHz band,
which is also small enough for this antenna to be used in a radar sensor. Moreover,
the measured S11 was similar to the simulated one. The difference of dip frequency
around 77 GHz was caused by an etching error of the MSAs in fabrication. The small
periodical dips in the measured and simulated S11 were due to the etching error of the
contact patterns explained above.

As demonstrated by the measurement results, the proposed horn and lens Tx and
Rx antennas composed of only commercially available materials are applicable to
small front-end modules due to their high antenna gain, small antenna substrate, and
low antenna coupling.

4.5 Versatility of proposed lens horn antenna on an-
tenna isolation

A design frequency dependence of the antenna isolation between adjacent Rx anten-
nas with horn, lens, and MSA has been investigated as a versatility of the proposed
technology in the previous sections. Similar to Section 3.7, the frequency of 60, 90,
and 110 GHz were chosen as examples.

In the investigation of versatility, the sizes of the horn, lens, thickness of antenna

99



substrate were changed corresponding to the design frequency using the same method
described in Section 3.7. The sizes of output-apertfg X D,) for the design fre-
guency of 60, 90, and 110 GHz were 11x528, 7.7 x 18.7, and 6.3x 15.3 mm,
respectively. The arrangement of Rx antennas was the same as shown in Fig. 4.7.
Table 4.2 lists the main parameters for the Rx antennas for each design frequency.
Loss factors of materials for horn, lens, and antenna substrate were same as Chapter 3
(Table 3.1).

Simulated results for the antenna isolation between Rx antennas arranged in
direction (corresponding to azimuth) and reflection coefficient S11 are shown in Fig.
4.16. Solid and dotted lines indicate the isolation and S11, respectively, in each graph.
The simulation used the same parameters of the materials for the horn, lens, and an-
tenna substrate as those listed in Table 3.1. The isolations of each antenna were 46,
42, and 45 dB for the design frequency of 60, 90, and 110 GHz, respectively. The an-
tennas whose design frequencies were 60, 90, and 110 GHz had the-S11,ef11,
and—13 dB, respectively. Table 4.3 lists the simulated isolation and S11 of antennas
at 60, 76.5, 90, 110 GHz whose design frequencies are 60, 76.5, 90, and 110 GHz,
respectively. These results showed that the isolation between Rx antennas and S11 of
the antennas designed with frequencies of 60, 90, and 110 GHz were comparable to
those for the antenna with design frequency of 76.5 GHz.

Since the simulation results for the isolation and reflection performance of the
antennas with different design frequencies were comparable, the proposed antenna
with horns, lenses, and MSAs had versatility on design frequency for providing the
antenna isolation.

Table 4.2. Main parameters of proposed antenna for each design frequency.

Design frequency \ 60 GHz 76.5 GHz 90 GHz 110 GHz
Output-aperture size [mm] 11.5x 28 9x 22 7.7x18.7 | 6.3x15.3
Input-aperture size [mm]| 5.1 x 2.55 4x 2 3.4x 1.7 28x 1.4
Horn height [mm] 17.9 14 11.9 9.7

Lens focus distance [mm 20.4 16 13.6 11.1
MSA size [mm] 1.74x 1.34| 1.38x 1.07| 1.18x 0.91 | 0.96x 0.74
Substrate thickness [mm 0.162 0.127 0.108 0.088
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Fig. 4.16. Simulation results for isolation between adjacent Rx antennas arranged
in X direction and reflection coefficient S11, whose design frequencies were (a) 60
GHz, (b) 76.5 GHz, (c) 90 GHz, and (d) 110 GHz.

Table 4.3. Comparison of simulation results for isolation between adjacent antennas
arranged inX direction and reflection coefficient S11 at center frequency of each
design.

Design frequency 60 GHz | 76.5 GHz| 90 GHz | 110 GHz

Antennaisolation 46 dB 44 dB 42 dB 45 dB
S11 —11dB| —-11dB | —11dB| —13dB
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4.6 Conclusion

The presented Tx and Rx antenna structures reduce the size required for LRRs in the
77-GHz band for automotive application due to the use of antennas with a horn, lens,
and MSAs. Antenna height was reduced by half while maintaining a high gain by
introducing an antenna structure composed of two differential horn and lens arrays
with the diameter and focus distance of the lenses half those in the previous design.
The MSAs are directly connected to differential outputs of the MMIC.

A Tx antenna, fabricated using commercially available materials, had a height and
output-aperture size of 14 mm and £84 mm, respectively, and achieved an antenna
gain of 23.5 dBi and a reflection coefficient S11 with a feed line for measurement of
less than—18 dB in the 77-GHz band. The antenna required a substrate 96 mm
at a minimum. The antenna had a flat beam with HPBWSs of 4.5 and 21 degrees in
elevation and azimuth, respectively.

An Rx antenna array composed of four sets of lens horn antennas with an output-
aperture size of % 22 mm and a two-by-two array configuration was fabricated for
application in a newly proposed small front-end module for a compact LRR. The front-
end module has a small substrate and small projected area due to mounting the MMIC
in the shaded area of the tapered part of the horns and mounting the Rx antennas
without gap. The measurement results for the fabricated Rx antenna array showed that
an antenna isolation between the antennas arranged in the direction corresponding to
azimuth was greater than 31 dB and the S11 with feed lines was less-it8dB in
the 77-GHz band. The measured isolation is large enough for frequency-modulated
continuous wave radars to provide DOA estimation in azimuth using the phase-shifted
monopulse method. The simulation results showed that the high isolation was due to
the structure of the horn and lens antenna.

As demonstrated by the measurement results, the proposed antennas with a horn,
lens, and MSA enable the fabrication of small front-end modules for compact auto-
motive LRRs with azimuth DOA estimation in the 77-GHz band.

Moreover, simulation results showed that the proposed antenna designed to apply
it to frequencies of 60, 76.5, 90, and 110 GHz provided an antenna isolation between
adjacent Rx antennas arrangedXirdirection (corresponds to azimuth) of 46, 44, 42,
and 45 dB at 60, 76.5, 90, and 110 GHz, respectively. Since the simulation results for
the isolation between the Rx antennas with different design frequencies were compa-
rable to that for the Rx antenna with the design frequency of 76.5 GHz, the proposed
antenna with horns, lenses, and MSAs had versatility on design frequency for provid-
ing the antenna isolation.
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Chapter 5

Widening Beamwidth of Antennas for
Dual-Range Dual Field-of-View
Radars

5.1 Introduction

The newly proposed antenna with horn, lens, and MSA had small antenna substrate
while keeping a high antenna gain and high isolation, and could be applied to compact
LRRs as described in Chapters 3 and 4. The antenna provided a flat beam where an
HPBW in azimuth was much wider than that in elevation; however, the HPBW in az-
imuth was aboui-10 degrees which was about 1/3 narrower than the specification of
radiation performance for a middle-range detection (MRR-mode) shown in Fig. 1.12.
In this chapter, a new technology to widen the beamwidth of the antenna based on the
proposed lens horn antenna fed by a single MSA described in Chapter 3, considering
a Tx architecture of dual-range dual-FOV radars.

