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SYNOPSIS
There have been strong requirements of safety, comfortable time & space, and convenience
for the mobility by vehicles. Several systems for these requirements have been gradually
installed into vehicles with the growth of wireless technologies. Automotive antenna design
technique is one of the key techniques to contribute the system realization very much.
Automotive antennas generally need simple architectures and low cost due to consumer
products, and compactness or low profile due to limited installation spaces of vehicle. Also,
inclusion of the vehicle body into the antenna design is needed, when antenna performance is
strongly affected by the vehicle body. This doctoral dissertation titled “Study of Antenna
Design Techniques for Use in Automotive Environment” presents analytical, numerical, and
experimental investigations of automotive antenna design techniques, particularly, in the
highest and nearly the lowest edges of the frequency bands assigned for automotive wireless
systems. The two frequency bands are the millimeter-wave and UHF bands. The
investigations of the two frequency bands would provide useful design insights of automotive
antennas in wide frequency range. Considering the impact on industry, the two systems that
are installed practically and work effectively in 2000s are focused. @ Those are
millimeter-wave radar system and digital terrestrial television (TV) reception system.
Millimeter-wave radar system needs antennas having higher efficiency, low cost, low
profile, and so on. In this dissertation, a new configuration of microstrip antenna with
inherently low cost and low profile is proposed to achieve higher efficiency. A fan beam
subarray antenna and a pencil beam array antenna are designed for electrical and mechanical
scanning radars, respectively. A new transition from waveguide to microstrip line is also
proposed to connect the antennas on the surface of the radar sensor and circuit inside the
sensor. The transition can be etched in the same process of antennas. The optimum design

methodology for the transition leads a wider bandwidth, resulting in robustness for assembly



error. A transition working as a divider is also proposed.

Digital TV reception system adopts an adaptive array using four antennas based on the
maximal ratio combining (MRC) method. In this dissertation, two types of antennas are
proposed in the view point for an omnidirectional pattern synthesis in a horizontal plane and a
thin structure for narrow installation spaces, respectively. A further bandwidth enhancement
method for the thin structured antenna is also proposed, resulting in covering digital TV band
when the antenna is installed on window glass or spoiler.

This doctoral dissertation is organized as follows. The scope of study is clarified with
background in Chapter 1. Chapter 2 presents conventional techniques of antennas and
associate circuits. A new microstrip antenna, new transition, and the optimum design
methodology are described in Chapters 3, 4, and 5 for millimeter-wave radars. Digital TV
antennas are described in Chapters 6, 7, and 8, which are H shaped antenna, stub-loaded
dipole, and capacitor- and stub-loaded dipole. Chapter 9 presents some conclusions. This
doctoral dissertation describes key technologies of novel automotive antennas for the two
systems. [ believe that the investigations in this dissertation contribute to the advancements

for automotive antenna design techniques in both academic and industrial points of view.
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Chapter 1. Introduction

1.1 Background of study

The mobility by vehicles is indispensable for our personal lives as well as business activities.
There have been strong requirements of safety, comfortable time & space, and convenience
for the mobility by vehicles.

In 1950s, AM radio reception was only available in vehicles. Several systems for these
requirements have been gradually installed into vehicles with the growth of wireless
technologies [1-1], [1-2]. FM radio and television (TV) programs can be currently received
in vehicles. Drivers can achieve information of own positions by Global Positioning
Systems (GPS) and congestion information by Vehicle Information and Communication
systems (VICS). Electric toll collection (ETC) allows nonstop service to pay road fees.
Smart Key Systems (SKS) and Tire Pressure Monitoring Systems (TPMS) improve
convenience and safety. Telephone can be used in vehicle and Bluetooth helps links between
mobile terminals of driver and vehicle terminals. Laser radars and millimeter-wave radars
have been installed as forward looking sensors.

Automotive antenna design technique is one of the key techniques to contribute the
system realization very much. Automotive antennas generally need simple architectures and
low cost due to consumer products, and compactness or low profile due to limited installation
spaces of vehicle. Also, inclusion of the vehicle body into the antenna design is needed,
when antenna performance is strongly affected by the vehicle body.

The frequency bands used in automotive wireless systems range widely from AM band to
the millimeter-wave band. The different frequency bands result in the different problems
and difficulties of the development of antennas. The establishment of automotive antenna

design techniques is needed in wide frequency range.



1.2 Scope of study

This doctoral dissertation titled “Study of Antenna Design Techniques for Use in Automotive
Environment” presents analytical, numerical, and experimental investigations of automotive
antenna design techniques, particularly, in the highest and nearly the lowest edges of the
frequency bands assigned for automotive wireless systems. The two frequency bands are the
millimeter-wave and UHF bands. The investigations of the two frequency bands would
provide useful design insights of automotive antennas in wide frequency range. Considering
the impact on industry, the two systems that are installed practically and work effectively in
2000s are focused. Those are millimeter-wave radar system and digital terrestrial television
(TV) reception system.

Millimeter-wave radar systems were first launched for Adaptive Crouse Control (ACC)
system by Daimler Chrysler in June 1999 [1-3]. ACC system allows automatic control of
the vehicle speed following the front vehicles. Frequency of the 77 GHz band is used since
it has robustness for fog and rains. There are two important parts in the RF front end
modules, that are antennas and connections between millimeter-wave components. Ease of
manufacture, low profile, and high efficiency are mainly required for the antennas.
Microstrip antennas have inherent advantages of ease of manufacture and low profile, but
efficiency is generally low. In this dissertation, a new configuration of microstrip antenna is
proposed to achieve higher efficiency. With regard to connections, microstrip line to
waveguide transitions are needed to connect microstrip antennas on the surface of the radar
sensor and circuits inside the sensors via waveguides. A new transition and the design
methodology are also proposed. The transition has a simple structure and can be etched in
the same process of antennas.

Entertainment applications are spreading as well as safety applications. Digital
terrestrial TV services have been available in Europe and North America since September

2



1998 [1-4]. In Japan, digital terrestrial TV services were started in three large cities, Tokyo,
Osaka, and Nagoya in December 2003. Digital terrestrial TV services will gradually spread
over the large area in Japan since current analog television services are terminated in July
2011. In this dissertation, two types of antennas are proposed in the view point for an
omnidirectional pattern synthesis in a horizontal plane and a thin structure for narrow
installation spaces. A further bandwidth enhancement method for the thin structured antenna
is also proposed, resulting in covering digital TV band when the antenna is installed on
window glass or spoiler.