In this chapter, | first explain two approaches to widen the beamwidth for MRR-
mode by using the lens horn antenna, and why a new configuration is required for the
Tx antenna structure in Section 5.2. Next, Section 5.3 explains the newly developed
architecture for the Tx antenna array. Then, the concept and principle of the pro-
posed antenna array, its limitations, and a novel antenna structure are then described
in Section 5.4. The configuration of a Tx antenna suite for LRR- and MRR-modes is
described in Section 5.5. The fabricated antennas are described and the measurement
results are presented in Section 5.6. Moreover, versatility of the proposed lens horn
antenna is discussed in Section 5.7. Finally, the key points are summarized in Section
5.8.
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Fig. 5.1. (a) Cross sectional structure of lens horn antennaXnplane and (b)
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degrees on output-aperture length of lens horn anteniadirection at 76.5 GHz.

5.2 Issues on lens horn antenna to widen beamwidth

The detailed design of the lens horn antenna was described in Chapter 3. In this
section, an antenna structure for MRR-mode to widen the beamwidth was investigated,
which was based on the lens horn antenna and provided a radiation pattern for MRR-
mode shown in Fig. 1.12. There are two ways to widen the azimuth beamwidth of the
lens horn antenna: shorten the output-aperture lergtin the X direction or make
the output side of the lens concave in thedirection. The output-aperture length,
and X coordinate are indicated in Fig. 5.1(a).

First, shortening the output-aperture length in #elirection is described.

Fig. 5.1(b) shows the simulated dependence of antenna gains at boresight and at
azimuth angles of-35 degrees on aperture length, at 76.5 GHz. Solid and dotted
lines indicate the antenna gain at boresight (corresponds to the maximum gain) and at
azimuth angles of-35 degrees, respectively.

In the simulation, an output-aperture siZed) in Y direction was 33 mm which
was the aperture length to provide an HPBW of 7 degrees in elevation. The height of
the horn was 18 mm which was determined to have a comparable flare angl-in
rection compared with a horn with the output-aperture ledgitof 45 mm (discussed
in Chapter 3). The input and output-aperture sizes{ W, and L, x W,) was 2 x
4. The diameter and focus distance of the lens were 33 and 20 mm, respectively. The
sizes of the MSA [, x W,) and the ground patterr.{; x W) were 1.06x 1.38
and 1.5x 3 mm, respectively. These values were optimized to provide a high antenna
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Fig.5.2. Structure of lens with concave output-aperture used to transform wave shape
from flat to spherical.

gain. The materials for the horn and lens were the same as those listed in Table 3.1.
The simulation was done by using HFSS

Fig. 5.1(b) showed that the antenna gain at azimuth angleis36fdegrees in-
creased up to about 10 dBi as the output-aperture length iXtdeection became
short to 4 mm. In contrast, the gain at boresight decreased to about 16 dBi as the
output-aperture length in th€ direction became short. Moreover, the both gains were
largely degraded when the output-aperture lengthwas less than 4 mm because the
W, became closer to the length that gave the cutoff frequency, where E-plane was
paralleled toY Z-plane. According to the simulation results, it is hard to achieve the
antenna gain of 15 dBi at azimuth anglest85 degrees, meaning that shortening the
length of the output-aperture of a single lens horn antenna is not suitable for widening
the beamwidth for MRR-mode.

Next, making the output side of the lens concave inXhdirection is explained.
Fig. 5.2 shows the cross-sectional structure of a concave lens. The lens spreads the
waves transmitted through the horn, thereby widening the beamwidth. The shape of
the lens in theX direction is described by the following equation [3.1]

—B++/B2— A(D?/4 — 1?)
z =
A
A=e,—1 (5.1)

B =\Je, (D2/4+ L) — Lro.

where D and Lo are the diameter and focus distance of the concave lens, respec-
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Fig. 5.3. Simulated antenna gain with concave lens at 76.5 GHz: (a) structure of an-
tenna with concave lens based on lens horn antenna; (b) simulated maximum antenna
gain and antenna gain at azimuth angles-86 degrees.

tively. Thez andz coordinates are shown in Fig. 5.2.

Fig. 5.3(a) shows th&' X -plane cross-sectional view of a lens horn antenna with
a concave lens, and Fig. 5.3(b) shows the simulated dependence of the maximum
antenna gain and antenna gain at azimuth angles36fdegrees on the focus distance
of the lens. The output-aperture length of the horn and the diameter of the concave
lens were both 9 mm. The other parameters for the horn, lens, and MSA were the same
as those given in the former way described above. Fig. 5.3(b) shows that the antenna
gain at azimuth angles af35 degrees increased as the focus distance was shortened,;
however, the gain was less than 10 dBi, which is less than the target gain. These results
indicate that making the output side of the lens concave inktligrection is also not
suitable for widening the beamwidth for MRR-mode.

A lens with the concave structure on its input surface also provides the same effect
as the lens shown in Fig. 5.3(a). However, such structure requires thicker lens because
the lens has parabolic shapelYndirection. Since a thick lens has problem in its
production process, the structure was not applied in this study.

Since neither of these methods results in a single lens horn antenna that can provide
a radiation pattern with a beamwidth of upd@5 degrees, a new Tx antenna structure
is required. In the following sections, | present our newly developed architecture for
such a structure based on the lens horn antenna.
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5.3 Architecture of Tx antenna array for dual-range
dual-FQV radars

The newly developed architecture for the Tx antenna array includes three sets of an-
tennas, as illustrated in Fig. 5.4. They radiate beams at the boresight, left side, and
right side, as shown in Fig. 5.5. The gains of ANT-2 and ANT-3 decrease around an
azimuth angle of~10 to 10 degrees while ANT-1 covers that area for MRR-mode.
Each antenna is fed by an individual power amplifier (PA) connected to a VCO. The
PAs are switched at a certain timing, for example, at the chirp interval for FMCW
radars. At the time of writing, MMICs [1.34] with three outputs for transmitters are
commercially available. The design of ANT-1 is described in Chapter 3. The tech-
nologies used to obtain ANT-2 and ANT-3 are explained in Section 5.4. The proposed
antenna array composed of ANT-1, ANT-2, and ANT-3 is described in Section 5.5.

Voltage source

/-E Boresight

Jo L :;NM
O 71>

ANT-2
VCO PA1 .
— Y7 Left side
[> ANT-3
PA2 Y7
[>| Right side

PA3

Fig. 5.4. Architecture of proposed Tx with three antennas that radiate beams in
different directions.
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Fig. 5.5. Radiation pattern for dual-range dual-FOV radar obtained by using three
types of antennas.

5.4 Structure and principle of lens horn antenna with
prism for MRR-mode

This section describes the proposed structure for an antenna based on the lens horn
antenna for MRR-mode. First, the concept and principle of the new antenna and its
limitations are described in Section 5.4.1. Then, a novel antenna structure is described
and discussed in Sections 5.4.2 and 5.4.3, respectively.

5.4.1 Principle of lens horn antenna with prism and its limitations

| propose placing a prism on the output-aperture of the lens to tilt the radiated beam,
as illustrated in Fig. 5.6. The prism is placed on the output surface of the lens. Its
surface is sloped at a certain angle in order to tilt the beam intltkrection. The
angle of the tilt from boresight)\d, is derived using the Fresnel equation [3.2]:

180 . . B
A [deg] = ——sin [ e, sin m} - B, (5.2)

where [deq] is the slope angle of the prism as defined in Fig. 5.6(b). The critical
angle of a PPS with a dielectric constant of 4.2 is about 30 degrees, as calculated using
the Fresnel equation, so a slope angle of less than 30 degrees is suitable.

| simulated radiation performances of the antenna with a horn, lens, prism, and
single MSA by using the ANSYS HFSY. The materials for the horn, lens, and
antenna substrate were the same as those described in Table 3.1. The input and output-
aperture sizesl(; x W; andL, x W,) were 2x 4 and 33x 9 mm, respectively, and
the horn height? was 18 mm. The diameter and focus distance of the lens were 33
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Fig. 5.6. Structure of lens horn antenna with prism: (a) perspective view; Xp)
plane cross-sectional view.
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Fig. 5.7. Simulation results for dependence of radiation pattern on azimuth angle of
prism for proposed lens horn antenna with prism at 76.5 GHz.
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Fig. 5.8. Simulation results for proposed lens horn antenna with prism at 76.5 GHz:
(a) dependence of antenna gain on slope angle of prism and (b) dependence of tilt
angle of radiation pattern on slope angle of prism.
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and 20 mm, respectively. The sizes of the MSA (x W4) and the ground pattern
(Lg x Wg) were 1.06x 1.38 and 1.5x 3 mm, respectively. These values were
optimized to provide both a high antenna gain and wide beamwidth shown in Fig. 5.5.

As shown in Fig. 5.7, the peak of the radiation pattern shifted in the azimuth
direction. The antenna gain at an azimuth angle of 35 degrees increased to more than
15 dBi when the slope angle was increased to more than 18 degrees as shown in Fig.
5.8(a) due to the peak shift. A feed point was placed on the feed line at the slot of
the horns as indicated Fig. 5.6(a). These results show that, with the proposed lens
horn antenna with prism, the peak of the radiation pattern can be tilted by adjusting
the slope angle of the prism and that the proposed antenna has the potential to achieve
the target antenna gains for MRR-mode.

However, Fig. 5.7 shows that the radiation pattern between azimuth angles of 20
and 60 degrees was wavy, and Fig. 5.8(a) shows that the antenna gain at 35 degrees
degraded when the slope angle was larger than 26 degrees. To analyze the cause of the
small waves in the wavy range on the major lobe, the magnitude and phase distribution
of an electric field radiated from the lens horn antenna with prism were simulated.

As shown in Fig. 5.9, the antenna with a slope angle of 26 degrees had a large-
magnitude electric field on the side-wall of the prism, as indicated by the dotted oval
in Fig. 5.9(b), which caused radiation from the side-wall.

In contrast, the antenna with a slope angle of 16 degrees did not have a large-
magnitude electric field on the side-wall of the prism. The large-magnitude electric
field was caused by reflection of the radiated waves at the output surface of the prism,
as indicated by the dashed lines with arrows in Fig. 5.9(b). In the antenna with a
slope angle of 16 degrees, the incident angle of the reflected waves on the prism side-
wall exceeded the critical angle, as indicated by the dashed line with arrow in Fig.
5.9(a). This means that radiation from the side-wall did not occur. As shown in the
lower portion of Fig. 5.9(b), the antenna with a slope angle of 26 degrees had a rough
phase plane while the one with a slope angle of 16 degrees had a flat phase plane.
These results indicate that the small waves in the wavy range on the major lobe in
the radiation pattern shown in Fig. 5.7 were due to failed phase synthesis between
the main radiation from the output surface of the prism and the radiation from the
side-wall of the prism.

To confirm that failed phase synthesis was the degradation mechanism, | simulated
radiation when a PML was attached to the side-wall of the prism. The PML works
as an ideal absorber preventing radiation of electric waves from the side-wall. The
shapes of the major lobe of the radiation pattern for a slope angle of 16 degrees with
and without the PML were almost the same, as shown in Fig. 5.10(a). In contrast, the
small waves in the radiation pattern disappeared when the PML was used, as shown
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(b) Slope angle of 26 deg

Fig. 5.9. Simulation results for magnitude (upper side) and phase (lower side) dis-
tribution of electro-magnetic waves dhX-plane at 76.5 GHz: (a) slope angle of 16
degrees; (b) slope angle of 26 degrees.

113



20 | =-- w/o PML
15 — w/ PML

Antenna Gain [dBi]
o

05 | | | | |
-90 -60 -30 0 30 60 90

Azimuth Angle [deg]
(a)

20 | === w/o PML
15 F| — w/ PML STAN

Antenna Gain [dBi]
o

-90 -60 -30 0 30 60 90
Azimuth Angle [ded]

(b)

Fig.5.10. Simulation results for radiation pattern with and without PML on side-wall
of prism at 76.5 GHz: (a) slope angle of 16 degrees; (b) slope angle of 26 degrees.
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in Fig. 5.10(b). These results confirm that the small waves in the radiation pattern
for a slope angle of 26 degrees were caused by radiation from the side-wall. These
findings mean that further improvement is needed in the radiation pattern of the lens

horn antenna with prism, as described in the next section.

5.4.2 Further improvement in radiation pattern
To improve the radiation pattern of the lens horn antenna with prism for MRR-mode,
| propose using two antennas with opposite radiation directivities for the transmitter.
Two lens horn antennas sharing a prism are arranged itXtldgection, as shown
in Fig. 5.11. The prism has a chevron shape, and the portions of the prism output
surface corresponding to the two antennas (“surface A” and “surface B”) are angled in
opposite directions to reduce radiation from the inactivate antenna. The dashed lines
with arrows in the figure indicate the path of a wave radiated from the MSA in antenna
A. A portion of the wave is reflected back from output surface A, where the incident
angle of the reflected wave on output surface B is larger than 180 degrees, as shown

Output wave 7
<
Lox
Output surface A a Output surface B
'\ Prism
H e
LB . Reflected
f i fwave Lens
Lens base
.‘-' Horn
Antenna MSA
substrate :
ANT A ANT B

Fig. 5.11. X-Z cross-section view of antenna array composed of two lens horn

antennas sharing a prism.
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(b) Phase distribution of electric field

Fig. 5.12. Simulated (a) magnitude and (b) phase distributions of electric field on
Z X-plane at 76.5 GHz.
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Fig. 5.13. Simulated radiation pattern in azimuth of proposed antenna array com-
posed of two lens horn antennas sharing chevron-shaped prism at 76.5 GHz for prism
slope angles of 16, 21, and 26 degrees.

in Fig. 5.11.

Thus, the wave reflected on output surface A is (ideally) not output from output
surface B. With this configuration, the main wave output from surface A is not inter-
fered with by a wave output from surface B, so the radiation pattern is smooth.

| simulated the magnitude and phase distributions of an electric field of xhe
plane at 76.5 GHz when antenna A was activated and antenna B was connected to a
5002 load. The slope angle of the prism was 21 degrees. The thickness of the lens
base,H; 5, was set to 3 mm in consideration of the stiffness needed for a lens with a
prism that functions as the radome of a radar package. The other parameters for the
horns, lenses, and MSAs were the same as those given in Chapter 3; the antennas had
a symmetrical shape in th& direction. Fig. 5.12(a) shows that the magnitude of
electric field on surface B was small as indicated by the dotted oval, and Fig. 5.12(b)
shows that the phase surface was smooth.