This doctoral dissertation describes key technologies of novel automotive antennas for the
two systems. The new concepts and configurations are verified with analytical, numerical,
and experimental investigations. I believe that the investigations in this dissertation
contribute to the advancements for automotive antenna design techniques in both academic

and industrial points of view.

1.3 Dissertation organization

This doctoral dissertation is organized as shown in Fig.1.1. The scope of study is clarified
with background in chapter 1. Chapter 2 describes conventional techniques of antennas and
associate circuits for millimeter-wave radar and digital TV reception systems. Their
problems are also presented when conventional techniques are applied for the two systems.
A new microstrip array antenna is proposed for automotive radars in Chapter 3. The antenna
has higher efficiency comparing with conventional microstrip antennas. In Chapter 4, a new
transition from waveguide to microstrip line is proposed. The transition can be composed of
a single dielectric layer and be etched in the same process of microstrip antennas. An

optimum design for the transition is proposed in terms of bandwidth in Chapter 5. A



transition from waveguide to two microstrip lines is also investigated. Digital terrestrial TV
antennas are described in Chapters 6, 7, and 8. In Chapter 6, a modified H shaped antenna is
proposed in terms of omnidirectional pattern synthesis. In terms of installation spaces, a thin
antenna with a width of 20 mm is proposed in Chapter 7. The antenna covers digital
terrestrial TV band from 470 MHz to 710 MHz. In Chapter 8, an antenna with thinner
structure and wider bandwidth is proposed. The antenna with a width of 15 mm covers

double the frequency band, which is from 470 MHz to 950 MHz. Finally, this dissertation is

concluded in Chapter 9.
Chap.1 Introduction
A
Chap.2 Conventional techniques
Millimeter-wave radar Digital TV reception

{ | Chap.6 Omnidirectional
i | pattern synthesized antenna ;

Chap.3 Microstrip
antennas

|| Chap.4 Transition from : i 1| Chap.7 Thin structured
1| waveguide to microstrip line |} i!| sntenna i
Chap.5 Optimum design Chap.8 Thinner structured | |
\i| for transition i{ 11| & wider bandwidth antenna | |

Chap.9 Conclusions

Fig. 1.1. Organization of this dissertation.
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Chapter 2. Conventional techniques

2.1 Introduction

Conventional techniques of antennas and associated circuits for millimeter-wave radar system
and digital TV reception system are presented in this chapter to clarify the problems that
should be solved. These include millimeter-wave microstrip antennas, feed networks,

transitions from waveguide to microstrip line, and digital TV antennas.

2.2 Conventional millimeter-wave antennas
2.2.1 Millimeter-wave radars and their antennas

Millimeter-wave automotive radars have been developed not only for forward looking
sensors but also for rear and side looking sensors [2-1]-[2-7]. Long range radars in the 77
GHz band have been on the market since 1999 for Adaptive Cruise Control (ACC), and short
range radars in the 24 GHz band came on the market in 2005. In the ACC systems, the beam
is mechanically [2-4] or electrically [2-7] scanned in the azimuth angle up to + 10 degrees to
detect targets even on a curved road. Figures 2.1 (a) and (b) show arrangements of

transmitting and receiving antennas for mechanical and electrical scanning radars. A pencil

TX/RX X RX| |RX| e e e RX

(a) Mechanical scanning radar (b) Electrical scanning radar

Fig. 2.1. Arrangements of transmitting and receiving antennas for mechanical and

electrical scanning radars.



beam antenna is used for mechanical scanning radars, as shown in Fig. 2.1 (a). The pencil
beam antenna works as transmitting and receiving antennas, and is scanned mechanically in
the azimuth plane. In contrast, one transmitting antenna and plural receiving subarrays with
fan beam in the azimuth plane are placed for electrical scanning radars, as shown in Fig. 2.1
(b). The transmitting antenna covers the detection angle in the azimuth plane. Received
signals by the plural subarrays are combined by the beam forming technique, resulting in
beam scanning in the azimuth plane. With regard to polarization, linear polarization inclined
at 45 degrees is commonly utilized to provide polarization isolation between the back
scattered signal and signals from on-coming traffic.

The antenna for the automotive radars is required to have high aperture efficiency, which
means high gain for an aperture area determined by the dimensions of a radar sensor, in order
to detect targets at a long range of 150 m. The polarization of the antenna should be
45-degree inclined linear polarization. In addition, low profile is required so as not to spoil
the appearance of a vehicle. With regard to the wide spread adoption of the automotive
radars, ease of manufacture is also one of the significant factors. The frequency range is
from 76 GHz to 77 GHz. Gain and sidelobe level in the elevation plane of the subarray for
electrical scanning radars should be higher than 22 dBi and lower than —15 dB, respectively.
Beamwidth in the azimuth plane needs wider than 20 degrees. For mechanical scanning
radars, gain and sidelobe levels in both the azimuth and elevation planes are required to be
higher than 31 dBi and lower than —15 dB, respectively.

Several types of antennas have been developed, including the triplate antenna [2-4],
dielectric lens antenna [2-8], folded reflector antenna [2-9], slot antenna [2-10], [2-11],
dielectric leaky wave antenna [2-12], microstrip antenna [2-5], [2-6], [2-13]-[2-17], and others.
The choice of antenna depends on the specifications required for the system, such as cost,

performance, size, producibility, and so on. These antennas are compared in terms of



Table 2.1. Comparisons of antennas for Toyota CRDL radar requirements.

Antenna types P((IeE;ff?crlrgr?S;)e (Thi?(zneess) Cost
Triplate antenna @) @) A
Dielectric lens antenna O X @)
Folded reflector antenna O A A
Slot antenna O O A
Dielectric leaky wave antenna @) @) A
Microstrip antenna A O O

(O: Good, A: Fair, X: Poor, for Toyota CRDL radar requirements)

performance, size, and cost for the requirements of radars [2-7] developed by Toyota CRDL

Inc. in Table 2.1.

2.2.2 Microstrip antennas

Microstrip antennas have advantages of low profile and ease of manufacture, and can be
etched on common substrates such as Teflon glass fiber. Thus, a type of microstrip antenna
becomes a good candidate when radar sensors are widely used in vehicles, due to its
advantages. This dissertation focuses on microstrip antennas.