As shown in Fig. 5.13, the radiation patterns for slope angles of 21 and 26 degrees
had a smooth pattern in their major lobe compared with the patterns shown in Fig. 5.7.
Moreover, the antenna with a slope angle of 21 degrees provided an antenna gain of
15.7 dBi at an azimuth angle of 35 degrees, which meets the target gain. Thus, a slope
angleg of 21 degrees was used.
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Fig. 5.14. Simulated isolation between two lens horn antennas and reflection coeffi-
cient S11 for antennas that share and do not share chevron-shaped prism.

5.4.3 Isolation between antennas with chevron-shaped prism

To investigate the side effects of arranging the lens horn antennas sharing a prism
as described above, | simulated the isolation between two lens horn antennas with
and without a chevron-shaped prism even though isolation between Tx antennas does
not significantly affect radar performance. The two lens horn antennas that did not
share a prism were arranged in tRedirection, as illustrated in Fig. 5.6. The two
antennas were the same size, and their horn, lens, and MSA were the same as those
described in Chapter 3. As shown in Fig. 5.14, the isolations of the antennas that did
and did not share a prism were greater than 38 and 39 dB from 76 to 77 GHz, where
their reflection coefficients S11 were less thah5 dB, which means the effects of
reflection were negligible. Reference planes of the characteristics were placed on the
feed lines at the slots of the horns as indicated in Fig. 5.6(a). These results show that
the degradation in antenna isolation due to applying a chevron-shaped prism is small.
The cause of providing comparable isolation can be understood by examining Fig.

5.12(b). The dashed lines with arrows indicate the path of the wave reflected back from
output aperture A, which is reflected again by the horn of antenna B. The incident
angle of the re-reflected wave on the input surface of the antenna B lens was about
70 degrees, which is much larger than the critical angle discussed in Section 5.4.1.
Therefore, the re-reflected wave was not output from the input surface of the lens, so
(ideally) the isolation was not degraded.

In short, the proposed lens horn antenna array with a chevron-shaped prism had
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almost the same antenna isolation as the lens horn antenna without a prism.

5.5 Configuration of Tx antenna suite for LRR- and
MRR-modes

The configuration of the proposed Tx antenna suite consisting of an antenna array
with two lens horn antennas that share a chevron-shaped prism (ANT-2 and ANT-3)
and one lens horn antenna (ANT-1) for dual-range dual-FOV radar is illustrated in
Fig. 5.15. ANT-1 is used to produce a radiation pattern directed at boresight for LRR-
mode, and ANT-2 and ANT-3 are used to produce radiation patterns for MRR-mode,
with directivity respectively to the left and right in azimuth, as illustrated in Fig. 5.4.
The output-aperture size of the horn for LRR-modg & W,) was 33x 18 mm and

other parameters were the same as those for MRR-mode described in Section 5.4.1.
Gaps between each output-aperture of the antenna were 1 mm. The required size of
antenna substrate was 28«52 mm at a minimum as shown in Fig. 5.15(a), whose
definition was same as that described in Section 4.1 and Fig. 4.4.

As shown in Fig. 5.16, the proposed antenna array had an antenna gain of 22 dBi
at boresight and an azimuth HPBW of 20 degrees in LRR-mode at 76.5 GHz. The
gain was larger than 15.7 dBi within azimuth anglesk#5 degrees at 76.5 GHz in
MRR-mode. These simulated gains meet the target gains shown in Figs. 1.12 and 5.5.
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Fig. 5.15. Structure of array antenna with two lens horn antennas that share chevron-
shaped prism and one lens horn antenna: (a) perspective view;Xk)lane cross-
sectional view.
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Fig. 5.16. Simulated total radiation pattern of proposed array antenna in azimuth at
76.5 GHz.

5.6 Fabricated antennas and measurement results

5.6.1 Fabricated antennas

| fabricated lens horn antennas that share a chevron-shaped prism for MRR-mode and
a separate lens horn antenna for LRR-mode (Fig. 5.17). Each antenna for MRR-mode
had an output-aperture siz&{ x W,) of 33 x 9 mm and a height/) of 18 mm.
The slope angle of the prism was 21 degrees, and the thickness of the len&hase (
was 3 mm. The antenna for LRR-mode had an output-aperture size oflBmm
and a height of 18 mm. In the measurement setup, the antenna substrates were pasted
onto base plates made of Al. The horns were fixed to the base plates with fatir mm
screws, which are commonly used to connect standard WR-10 waveguides.

The pyramidal horn and dielectric lens were made of Al and PPS. The antenna
substrates were made of high-frequency circuit materials (Rogers RO3003).

5.6.2 Measurement results

As shown in Fig. 5.18(a), the measured radiation pattern for the major lobe of the
antenna fabricated for MRR-mode was similar to the simulated pattern. The insertion
loss of the feed line for measurement was de-embedded and the feed point was same as
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(b) Antennas with lens
Lens antenna
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(c) Antenna without lens (d) Antenna with lens

Fig. 5.17. Photographs of fabricated antennas: (a) and (b) are perspective views of
antennas without and with lens for MRR-mode; (c) and (d) are perspective views of

antenna without and with lens for LRR-mode.
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the simulation (Fig. 5.6(a)). The antenna had a gain of 15.5 dBi at an azimuth angle of
35 degrees. The measured S11 was also similar to the simulated one, as shown in Fig.
5.18(b), where a reference plane was placed at the end of a feed line for measurement
with insertion loss of about 2 dB.

The S11 was less thanl7 dB from 76 to 77 GHz, which is small enough for
this antenna to be used for radar. The small periodical dips with few-GHz periods
in the measured S11 were caused by an impedance mismatch between the microstrip
line and contact pattern on the antenna substrate used for connecting a GSG (ground-
signal-ground) probe [4.2] due to an error in etching the microstrip line and contact
pattern.

As shown in Figs. 5.20(a) and (b), the measured radiation pattern for the major
lobe of the antenna fabricated for LRR-mode was also similar to the simulated pattern
in both azimuth and elevation. The insertion loss of the feed line for measurement
was de-embedded. The antenna had a gain of 21.5 dBi at boresight. The azimuth and
elevation HPBWSs of the antenna were 22 and 6 degrees, respectively. The measured
S11 was also similar to the simulated one, as shown in Fig. 5.20(c). A reference plane
was placed at the end of a feed line for measurement with insertion loss of about 2 dB
The S11 was less thanl4 dB from 76 to 77 GHz, which is again small enough for
this antenna to be used for radar. The small periodical dips in the measured S11 were
due to the etching error explained above.

As shown in Fig. 5.21, the proposed antenna array with three Tx antennas had a
measured gain of 21.5 dBi at boresight and an HPBW of 22 degrees for LRR-mode
at 76.5 GHz. The antenna gain was larger than 15.5 dBi within azimuth angles of
+35 degrees for MRR-mode. These measured Tx antenna gains meet the target gains
shown in Fig. 5.5. The fabricated antenna array thus produces the beams required for
dual-range dual-FOV radar shown in Fig. 1.12.

Table 5.1 lists comparison of proposed Tx antenna and previous design which can
be applied to a mono-layer substrate. The proposed antenna provided an antenna gain
reduction of—6 dB at+35 degrees in azimuth, which was comparable to the result
in previous work reported by Jeong et. al [1.38], using an antenna substrate area of
57 mn¥ (28.5x 2 mm) which was match smaller than an output-aperture area. Since
the previous work uses different frequency band and specification of antenna gain, it
is difficult to compare the required antenna substrate area at a minimum. | estimated
the required antenna substrate area by using the reported results because the frequency
band and specification of antenna gain reported in [2.13] was near those in this study,
The antenna gain at boresight of the comb-line antenna is 22.5 dBi where the length
of a subarray is 58.5 mm in the previous work [2.13], therefore, the length of the
subarray becomes about 46.5 mm to provide the antenna gain of 21.5 dBi at bore-
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Fig.5.18. (a) Simulated and measured radiation patterns (corresponding to ANT-3in
Fig. 5.15) in azimuth plane at 76.5 GHz and (b) reflection coefficient S11 of antenna
fabricated for MRR-mode (Figs. 5.17(a) and (b)).
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Fig. 5.19. (a) Simulated and measured radiation patterns in azimuth plane at 76.5
GHz and (b) simulated and measured radiation patterns in elevation plane of antenna
fabricated for LRR-mode (Figs. 5.17(c) and (d)).
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Fig. 5.20. Simulated and measured reflection coefficient S11 of antenna fabricated
for LRR-mode (Figs. 5.17(c) and (d)).
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Fig. 5.21. Measured total radiation pattern in azimuth plane at 76.5 GHz of proposed
antenna array with three Tx antennas.
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Table 5.1. Comparison of proposed Tx antenna and previous design.

. Estimated from
Iltem This study [1.38]
[2.13] and [1.38]
Tx architecture| Switches 3 antennas Switches 2 antennas Switches 2 antennas
Lens horn antenna Series-fed Comb-line
Antenna type L
with single MSA antenna antenna
Frequency band 77 GHz 24 GHz 77 GHz
.| 21.5dBi at boresight 18 dBi at boresight| 21.5 dBi at boresight
Antenna gain : )
15.5 dBi at+35° 12 dBi at+40° N.A. at£+35°
Antenna gain
. —6 dB at+35° —6 dB at+40° N.A.
reduction
Output-aperture
P P 1254 mn? N.A. 669 mnt
area
Substrate area
i o 57 mn? N.A. 669 mnt
(in principle)

sight. Two subarrays were used in the previous report [1.38], therefore, an antenna
for MRR-mode should have one subarray whose antenna gain at boresight is about
18.5 dBi. The width of the antenna for MRR-mode becomes about 3.5 mm since the
width of the two subarrays is about 7 mm. Then, total width of two antennas for LRR-
and MRR-modes is estimated 14.4 mm by separating the two antennas 1($.9

mm). As a result, the required antenna substrate area of the two antennas with the
comb-line antenna becomes about 669’nmthe 77-GHz band, which is equivalent

to an output-aperture area as described in Section 2.4.2. According to the above es-
timation, the proposed antenna attains smaller antenna substrate area¥{pthamm

the previous works (669 mih

5.7 Versatility of lens horn antenna with prism

A design frequency dependence of the widening of the beamwidth in MRR-mode by
using the antennas with horn, lens, and MSA has been investigated as a versatility of
the proposed technology in the previous sections. Similar to Sections 3.7 and 4.5, the
frequency of 60, 90, and 110 GHz were chosen as examples.

In the investigation of versatility, the sizes of the horn, lens, thickness of antenna
substrate were changed corresponding to the design frequency using the same method
described in Section 3.7. The sizes of output-apertig X D,) for the design fre-
guency of 60, 90, and 110 GHz were 2342.1, 15.3x 28.1, and 12.5< 23 mm,
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Table 5.2. Main parameters of proposed antenna for each design frequency.

Design frequency \ 60GHz | 76.5GHz| 90 GHz 110 GHz
Output-aperture size [mm] 23 x 42.1 | 18 x 33 | 15.3x 28.1| 12.5x 23
Input-aperture size [mm]| 5.1x 2.55| 4x 2 34x17 | 28x14

Horn height [mm] 23 18 15.3 12.5
Lens focus distance [mm 25.5 20 17 14

respectively. The arrangement of Tx antennas and prism shape were the same as
shown in Fig. 5.11; however, a wave port was applied to the radiation source at the
input-aperture of each horn instead of the MSA in order to simplify the discussion on
the effect of the prism in this section. Table 5.2 lists the main parameters for the Rx
antennas for each design frequency. Loss factors of materials for horn and lens were
same as Chapter 3 (Table 3.1).

Simulated results of radiation pattern in azimuth for the antennas with two horns,
two lenses, and chevron-shaped prism shared with the horns are shown in Fig. 5.22:
(a) design frequency of 60 GHz, (b) 76.5 GHz, (c) 90 GHz, and (d) 110 GHz. In each
graph, dash-dotted, dotted, solid, and dashed lines indicate the results where the slope
angle of prism of 0, 16, 21, and 26 degrees, respectively. As shown in the figure, the
beam center shifts as increasing the slope angle comparably. Fig. 5.23(a) shows the
simulated results for dependence of the peak angle (corresponds to a beam-nose) of
the radiation pattern in azimuth on the slope angle of the prism and an ideal beam tilt
angle calculated by the equation (5.2). Thick solid, dotted, thin solid, and dash-dotted
lines mean the results for the peak angle of the radiation pattern in azimuth whose
design frequencies were 60, 76.5, 90, and 110 GHz, respectively, and thick dashed
line indicates the ideal beam tilt angle. Although the results have some deviations,
the tilt angles increase as increasing the slop angle of the prism and have compara-
ble tendency. Fig. 5.23(b) shows simulated results for dependence of a normalized
antenna gain at azimuth angle of 35 degrees where antenna gains at each slope an-
gle were normalized by that at the slope angle of O degree. Thick solid, dotted, thin
solid, and dash-dotted lines mean the results for the peak angle of the radiation pattern
in azimuth whose design frequencies were 60, 76.5, 90, and 110 GHz, respectively.
The results showed that the normalized gain of each design frequency had comparable
performance.

According to the above results, the proposed antenna provided versatility on de-
sign frequency for widening beamwidth in MRR-mode.
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Fig. 5.22. Simulation results for relative antenna gain of antenna with two horn, two
lens, and chevron-shaped prism whose design frequencies were (a) 60 GHz, (b) 76.5
GHz, (c) 90 GHz, and (d) 110 GHz.
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Fig. 5.23. Simulation results for dependence of normalized antenna gain of antenna
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5.8 Conclusion

A Tx antenna array comprising two lens horn antennas sharing a chevron-shaped
prism and one lens horn antenna without such a prism was investigated for a dual-
range dual FOV automotive radar using the 77-GHz band. Long-range detection re-
quires a narrow FOV while middle-range detection requires a wide FOV. The lens
horn antenna without a prism is used for long-range detection. To widen the FOV
for middle-range detection, a novel antenna structure was previously developed two
lens horn antennas share a prism at the output-aperture that directs the waves from
one antenna to the right and those from the other antenna to the left. However, the
radiation pattern of the major lobe becomes wavy as the tilt angle is increased due
to a large amount of unwanted radiation from a side-wall of the prism. To solve this
problem, a new antenna-array-with-prism structure was developed. The prism was
given a chevron shape, and the portions of the prism output surface corresponding to
the two antennas that share the prism are angled in opposite directions. This tilts their
radiation patterns to the left and right, and reduces the unwanted radiation.