Figure 2.2 shows a typical microstrip array antenna [2-6]. The radiating elements and
feed line are printed on the dielectric substrate with ground plane at the backside. The
radiating elements are inclined at ¢ = - 45 degrees for the feed line to generate polarization
inclined at - 45 degrees. The amplitude distribution of the antenna is controlled by the
dividers to achieve desired distribution such as Taylor distribution. The distance between the
dividers is set at a nearly guided wavelength, A,, so that the all radiating elements may be
excited in phase. The divider consists of impedance transformers with a quarter wavelength,

Jg.
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Fig. 2.2. Configuration of typical microstrip array antenna.
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However, the problem is that aperture efficiency of the microstrip array antenna decreases
as the aperture area becomes larger. Referring to prior work on microstrip antennas in the
millimeter-wave band [2-13]-[2-15], we estimate that maximum achievable aperture
efficiency of a fan beam microstrip antenna having gain of around 20 dBi in the 76 GHz band
is limited to 40 %. Likewise, aperture efficiency of a pencil beam microstrip antenna of 30
dBi gain in the 76 GHz band is estimated less than 30 %. The degradation of aperture
efficiency appears to be caused by two major reasons. One is the loss of the feed line, which
includes discontinuities such as T-junctions and bends, and a microstrip line itself. Another
is poor tolerance to set amplitude distribution. The minimum width of the microstrip line
etched on Teflon grass fiber substrate is generally about 0.1 mm by the limitation of
manufacturing accuracy in case that a relatively large array antenna is etched on it. The

9



power dividing ratio of the T-junction is limited nearly 4:1 in this condition. Thus desired
amplitude distribution cannot be set and aperture efficiency goes down when the feed line of
the array antenna requires the power dividing ratio larger than 4:1.

A type of combline antenna [2-16], [2-17] is a candidate of microstrip array antennas with
the minimum loss of the feed line because there is neither divider nor bend and the microstrip
line is straight. Figure 2.3 (a) shows a linearly polarized combline antenna. The radiating
elements are connected perpendicular to the feed line, and the polarization has the x direction.
Radiation conductance of each radiating element is controlled with variation of the width W.
The length L has a half resonant wavelength. On the other hand, a circular polarized

combline antenna is shown in Fig. 2.3 (b). The radiating elements inclined at 45 degrees and

37 Vi
y ¢ &4
Feed point 7 X Feed point . X
S ——— ve ~y

17
el |f— —
| Microstrip / x j IMicrostrip
2 | == — line A — ™
s Radiati
adiating
Adf o é element
/‘\1_’ j |~
Py
 fm W5y \
e 4
Wil w
s
<7 |
Radiating I: '\G]round é '\Glround
element plane plane
/ i / ~ b
Dielectric Dielectric
substrate _| substrate
Termination point Termination point
(a) ()

Fig. 2.3. Configurations of combline antennas. (a) Linear polarization and (b) circular

polarization.
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- 45 degrees are placed on both sides of the feed line in the spacing of a quarter wavelength
along the feed line.

The one edge of the radiating element inclined at 45 degrees is connected to the feed line,
as shown in Fig. 2.3 (b). There would be a problem that the excited mode in the radiating
element degrades as the width W of the radiating element becomes wider. Thus radiation
conductance for co-polarization has to be widely controlled, keeping the excited mode for
cross-polarization negligibly small even when the width of the radiating element inclined at
45 degrees is wider. A new configuration of microstrip linear array antenna is proposed in
Chapter 3. The antenna achieves simultaneously low feed line loss and negligibly small

excitation for cross-polarization mode.

2.2.3 Feed networks

A feed network between a feed point and plural linear arrays is important in terms of high
efficiency for an array antenna having a pencil beam for mechanical scanning radars.
Because aperture efficiency is sensitive to feed networks, as the aperture area becomes larger.
Figure 2.4 (a) shows a typical array antenna consisting of plural linear arrays. Conventional
feed networks include a series circuit of Fig. 2.4 (b) and parallel circuit of Fig. 2.4 (¢). The
features of the circuits are summarized in Table 2.2. The series feed circuit has lower feed
line loss compared with the parallel feed circuit because the total length of the feed line in the
series feed circuit is shorter than that in the parallel feed circuit. But the design tolerance of
setting amplitude distribution in the series feed circuit is poor due to the limited power
dividing ratio of the T-junctions. Thus, desired amplitude distribution cannot be set, and the
aperture area cannot fully work, resulting in the decrease of aperture efficiency in case of the
series feed circuit.

A feed circuit is required to have features of both lower feed line loss and setting desired

11



amplitude distribution with small power dividing ratio of the T-junctions less than 4:1. A

new feed circuit is proposed to achieve the both performance simultaneously in Chapter 3.

Feed point
[

Feed network

GEEEEE
GEEEEE
GEEEEC
GEEEEE
| EEEEEE
GEEEEE
GEEEEE
GEEEEE

(

Power

-+

Lo
WM M W

(b)

A~ e

©
Fig. 2.4. Feed networks for array antenna. (a) Configuration of typical array antenna.

(b) Series circuit and (c) parallel circuit.

Table 2.2. Features of series and parallel circuits.

Design flexibility of

Feed network Feed loss T
aperture distribution
L
w7 T m T T T N Small Poor
Series

AN S A Large Good

Parallel
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2.3. Conventional millimeter-wave transitions

When microstrip antennas are selected for the radar system, microstrip antennas are placed on
the surface of a radar sensor, and are connected to millimeter-wave circuits inside the sensor
via waveguides. In the configurations, transitions from waveguide to microstrip line are
required.

Several types of transitions from waveguide to microstrip line have been reported. The
ridge waveguide type [2-18], quasi-yagi type [2-19], and planar waveguide type [2-20] have
been studied as longitudinal transition from waveguide to microstrip line. With regard to
vertical transitions used in the configuration described, transitions of probe feeding type have
been reported [2-21], [2-22]. Figure 2.5 shows a transition of probe feeding type. The
microstrip line and ground pattern are etched on the dielectric substrate. The ground plane is

etched on the backside. The transition needs the waveguide short block with a quarter

N 4y
'M) g Waveguide
Microstrip X7 short block
line Ground

pattern 7
Dielectric |
substrate y
Ground
plane

L 01
Via holes
o/

One ﬂ'ﬂ”ﬂﬂ ﬂﬂﬂﬂaz

substrate|

Waveguide A/l

(@) (b)

Fig. 2.5. Configurations of transition of probe feeding type. (a) Perspective view and

(b) cross section.
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wavelength to achieve sufficient coupling between the waveguide and the microstrip line.
Although the transition has a low loss characteristic in millimeter-wave band, the structure is
not suitable for mass production, due to the usage of the metal short block.