A fabricated Tx antenna array achieved a gain of 21.5 dBi and an HPBW of 22
degrees at boresight for long-range detection and one of more than 15.5 dBi within
azimuth angles oft35 degrees for middle-range detection at 76.5 GHz. This an-
tenna array for long-range and middle-range detections had the reflection coefficients
S11 of less than-14 and—17 dB, respectively, from 76 to 77 GHz. These results
demonstrate that the proposed antenna array is applicable to dual-range dual-FOV au-
tomotive radar. The required antenna substrate area was 57mprinciple, which
was smaller than the estimated one (669’ nthat was obtained by combining two
previous works on the Tx architecture and comb-line antenna.

Moreover, simulation results showed that the proposed antenna designed to apply
it to frequencies of 60, 76.5, 90, and 110 GHz provided comparable normalized an-
tenna gains at azimuth angle of 35 degrees. Therefore, the proposed antenna with two
horns, two lenses, and a chevron-shaped prism had versatility on design frequency for
widening beamwidth in the middle-range detection.
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Chapter 6

Conclusion and Future Works

6.1 Conclusion

ADAS and AD systems are promising means of preventing traffic accidents, reducing
the environmental load, and achieving a sustainable society. Various technologies for
ADAS and AD have been actively investigated for achieving these objectives. ADAS
and AD systems use various types of sensors to detect objects around the ego vehicle in
various situations instead of the driver. Commonly used sensors include cameras and
millimeter-wave radar, LIDARSs, and sonars. Whereas millimeter-wave radars have
poor object classification performance, they have robust sensitivity under conditions
such as rain, snow, fog, and bright sunlight in which camera performance is degraded.
Thus, radar sensing is needed to achieve robust sensing with camera-based ADAS and
AD systems.

Millimeter-wave radars for automotive applications are commonly categorized on
the basis of their detection range: LRR, MRR, and SRR. LRR is usually used to detect
obstacles at distances over 200 m in front of the ego vehicle for applications such as
pre-crash warning and adaptive cruise control. MRR is usually used to detect objects
around the ego vehicle within about a 100-meter range, so MRR requires a wider FOV
than LRR. SRR is used to detect objects around the ego vehicle to cover blind spots in
the MRR coverage to provide a radar cocoon around the vehicle. Each type of radar
is commonly produced separately; now, however, a new type of radar called “dual-
range dual-FOV radar” that covers both the LRR and MRR detection areas is needed
to obtain more redundant sensing in front of the ego vehicle.

The dual-range dual-FOV radar is typically installed behind the front bumper, the
front grill, or an emblem on the front grill so as not to disturb the vehicle design.
Therefore, a small housing especially with a small face area is required. In addition to
the small face, a small depth is also required to install the dual-range dual-FOV radar
to compact cars. Another consideration is the cost of materials and fabrication, which
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is an important issue in mass production.

To meet these requirements, it is important to achieve a high antenna gain, low
feed-line loss, and high antenna isolation, while downsizing a front-end module com-
posed of antennas and MMICs. Moreover, it is also important to provide a wide
beamwidth in a middle-range detection by using the same antenna structure for a long-
range detection.

In this dissertation, | proposed and evaluated novel structures for Tx antennas and
Tx architecture for the dual-range dual-FOV radar, considering a small antenna sub-
strate, high antenna gain, productivity and cost reduction. A lens horn antenna fed
by a single MSA was proposed, which can be applied to a mono-layer substrate in
order to solve the above issues on the automotive millimeter-wave radar. In particular,
the proposed antennas provide a high antenna gain and wide beamwidth in azimuth
by using smaller antenna substrate area than previous works. The substrate area is
much smaller than an output-aperture area of the antennas. Moreover, the proposed
antenna structure enables three-dimensional integration where MMICs are mounted at
the shaded area of the horns so as to reduce the antenna substrate area. Furthermore,
the antenna substrate area can be reduced by a high-density integration where Rx an-
tennas can be arranged without gaps between output-apertures of them because the
proposed antenna structure has a high antenna isolation. The detail technologies and
fabrication results for the newly proposed antennas are summarized in the following
three sections.

6.1.1 Proposal and verification of newly proposed lens horn an-
tenna fed by single microstrip antenna

An antenna composed of a pyramidal horn and a dielectric lens with a small antenna
substrate and high production tolerance for 77-GHz LRR has been investigated as
a basic structure of antennas in this study. By employing a new horn-to-microstrip
transition with a single MSA incorporated in the input aperture of the pyramidal horn,
the antenna could be connected to MMICs by using a microstrip line. This structure
enables integration of the antenna and MMICs on the same surface of an antenna
substrate, which reduces material and production costs.

A fabricated antenna had an antenna gain of 23.5 dBi at 76.5 GHz, where the size
of the antenna substrate was less tharxZZ20 mm. In principle, the required size of
the antenna substrate can be reduced 02 mm which is equivalent to the input-
aperture size of the horn. The proposed antenna achieved a higher antenna gain by
1 dB using smaller antenna substrate area compared with a previous work where the
antenna gain and antenna substrate area are 22.5 dBi and 408Timerantenna had
HPBWSs of 4.5 and 16 degrees in elevation and azimuth, respectively. The antenna
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also achieved a reflection bandwidth of about 4 GHz, where a reflection coefficient
S11 was below-10 dB. Moreover, the horn-to-microstrip transition was designed to
provide robustness against misalignment of the horn and the MSA due to mechanical
deviation during mass production. Measurement results showed that the antenna gain
was degraded by less than 0.2 dB and that the beam was tilted less than 0.6 and 0.7
degrees in elevation and azimuth, respectively, where the horn was misaligned to the
MSA by 0.1 mm.

Moreover, simulation results showed that the proposed antenna designed to apply
it to frequencies of 60, 90, and 110 GHz provided the comparable antenna gains of
23.7, 23.7, and 23.9 dBi for the design frequency of 60, 90, and 110 GHz, respec-
tively. The simulation results for the HPBWs of those antennas were 5 and 16 degrees
in elevation and azimuth, respectively, which are also comparable to those in the an-
tenna whose design frequency was 76.5 GHz. The antennas had a relative matching
frequency bandwidth of 4.1%, 4.3%, and 4.2% for the design frequency of 60, 90,
and 110 GHz, respectively, which were comparable that for 76.5 GHz of 4.3%. These
results demonstrated that the proposed antenna had versatility on design frequency for
providing the high antenna gain and wide matching frequency bandwidth.

6.1.2 Downsizing of lens horn antenna fed by single microstrip an-
tenna

Next, downsizing technique of the proposed lens horn antenna and structure of front-
end module have been studied. Smaller antenna structures for LRR transmitters and
receivers operating in the 77-GHz band for automotive application have been achieved
by using antennas with a horn, lens, and MSA. The Tx antenna height was reduced
half while keeping the antenna gain high and the antenna substrate small by develop-
ing an antenna structure composed of two differential lens horn antennas in which the
diameter and focus distance of the lenses were half those in the previous design de-
scribed in Section 6.1.1. The MSAs are directly connected to the differential outputs
of an MMIC.

A Tx antenna fabricated using commercially available materials was 14 mm high
and had an output-aperture of 2844 mm. It achieved an antenna gain of 23.5
dBi, while reducing the height of the antenna half. The antenna had a flat beam with
HPBWSs in elevation and azimuth of 4.5 and 21 degrees, respectively. The required
antenna substrate area was 96 himprinciple. The proposed antenna achieved a
higher antenna gain by 1 dB using smaller antenna substrate area compared with the
previous work where the antenna gain and antenna substrate area are 22.5 dBi and 408
mn?.