A way to replace the metal short block is to place a patch element in the waveguide to
achieve sufficient coupling between the waveguide and the microstrip line. Figure 2.6
shows a transition of slot coupling type [2-23], where the microstrip line is coupled with the
rectangular patch element in the waveguide by means of a slot. The transition needs an

additional substrate instead of a metal short block.

Microstrip
line 74!/ /
M= -
z
ﬁ;?,”e”d Q Matching |
@ element y

Waveguide AD

Dielectric
substrate

(a) (b)
Fig. 2.6. Configurations of transition of slot coupling type. (a) Perspective view and
(b) cross section.

A transition having neither a metal short block nor an additional substrate is desired to be
suitable for mass production. A new type of transition is proposed in Chapter 4, which can
be composed of a single dielectric substrate attached to the waveguide and is suitable for mass
production.
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A wideband characteristic improves the assembly tolerance, considering the shifts in the
resonant frequency that are mainly caused by assembly errors. But a wideband design for a
transition having a patch element in the waveguide has not been reported, to the authors’
knowledge. A wideband design methodology is proposed in Chapter 5. The optimum
dimensions of transitions are derived.

Where a microstrip line divider is needed between the transition and the microstrip
antenna, a transition working as a divider would provide a compact feed network. With
regard to the number of microstrip lines, the transitions [2-18]-[2-23] have one microstrip line.
A transition working as a divider has been also reported [2-24]. Since it does not have a
patch element in the waveguide, it needs a tapered waveguide. A transition from a

waveguide to two microstrip lines is also proposed in Chapter 5.

2.4. Conventional digital TV antennas
2.4.1 Digital TV reception system for vehicles
Digital terrestrial services have been available in Europe and North America since September
1998, and some transmission systems have been studied [2-25], [2-26]. Digital terrestrial
services were started in three large cities, Tokyo, Osaka and Nagoya, in Japan in December
2003 and are expected to have spread over a large area by the termination of current analog
TV in July 2011. Terrestrial Integrated Services Digital Broadcasting (ISDB-T) system has
been adopted [2-27]. Frequency bandwidth is assigned from 470 MHz to 710 MHz and
horizontal polarization is utilized. ISDB-T system offers various sorts of services, which are
High Definition Television (HDTV) service for fixed reception, mobile multimedia services
for mobile reception and the like.

Toyota CRDL Inc. has set itself the goal of developing an automotive digital terrestrial

15



reception system to enable the enjoyment of HDTV service in a vehicle. In order to achieve
the stable reception, the reception system has adopted an adaptive array using four antennas
based on the Maximal Ratio Combining (MRC) method [2-28]. Figure 2.7 shows a digital
TV reception system for a vehicle. The received signals of the four antennas are
down-converted, weighted and combined in the control system. The weight vector for each
signal is controlled, based on the MRC method. Performance of the reception system greatly
depends on performance of the antennas, which is, particularly, radiation pattern in the
horizontal plane. The combined pattern has the peak to the direction of incoming desired
wave. The steered beam of the combined pattern is required to have an almost constant gain
across 360 degrees in the horizontal plane. Peak plot is defined as plotted pattern of the peak

of the combined pattern, and is used to evaluate performance of antennas.

Received Weighted
signals signals

(a) H
o

Undesired
wave

Combined
signal
-

Desired
wave

(d) &

X QR

Combined # Y
pattern o & t
¢ v MRC’
Four antennas ’ +* Controller
* Maximal Ratio Combining
Peak plot

Fig. 2.7. Digital TV reception system.
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2.4.2 Radiation pattern of mounted antennas
Pole antennas have been in use for AM radio reception since the 1950s and covered for VHF
and UHF bands [2-29], [2-30]. Pole antennas will still be used for some types of cars due to
their advantages of low cost and easy installation. On-glass antennas are generally preferred
for car installation since they do not spoil the appearance of the car. On-glass antennas
installed on the rear window have been developed for AM/FM radio and analog television
[2-31]-[2-33].

Figure 2.8 shows typical installation positions of on-glass antennas. The installation
positions are limited to the top of the front and rear windows in the point of view for antenna

performance, maintaining the driver’s view, and so on.

Installation positions

Fig. 2.8. Installation positions of antennas for car.

Directivity of mounted antennas is described. Figures 2.9 (a) and (b) show measured
peak plots of conventional antennas. When loop antennas were installed at the top of front
and rear windows, the peak plot has unacceptable week gain at the sides, as shown in Fig. 2.9
(a). Because front and rear antennas had gain to the front and rear directions, respectively.
On the other hand, the peak plot of pole antennas that are on the market is shown in Fig. 2.9

17



P LE FS

DL LY JS

(@)

(b)

Fig. 2.9. Measured peak plot of conventional antennas. (a) Loop antenna and (b) pole

antenna.

(b). The pole antennas were installed on the roof. The peak plot has unacceptably weak

gain to the front.
The problem was clarified from the measurement results of Figs. 2.9 (a) and (b) that the

peak plots of conventional antennas have unacceptably weak gain in the horizontal plane.
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On-glass antennas with omnidirectional peak plot are desired when they are installed at the
front and rear windows. A technique of omnidirectional pattern synthesis is proposed for

on-glass antennas in Chapter 6.

2.4.3 Wideband methods

Since digital TV broadcasting services uses a relative bandwidth of 41 %, ranging from
470 MHz to 710 MHz, a wideband method for on-glass antennas is required to cover the
bandwidth. Several bandwidth enhancement methods have been studied for dipole antennas.
Types of thick dipole arms have been reported. Fig. 2.10 shows a bowtie antenna [2-34].
The antenna has two triangular arms and exhibits a wideband characteristic. The shapes of
arms have been studied, including circular arms [2-35] and square arms [2-36], [2-37]. But
these are not particularly suitable for installation on the windshield because of the importance
of protecting the driver’s field of view. The use of parasitic elements besides a dipole in an
open sleeve dipole design [2-38], [2-39] is also a useful method, but the feed line between the
antenna and RF circuit cannot be printed on the glass together with the antenna due to the

physical limitations of the parasitic element.

OO
/!

Feed point

Fig. 2.10. Configuration of bowtie antenna.
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Also, installation spaces are generally limited for vehicles. In case of a sedan type,
installation positions have been shown in Fig. 2.8, but the development of antennas is still
required for other types of vehicles. A thinner structure is suitable for narrower installation
space near the edge of windows at the sides as well as the front and rear of vehicles.

Considering all types of vehicles, a thin structured antenna is required. A thin structure
composed of thin wires is proposed in Chapter 7. The antenna covers the frequency range
from 470 MHz to 710 MHz.

It is generally occurred that the operating frequency of antennas goes down when installed
into a vehicle, which is mainly due to the individual permittivity of the materials used in
automotive body parts. Thus, the dimensions of the antenna must be adjusted to compensate
for shifts in operating frequency, depending on the installation position as well as the vehicle
type. If the bandwidth of the operating frequency becomes much wider, then the antenna
would be able to cover the digital terrestrial TV band even when operating frequency shifts
occur. This would save the efforts involved in and the time required for the adjustment,
thereby improving production availability. An antenna with wider bandwidth and thinner
structure is proposed in Chapter 8. The antenna in free space provides double the frequency

bandwidth of the antenna described in Chapter 7, ranging from 470 MHz to 950 MHz.

2.5 Conclusions
Conventional techniques for millimeter-wave antennas, transitions, and digital TV
antennas were presented. The current problems were clarified. This dissertation will

proposes new configurations later.
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Chapter 3. Millimeter-wave microstrip antennas for automotive radars

3.1 Introduction

A new configuration of microstrip linear array antenna [3-1]-[3-4] is proposed for automotive
radars in this chapter. The antenna has an advantage of high aperture efficiency as well as
low profile and ease of manufacture. The configuration of the proposed microstrip linear
array antenna is presented in Section 3.2. The features of the proposed antenna are also
presented from the points of view for coupling coefficient of the radiating element and feed
line loss in Section 3.3. The radiating element is analyzed by the cavity model to make clear
the controllable range of radiation conductance for co-polarization as well as relations to
radiation conductance for cross-polarization, conductor loss and dielectric loss. The design
of the linear array antenna taking the feed line loss into account is presented and feed line loss
is estimated. In Section 3.4, performance of two types of the developed antennas is
described and discussed in terms of aperture efficiency for electrically scanning antenna and
mechanically scanning antenna having a new feed circuit. This chapter is concluded in

Section 3.5.

3.2 Proposal of microstrip antenna

Figure 3.1 shows the configuration of a microstrip linear array antenna for automotive radars.
A straight microstrip line and rectangular radiating elements are printed on one side of a
dielectric substrate with a ground plane on the other side. The rectangular radiating
elements inclined at 45 degrees to the straight microstrip line are placed on both sides of the
microstrip line and are directly connected to the microstrip line at their corners without
dividers or impedance transformers. Radiation conductance of each rectangular radiating
element is controlled by changing the width W of each rectangular radiating element and is
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Fig. 3.1. Configuration of the proposed microstrip linear array antenna for automotive

radars.

determined to satisfy aimed amplitude distribution of the microstrip linear array antenna.
The length L of each rectangular radiating element is chosen to be a half resonant wavelength.
The element spacing d, in the y direction is set to approximately a half guided wavelength so
that all of the rectangular radiating elements may be excited in phase. The microstrip line is
terminated by a rectangular matching element to suppress the reflection of the residual power
and radiate it at the end of the microstrip line. The antenna is fed by a waveguide ( WR-12)
through the microstrip line to waveguide transition at the opposite end of the microstrip line.
The transition has a feature of low loss and is made by the same manufacturing process as the
antenna. Details of the transition will be described in Chapter 4. Design frequency is 76.5
GHz, which is the center of the frequency bandwidth utilized for automotive radars. The

dielectric substrate has the thickness ¢ = 0.0324 Ay and relative dielectric constant & = 2.2.
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Ao is a wavelength in free space at 76.5 GHz. The width w; of the microstrip line is 0.0765
Ao.  Characteristic impedance Z; is set to 60 Q so that the coupling coefficient of the
radiating element may cover the appropriate range for setting aimed amplitude distribution.
The number of elements is chosen 37 elements for the developed antenna due to the vertical
dimension constraint. The length of the linear array antenna is approximately 15 4. In
order to achieve sidelobe level below —15 dB including fabrication errors in mass produce,
amplitude distribution of the linear array antenna is set Taylor distribution with —17 dB
sidelobe level. The main beam is tilted so as to suppress the over all reflection at the input
port. The tilt angle of the main beam is set to —3 degrees in the y direction since the small

tilt angle is better for the installation of the radar sensor to a vehicle.

3.3 Design of linear array including losses
3.3.1 Coupling coefficient of radiating element
The design of the radiating element is first presented. To set aimed amplitude distribution
accurately is important and is required together with lower feed line loss in terms of aperture
efficiency because degradation of amplitude distribution causes reduction of aperture
efficiency. In other words, radiation conductance for co-polarization has to be controlled
widely enough to set amplitude distribution. Thus coupling coefficients for radiation power,
conductor loss and dielectric loss are evaluated here by the cavity model with co- and
cross-polarization modes.

The radiating element is simply modeled to a cavity excited at the feed point F' in Figure
3.2 (a). Calculated dielectric substrate has the thickness ¢ = 0.0324 A, relative dielectric
constant & = 2.2 and loss tangent tan 0= 0.001. The area of the feed point F' is assumed to
be rectangular 4,xA,. It is also assumed that TM mode is excited in the radiating element
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since the thickness of the substrate is much thinner than a wavelength in the substrate. The
equivalent circuit of the radiating element connected to a feed line is presented in Figure 3.2
(b). The equivalent circuit is given with series connection of parallel resonant circuits for

TMmn modes to distinguish coupling coefficient of each mode. Conductor loss and dielectric
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Fig. 3.2. Calculation model of a radiating element and its equivalent circuit connected
to a feed line for calculation of coupling coefficients of the radiating element. (a)
Calculation model of a radiating element and (b) equivalent circuit of the radiating

element connected to a feed line.
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loss as well as radiation power are considered by G¢, Gp, and Gr in the equivalent circuit.
Impedance Z;y of the cavity at the feed point F is given with the summation of impedance Z,,

for TM,,,, modes.