An Rx antenna array composed of four sets of lens horn antennas with an output-
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aperture of 9 22 mm and a two-by-two array configuration was fabricated for appli-
cation in a newly proposed small front-end module with azimuth DOA estimation. The
Rx antenna array had an antenna isolation of greater than 31 dB in the 77-GHz band,
which is large enough for DOA estimation by frequency-modulated continuous wave
radar receivers even though the four antennas are arranged without any gap between
their output-apertures. Moreover, the proposed Tx and Rx antennas provided smaller
antenna substrate than whole output-aperture of the antennas due to the high-density
integration where Rx antennas were arranged without gap and the three-dimensional
integration of antennas and MMIC where the MMIC was mounted below the shaded
area of the horns.

Furthermore, simulation results showed that the proposed antenna designed to ap-
ply it to frequencies of 60, 76.5, 90, and 110 GHz provided an antenna isolation be-
tween adjacent Rx antennas arrangedinlirection (corresponds to azimuth) of 46,
44,42, and 45 dB at 60, 76.5, 90, and 110 GHz, respectively. Since the simulation re-
sults for the isolation between the Rx antennas with different design frequencies were
comparable to that for the Rx antenna with the design frequency of 76.5 GHz, the
proposed antenna had versatility on design frequencies for providing the high antenna
isolation.

6.1.3 Widening FOV of antennas based on lens horn antenna fed
by single microstrip antenna

Finally, a technology to widen beamwidth in the middle-range detection has been in-
vestigated. A Tx antenna array comprised of two lens horn antennas sharing a novel
chevron-shaped prism and one lens horn antenna without such a prism has been inves-
tigated for 77-GHz-band automotive radar with dual-range sensing and a dual FOV.
The lens horn antenna without the prism is directed at boresight to produce a radiation
pattern with a narrow FOV for long-range detection. The portions of the prism output
surface corresponding to the two antennas that share the prism are angled in opposite
directions to tilt their radiation patterns to the left and right and thereby provide a wide
FQOV in azimuth for middle-range detection.

The prism created a smooth radiation pattern in the major lobe when the tilt angle
was large enough to achieve an azimuth FOV of more thah degrees. A fabricated
transmitter antenna array achieved a gain of 21.5 dBi and an HPBW of 22 degrees
at boresight for long-range detection and one of more than 15.5 dBi within azimuth
angles of+35 degrees for middle-range detection at 76.5 GHz. This antenna array
for long- and middle-range detection had a reflection coefficients S11 of less than
—14 and—17 dB, respectively, from 76 to 77 GHz. The antenna array thus produces
the beams required for dual-range dual-FOV radar. These results demonstrated that
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the proposed antenna array was applicable to dual-range dual-FOV automotive radar.
The required antenna substrate area was 57 imprinciple, which was smaller than
estimated one (669 minthat was obtained by combining two previous works on a
Tx architecture and antenna.

Moreover, simulation results showed that the proposed antenna designed to apply
it to frequencies of 60, 76.5, 90, and 110 GHz provided comparable normalized an-
tenna gains at azimuth angle of 35 degrees. Therefore, the proposed antenna with two
horns, two lenses, and a chevron-shaped prism had versatility on design frequency for
widening beamwidth in the middle-range detection.

6.2 Future works

New structures of antennas as an elemental technology for dual-range dual-FOV radars
were proposed and evaluated in this study. Therefore, there are three main future
works left.

(1) Investigation about Tx and Rx antenna suite for dual-range dual-FOV radar by
combining the proposed technologies to confirm the effects on reduction of an-
tenna substrate area

(2) Further study to improve performance of the proposed antennas

(3) Research to apply the proposed technologies to other applications.

In this section, the above three kinds of future works are detailed.

6.2.1 Evaluation of proposed antennas in front-end module for
dual-range dual-FOV radars

The proposed antenna structure with a lens, horn, and single MSA can reduce the
antenna substrate area because the antenna requires the equivalent area of the input-
aperture of the horn in principle and enables three-dimensional integration of antennas
and MMICs. To confirm the effects in a front-end module for a dual-range dual-FOV
radar, the following items left:

e Design a front-end module with Tx and Rx antennas using the proposed antenna
structure for a dual-range dual-FOV radar, and compare the antenna substrate
areas of one with proposed antennas and others with the previous works as well
as the face size of the radar, considering connectivity to MMICs.

e Investigate a new technique to connect the antenna substrate and horns which
requires small substrate area or not require additional substrate area.
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6.2.2 Improvement of antenna performance
6.2.2.1 Enhancement of antenna gain

The proposed antenna structures provided high antenna gain; however, the gain de-
graded due to a lens horn antenna and horn-to-microstrip transition by 0.9 and 1.5
dB, respectively, as described in Section 3.5. Therefore, there is room to enhance the
antenna gain by introducing new technologies.

Regarding a lens horn antenna, technologies on antireflecting of the lens are can-
didates to improve the antenna gain such as those reported in the previous works [3.2,
3.3] if increasing of additional material and production costs can be suppressed in the
future.

Reducing the width of slot created at the input-aperture of the horn by reducing the
width of a feed line is another candidate technique to reduce the insertion loss of the
horn-to-microstrip transition. This is because a portion of the radiated wave from the
MSA which consists of the horn-to-microstrip transition leaks through the slot. In this
study, the width of the feed line was designed about; 2800 provide a characteristic
impedance of 5Q which was same as whole part of the feed line to reduce frequency
deviation due to an etching error of metallic patterns in fabrication. The width of the
feed line can be reduced to 1@@n as an example, which is decided considering the
design rule of the substrate. Therefore, the width of the slot can be reduced by at
least 180um. Moreover, adding an impedance matching circuit may enable further
reduction of the slot width, where a coupling capacitance between the feed line and
slot is not negligible.

6.2.2.2 Expansion of reflection bandwidth

The available frequency bandwidth of the 77-GHz band is limited to 1 GHz (from 76
to 77 GHz). On the other hand, the 79-GHz band has the bandwidth of 4 GHz (from
77 to 81 GHz) and both 77-GHz and 79-GHz band can be used simultaneously. As
explained in Section 1.5.1, a higher range resolution can be obtained as expanding
the modulation frequency bandwidth in FMCW radars. Therefore, technologies to
support such wide frequency bandwidth up to 4 or 5 GHz.

To simplify the discussion to design frequency bandwidth, a bandwidth where are-
flection coefficient S11 of an antenna is beleO dB is used as a design bandwidth.
Fig. 6.1 shows a way of thinking about relationship between the design bandwidth
BWp and specified bandwidtBWWg, where BlWg is 1 GHz in the 77-GHz band as
an example. A frequency characteristics of the S11 shiftgday: . or fzrr_ due to
deviations in manufacturing such as etching errors of metallic patterns for MSAs and
microstrip lines and a misalignment of horns and MSAs. Thus, the design bandwidth
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as a minimum is derived from the following equation:

BWp > BWs + ferr— + [ERR+ (6.1)

The lens horn antenna has a small S11 of beldl® dB in the frequencies from
70 to 84 GHz as shown in Fig. 3.6 and the frequency shift of the S11 caused by a mis-
alignment of the horn and MSA is small enough as shown in Fig. 3.11(a). In contrast,
it is well known that the MSAs are sensitive to the error of their size due to etching
errors in fabrication. Thus, a method to determine the design bandwidth focusing the
frequency deviation caused by the etching errors for the MSAs is explained in this
study.