Ly W s

mn_F" mn_F
2 _ _

Z]N :ZZmn = P (31)

m m

2 RYPu ¢+ B pt ij(W n E WmniM)
where Vi £, Poun 8y Poun ¢5 Poun Dy Wan £ and W, y denote voltage at the feed point F,
radiation power, conductor loss, dielectric loss, electric energy, and magnetic energy of TM,,,
mode. Equation (3.1) was derived, referring the literature [3-5], and the details are presented
in Appendix 3.A. Conductivity 5.8x10” S/m of cupper is used for calculation of conductor

loss Py c. S parameters of the equivalent circuit at the connection of the radiating element

are written as

Sy =—22 (3.2)
240
Z[N
2
Sy=—> (3.3)
2+
IN
Thus coupling coefficient K of the radiating element from the feed line is given by
2 2
K, =1-[S,,[ -8, (3.4)

The coupling coefficient K includes radiation power, conductor loss and dielectric loss for all
TM,,, modes excited in the radiating element. TMy; and TM;¢ modes, which correspond to
co- and cross-polarizations, respectively, are focused and analyzed here since coupling
coefficients of higher order modes are much smaller than that of TMy; mode and relative
value between TM,; and TM;¢ is important. Figure 3.3 shows calculated coupling
coefficients with variation of the width W of the radiating element. Vertical axis represents
coupling coefficient and horizontal axis represents the width / normalized by the length L.
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Fig. 3.3. Calculated coupling coefficients of radiation power Kco r and Ky g, conductor
loss Kco ¢ and Ky ¢, and dielectric loss Kco p, and Ky p of both co- and
cross-polarization modes with variation of the width /' normalized by the length L.

The total coupling coefficient K is presented as well as simulated results by HFSS.

Each coupling coefficient is separately calculated using the equivalent circuit in Figure 3.2
and the basic circuit theory. Subscripts co and x denote co- and cross-polarizations whilst
subscripts R, C and D denote radiation power, conductor loss and dielectric loss, respectively.
The coupling coefficient Ko r corresponding to radiation power for co-polarization increases
from 0.01 to 0.20 as the width /¥ becomes wider. The coupling coefficient Kco z becomes
the maximum value of 0.20 at the width W of 0.90 L. The coupling coefficient Kco r
decreases as the width W gets further wider than 0.90 L. On the other hand, the coupling
coefficient Ky r keeps small value of less than one hundredth of the coupling coefficient
Kco r when the width W is narrower than 0.8 L and still keeps less than one twentieth at 0.9 L.
However the coupling coefficient Ko x increases steeply when the width 7 gets wider than
0.90 L. The total coupling coefficient K is also presented for comparison with simulated

results by HFSS using the finite element method. The total coupling coefficient K is almost
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the same as the simulated results by HFSS.

In case that Taylor distribution with —17dB sidelobe level is set in the linear array antenna
with 37 radiating elements, the coupling coefficient K¢p z of 33 radiating elements in those of
36 radiating elements excluding the matching element becomes within available range from
0.01 to 0.20. Sidelobe level of —17 dB in the linear array antenna can be kept by
compensation of each coupling coefficient of the 33 radiating elements since the effect of
errors by the coupling coefficients of the other 3 radiating elements near the matching element
is small when the coefficients are set to 0.20.

Another characteristic of the radiating element is also important for the design of the
linear array antenna. Figure 3.4 shows the simulated transmission phase £ S;; of the
microstrip line having the radiating element shown in Figure 3.2 (b) with variation of the
width . The transmission phase £ S, is relative value to the microstrip line without the
radiating element. The transmission phase £ S,; simulated by HFSS increases from 3

degrees to 21 degrees as the width W becomes wider from 0.07 L to 0.90 L.

g 30

o,

zl)ﬁ

o 20 /
®

c

o

_5 10

w0

0

g -

& 0

= 0 0.5 1

Normalized width W/L

Fig. 3.4. Simulated transmission phase £ S;; of the microstrip line having the radiating

element with variation of the width # normalized by the length L.
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3.3.2 Feed line loss of linear array antenna

The design of linear array is next presented. In order to set desired amplitude
distribution accurately, the feed line loss should be taken into account in the design. The
design of a linear array antenna taking feed line loss into account is presented here and feed
line loss is estimated.

Figure 3.5 shows the equivalent circuit of the linear array antenna for estimation of feed
line loss. The radiating element which is the nearest to the source is numbered with #1 and
the terminated radiating element is numbered with # N,. The power Pg(i) coupling to the ith
radiating element includes radiation power, conductor loss and dielectric loss. Each spacing
between the radiating elements is assumed to be the averaged value of d, = 0.403 A, although
the spacing is actually adjusted because transmission phase is changed with variation of the
width W. Attenuation constant of electromagnetic field for the loss of a microstrip line is

expressed by o ( @ > 0). The transmission power is attenuated exponentially with -2 o as

_ Power delivered to
Pc(/) radiating element PL(i+1)

Transmission
Power

T

Feed line loss

Fig. 3.5. Equivalent circuit of a linear array antenna for estimation of feed line loss.
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the input power is transmitted toward the terminated element. The admittance Y,,,(7) and the
coupling coefficient Kg(7) at the ith radiating element are sequentially determined from the
terminated radiating element toward the source so as to set desired amplitude distribution in
case that the terminated radiating element is matched to the feed line. The reflection from
each radiating element is canceled out at the input port by tilting the main beam in the linear
array antenna. Assuming that the over all reflection is small at the input port, the coupling

coefficient Kg(7) of the ith radiating element is given by

L 6
PO+ 3P0
j=i+l
where the power Pg(i) coupling to the ith radiating element is written with radiation power
Pco g(i) for co-polarization and losses Ppg;(i) including conductor loss, dielectric loss and
radiation power for cross-polarization.
Py(i)=Foo_#(i)+ Pr,(0) (3.6)

The total loss Py of the feed line is derived from the total input power Py at the source and

the total power Prz delivered to all radiating elements.

Py =Py — P

=3 A0S R

A 37

Figure 3.6 shows transmission coefficient of the microstrip line measured by LRL
calibration method. Vertical axis represents transmission coefficient per unit length and
horizontal axis represents frequency from 66.5 GHz to 86.5 GHz. The measured loss was
0.03 dB/mm at 76.5 GHz. Time gate function was adopted to remove the unwanted
reflection wave for high accuracy in the measurement.
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Fig. 3.6. Measured transmission coefficient of the microstrip line.

3
m
S,
w2
)
Ke)
)
£
- 1
o)
)
L

0

0 5 10 15 20
Length of array antenna [4,]

Fig. 3.7. Estimated feed line loss with variation of the length of the linear array antenna.

Feed line loss with variation of the length of the linear microstrip array antenna is
estimated in Figure 3.7. The length of the array antenna is defined by the product of element
number N, and element spacing d,. Amplitude distribution of each length of the array
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antenna is set Taylor distribution with —17dB sidelobe level. Vertical axis represents feed
line loss and horizontal axis represents the length of the array antenna. Feed line loss
increases as the length of the array antenna becomes longer. The feed line loss of the array
antenna is smaller than that of the microstrip line itself having the same length because the
transmitted power is gradually radiated by radiating elements as well as is attenuated due to
the loss of the microstrip line. The estimated feed line loss becomes 0.9 dB when the length
of the array antenna is 15 .

The excited power distribution of the linear array antenna is shown in Figure 3.8.
Vertical axis represents the excited power Pco g for co-polarization and horizontal axis
represents the radiating element number. The summation of the excited power Pco ¢ of all
radiating elements is the ratio of the total radiation power to the total input power. In case
that the feed line loss is taken into account in the design, the excited power distribution

expressed by a circle is set nearly as Taylor distribution with —17 dB sidelobe level expressed

0.03
o AS

Q;O 0.02 < ®
g AA AAA 4
Q AAAAS a9
B ool | fig
E %

0

0 10 20 30 40

Radiating element number

Fig. 3.8. Excited power distribution of the linear array antenna in cases that the feed
line loss is considered and that it is not considered. (—: Taylor, ®: Feed line loss is

considered, A: Feed line loss is not considered)

36



by a solid line. The effect of errors from Taylor distribution is small and sidelobe level of
—17dB is kept as mentioned at the description of Figure 3.3. On the other hand, the coupling
coefficients are specified to different values in case that the feed line loss is not considered in
the design. The excited power distribution calculated by the specified coupling coefficients
is also presented by a triangular for comparison. The excited power distribution is
asymmetrical since the feed line loss actually exists.

Dimensions of radiating elements and their spacing in the linear array antenna are
presented in Figure 3.9. The width W of the radiating element controlling the coupling
coefficient Kcp r becomes wider as the radiating element number increases. The length L of
the radiating element adjusting a resonant length gets slightly shorter and the spacing d,
between #ith and #(i+1) adjusting the transmission phase gets slightly longer with the increase

of the radiating element number.
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Fig. 3.9. Dimensions of radiating elements and their spacing in the linear array antenna.
(®: Width W, A: Length L, ®: Spacing d,)
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3.4. Developed antennas
Performance of two types of developed antennas is described. One is a fan beam subarray
antenna for electrical scanning radars, which is presented in Part 3.4.1. The other is a pencil
beam array antenna for mechanical scanning radars, which is presented in Part 3.4.2.
3.4.1. Fan beam subarray for electrical scanning radars

Figure 3.10 shows a photograph of the fan beam subarray antenna, which is one of
subarrays arranged in the azimuth plane for electrical scanning radars [3-6]. The antenna is

composed of 2 linear arrays having 37 radiating elements.

Fig. 3.10. Photograph of the fan beam microstrip subarray antenna for electrical
scanning radars.

Measured radiation patterns in both the zx plane and the yz plane of the fan beam subarray
antenna at 76.5 GHz are shown in Figure 3.11 (a) and (b), respectively. As shown in Figure
3.11 (a), the radiation pattern is almost symmetrical in the zx plane. Half power beam width
and sidelobe level are 26.3 degrees and —10.7 dB, respectively. On the other hand, half
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power beam width is 4.0 degrees and sidelobe level is suppressed to less than —15.4 dB in the
vz plane in Figure 3.11 (b). Main beam is tilted to -2.8 degrees in the y direction to suppress
the over all reflection at the input port. The main beam is scanned about 1.6 degrees when

frequency is varied within 1 GHz. Since frequency bandwidth utilized for automotive radars
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Fig. 3.11. Measured radiation patterns of the fan beam subarray antenna for electrical

scanning radars at 76.5GHz. (a) zx-plane and (b) yz-plane.
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is 1 GHz, the main beam is scanned within + 0.8 degrees. In this case, gain reduction at the
direction of 2.8 degrees in the yz plane is 0.5 dB, which is small effect for performance of
automotive radar systems.

Figure 3.12 shows measured gain and aperture efficiency of the fan beam subarray
antenna. Vertical axis represents measured gain and horizontal axis represents frequency
from 74.5 GHz to 78.5 GHz. Peak gain at each frequency and aperture efficiency are
represented by a solid line and a dotted line, respectively. The gain reduction caused by
beam scanning is not considered in Figure 3.12.  Aperture efficiency 7 is defined as the ratio

of the measured gain Gy, to the aperture gain G4 and written as

B G, B 4rA B 47Z'Nxdeydy (3.8)
A e

where 4 is an aperture area having radiating elements and is expressed by the product of
numbers N, and Ny of radiating elements, and spacing d, and d,, of radiating elements in the x

and the y directions, respectively. The aperture area 4 of the fan beam subarray antenna is
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Fig. 3.12. Measured gain and aperture efficiency of the fan beam subarray antenna for

electrical scanning radars.
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1.78 20x14.91 Ay. It can be seen from Figure 3.12 that aperture efficiency and gain are
higher than 53 % and 22.4 dBi, respectively, in the frequency band from 75.5 GHz to 77.5
GHz, which are high enough for the frequency band for automotive radars. Aperture
efficiency and gain at 76.5 GHz are 53 % and 22.5 dBi, respectively. Loss of the microstrip
line to waveguide transition is not included in the measured gain.

Measured reflection of the fan beam subarray antenna at the input port is shown in Figure
3.13. The reflection at the input port is —18.7 dB at 76.5 GHz and bandwidth of reflection

below —10 dB is 2.98 GHz.
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Fig. 3.13. Measured reflection coefficient of the fan beam subarray antenna for

electrical scanning radars.

Losses of the fan beam subarray antenna are analyzed in Table 3.1. The losses estimated
in the design include feed line losses, losses in the radiating element and losses of directive
gain. Losses of a straight feed line and a T-junction for dividing power to the two linear
arrays are estimated 0.9 dB shown in Figure 3.7 and 0.3 dB by HFSS, respectively.
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Table 3.1. Analysis of losses of the fan beam subarray antenna for electrical scanning

radars. Measured aperture efficiency is presented in () as well as estimates.