A frequency shift of the MSA due to the error of its size is derived from the equa-
tion (3.5). Fig. 6.1(b) shows calculated results for a dependence of the design band-
width on the size error of the MSA whose initial design frequency is 76.5 GHz. Solid,
dotted, and dash-dotted lines indicate the results for the specified bandwidth of 1, 4,
and 5 GHz, respectively. The design bandwidths are equal to the specified bandwidth
if the size error is zero. According to the simulated result for a lens horn antenna
described in Chapter 3, the antenna had the design bandwidth of 3.6 GHz as described
in Section 3.4.1. Therefore, the size error of the MSA up to abowti2@s acceptable
in the design when the specified bandwidth of 1 GHz is applied. In other words, the
design bandwidth is determined to 3.6 GHz when the maximum size error of about
20 um is supposed. Accordingly, the design bandwidths become 6.4 and 7.4 GHz for
the specified bandwidths of 4 and 5 GHz, respectively, as shown in Fig. 6.1(b). In the
figure, the size errors where the pattern became thick were discussed. Since the results
were almost the same when the pattern became thin, the results for were omitted in
Fig. 6.1(b).

Generally, the bandwidth is discussed using a relative value normalized by the
center frequency in order to compare the performance of technologies which use dif-
ferent frequency band. The design bandwidths shown in Fig. 6.1(b) correspond to
4.7%, 8.4%, and 9.7% for the specified bandwidths of 1, 4, and 5 GHz, respectively,
when the supposed size error of MSAS is;20.

To provide a wide bandwidth, technologies on MSAs have been reported, which
had some slots in the MSAs or parasitic strips [6.1, 6.2] or patches for gap-coupling
to the main patch radiators [6.3—6.5], where all structures could be realized using a
mono-layer substrate. An MSA with two rectangular slots was proposed [6.2], which
had a bandwidth of 2.26 GHz (27.48 to 29.74 GHz) by creating additional resonance
frequencies near the initial frequency. The simulated result of the bandwidth was 1.46
GHz wider than the traditional MSAs; however, the slots required the width of 100
wm which corresponds to about 3n in the 77-GHz band. Therefore, the structure
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cannot be applied to the MSA using the 77-GHz band.

An MSA with multiple parasitic patches and shorting via was reported [6.5]. The
antenna consisted of a main patch radiator with triangular shape which was surrounded
by two parasitic patches with triangular shape and a parasitic patch with trapezoid
shape. The fabricated antenna provided a matching bandwidth of 17.4% (from 5.5
to 6.55 GHz). However, the antenna structure required gaps between the main patch
radiator and parasitic patches of 70®. The size of the gap corresponds to about 55
pm in the 77-GHz band, which is hard to be applied to mass production of automotive
millimeter-wave radars at the time of writing.

The previous technologies require small gap between metallic patterns while pro-
viding a wide bandwidth, thereby, a new technology is required.

6.2.3 Other applications

FMCW millimeter-wave radars using the phase-shifted monopulse method as DOA
estimation were focused in this study. However, MIMO radars will be a candidate for
automotive radar in the next generation in order to provide higher safety capability to
ADAS or AD systems. Bilik et al. reported a demonstration results for a MIMO radar
in urban scenarios such as an environment with many highly-cluttered objects in a city
street and other environment with many stationary objects in a rural street [6.6]. They
presented the measured results on a high angular resolution of the fabricated MIMO
radar as well as the advantage to use the MIMO radar to automotive applications.

Fig. 6.2 shows the principle of MIMO radars with respect to providing a virtual an-
tenna array. Antennas of MIMO radars consisf\off x antennas and/ Rx antennas.
Tx antennas transmit signals which are mutually orthogonal each other. Received sig-
nal by each Rx antenna are divided into signal elements which are originated by each
Tx antenna by using a DBF algorithm. As a result, the MIMO radars perform as if
they havelV x M virtual array as Rx antennas. Thereby, the MIMO radars can provide
higher angular resolution because of increasing the number of Rx antennas, since the
angular resolution is derived from the following equation [6.7]:

Ao
Ap =122 % —20 2
¥ “ NMdg’ (6.2)

whereAy anddy are the angular resolution and separation distance of Rx array an-
tenna.

The number of targets which can be identified as an individual object also in-
creases as increasing the number of the Rx antennas. The maximum nnberf
identified targets in the MIMO radars is described in the following equation [6.8]:

NM -1
Ko = —5 (6.3)
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Because of the improvement of angular resolution and the number of identified
targets, the MIMO radar are expected to detect objects separately in order to improve
safety function of ADAS or AD systems. It is also possible to apply the MIMO radar
for localization of the ego vehicle or a free space detection to recognize the drivable
area, which is commonly done by using LIDARs or cameras at the time of writing.

To provide such high performances of MIMO radars, the received signals inputted
into each Rx channel of receivers should be uncorrelated each other, meaning a high
isolation between Rx channels is required, in order to improve accuracy of dividing
the received signals in each Rx channel. According to the measured results shown in
Fig. 4.14, the proposed lens horn antennas had a high antenna isolation of greater than
31 dB even if there is no gap between adjacent antennas. Thereby, the antenna had an
advantage to be applied to MIMO radars.

However, the separation distance of Rx antenniag (s usually designed half
wavelength to avoid grating lobes in the detection angle-®d degrees in azimuth
or elevation. The maximum angular detectipy,.. is derived from the following
equation [1.31]:

A
Pmazx = :l:SiIlil (ﬁ) (64)

The half wave-length is about 1.5 mm in the 77-GHz band. Since the proposed lens
horn antennas required a separation distance between the center of the output-aperture
of several mm, the maximum angular detection become narrow. Therefore, a new
technology to suppress the grating lobes is required to apply the proposed lens horn
antennas to the MIMO radars.
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This study focused on the millimeter-wave radars for automotive applications;
however, the MIMO technology is also applied in wireless communication systems.
Technologies on a massive MIMO for 5G wireless communication systems have been
presented [6.9,6.10] to realize a multi-user MIMO system in order to mainly improve
spectral efficiency and energy efficiency. The structure and requirements of antennas
for the massive MIMO are similar to that for the MIMO radars. Thereby, the massive
MIMO for the wireless communication systems is a candidate to apply the proposed
lens horn antenna, taking advantage of the high antenna isolation and high antenna
gain.

A velocity sensor for train operation systems is another candidate for an applica-
tion of the proposed lens horn antennas. The train operation systems require a high
accurate location of train to improve operational safety. A method to estimate train
location by using the number of wheel rotation is a way; however, there are problems
to obtain a highly accurate position: slip or slide of wheels, undetectable velocity of
sensors (wheel rotation sensors cannot detect the rotation at very low velocity), and
the diameter changing of wheel due to long-distance operation. To solve these prob-
lems to detect an accurate velocity of trains, a millimeter-wave velocity sensor has
been investigated. Fukuda et al. reported a trial of the train location system using
a millimeter-wave velocity sensor [6.11] whose size was 3010 x 150 mm and
weight was 40 kg. Since the proposed lens horn antenna provides small size and high
antenna gain, it will contribute to reduce the size of the velocity sensor for the train
operation systems.
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