Feed line Straight feed line 0.9dB

1
O88es Divider, Bend 0.3dB
Loss Lo;ses in Conductor loss 0.5dB

factors| radiating
element Dielectric loss 0.3dB
Losses of | Pirective gain G, y/Aperture gain G, 0.4dB
directi .
frective gain Taylor distribution G, /G, 0.1dB
Aperture efficiency 56% (53% )

Conductor loss and dielectric loss in the radiating elements are estimated 0.5 dB and 0.3 dB,
respectively, which are averaged values of conductor losses and dielectric losses of the all
radiating elements. Conductor loss and dielectric loss of each radiating element are
estimated from Figure 3.3. As losses of the directive gain, the ratio of the directive gain
Gp v in case of uniform amplitude distribution to the aperture gain G4 is estimated 0.4 dB.
The ratio of the directive gain Gp r in case of Taylor amplitude distribution with —17dB
sidelobe level to the directive gain Gp y in case of the uniform amplitude distribution is also
estimated 0.1 dB. The estimation of directive gain was carried out with the cavity model and
array factors. The dimensions L and W of each radiating element and the spacing d, between
radiating elements in the y direction are assumed to be the same values and are set the average
values of the developed subarray antenna such as L = 0.321 Ao, W= 0.11 Ay and d, = 0.403 Ay,

respectively. The spacing d, in the x direction is set to 0.89 4;. Mutual coupling between
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radiating elements is not taken into account. The aperture efficiency is estimated to 56 %
from the analysis of the loss factors. On the other hand, measured aperture efficiency is
53 %, which is close to the estimated value. The reduction of aperture efficiency due to the
reflection loss at the input port is 1 % since the measured reflection is —18.7 dB shown in

Figure 3.13. The validity of the analysis is confirmed by the estimated and measured values.

3.4.2 Pencil beam array antenna for mechanical scanning radars
A feed circuit between a feed point and some linear arrays becomes important in terms of

aperture efficiency, as an aperture area gets larger. We propose the two-stage series feed

Sgﬂaetr',?g Microstrip line T-junction
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w dx
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substrate waveguide transition ?
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&

! | B\ ]

y/4
2\
0 2
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Fig. 3.14. Configuration of the pencil beam microstrip array antenna having the

proposed two-stage series feed circuit for mechanical scanning radars.
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circuit as well as the microstrip linear array antenna shown in Figure 3.14. The proposed
two-stage series feed circuit is the series feed circuit consisting of some further series feed
circuits. Thus the proposed feed circuit has both advantages of lower feed line loss in the
series feed circuit and setting aperture distribution with small power dividing ratio of
T-junction in the parallel feed circuit. The one output port is rounded and the other output
port is straight at the T-junction. The radius r;, is selected to a relatively large value of 0.17
Ay to minimize the degradation caused by the discontinuity. The widths wy, and w;; control
characteristic impedance of impedance transformers whilst the lengths of /;, and /; are a
quarter guided wavelength. The width of the microstrip line is varied from 0.026 Ay to
0.0765 Ay in the proposed circuit.

Figure 3.15 shows estimated feed line loss of the proposed feed circuit as well as
conventional series and parallel feed circuits with variation of the length of the feed circuits,

which are represented by a circle, a triangular and a rectangular, respectively. The length of

Feed line loss [dB]

0 10 20 30
Length of feeding circuit [4,]

Fig. 3.15. Feed line loss of the feed circuit with variation of its length. (—@—:
Proposed, —&—: Series, —®—: Parallel)
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the feed circuit is defined by the product of the number Ny of linear arrays and their spacing
dy in the x direction. Loss of the microstrip line is taken into account using attenuation
constant  ( @ > 0 ) as the same concept as presented in section 3.3. Since the two-stage
series feed circuit has discontinuities of T-junctions and bends, the following equation is
introduced in the estimation.
plN:ZPOUT+PL (3.9)

where Py, Poyr and P are input power to the discontinuity, output power from the
discontinuity and loss caused by radiation and surface wave at the discontinuity. Output
from the discontinuity has one port for the bend or two ports for the T-junction. In this
estimation, Py is set to 0.1 dB at the T-junction and the bend referring to the simulated results
by HFSS. Amplitude distribution of each length of the feed circuit is set Taylor distribution
with —17 dB sidelobe level. It can be seen from Figure 3.15 that loss of the proposed feed
circuit is less than that of the parallel feed circuit and has almost the same value as the series
feed circuit. Feed line loss of the proposed feed circuit is estimated 1.6 dB when the length
of the feed circuit is 23 Ay, which corresponds to the horizontal length of the pencil beam
array antenna.

In the above estimation, power dividing ratio of each T-junction is also determined. The
power dividing ratio of the T-junction is defined as n:1 in case that the input power is divided
into n/(n+1) at the one output port and 1/(n+1) at the other output port. Figure 3.16 shows
the maximum power dividing ratio of the T-junction with variation of the length of the feed
circuit. A circle, a triangular and a rectangular denote the maximum power dividing ratio of
the T-junctions used in the proposed, the series and the parallel feed circuits. The number of
linear arrays connected to a subgroup of the proposed circuit does not exceed 4 in Figure 3.16.
The series feed circuit needs large power dividing ratio, as the feed circuit gets longer. In
case of the length of 23 4y, the maximum power dividing ratio needs 12:1, thus it cannot be
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Fig. 3.16. Required maximum power dividing ratio of T-junctions in the feed circuit
with variation of the length of the feed circuit. (—®—: Proposed, —#&—: Series, —#—:
Parallel)

fabricated due to the manufacturing limitation. On the other hand, the proposed and the
parallel feed circuits do not need large power dividing ratio. The proposed feed circuit needs
just 3:1 and can be etched even when the length of the feed circuit is relatively long of 23 Ay.
Figure 3.17 shows a photograph of the pencil beam array antenna having the proposed
two-stage series feed circuit for mechanical scanning radars. The antenna is composed of 30
linear arrays having 37 radiating elements. The amplitude distributions in both the x and y

directions are set Taylor distribution with —17 dB sidelobe level.
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Fig. 3.17. Photograph of the pencil beam microstrip array antenna having the proposed

two-stage series feeding circuit for mechanical scanning radars.

Measured radiation patterns in the zx and yz planes of the pencil beam array antenna at
76.5 GHz are shown in Figure 3.18 (a), (b), respectively. Main beam is tilted to —3.0 degrees
in the yz plane to suppress the over all reflection at the input port. Beamwidth is 2.5 degrees
in the zx plane and 4.1 degrees in the yz planes, respectively. Sidelobe levels in both planes
are below —15 dB, which are -15.3 dB in the zx plane and -15.0 dB in the yz plane,
respectively. During the change of frequency from 76 GHz to 77 GHz, the gain reduction at
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the direction of 3.0 degrees in the yz plane is 0.5 dB due to beam scanning, as discussed in

Part 3.4.1.
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Fig. 3.18. Measured radiation patterns of the pencil beam array antenna for mechanical

scanning radars at 76.5GHz. (a) zx-plane and (b) yz-plane.
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Measured reflection of the pencil beam array antenna at the input port is shown in Figure
3.19. The reflection at the input port is —17.3 dB at 76.5 GHz and bandwidth of reflection

below —10 dB is 1.44 GHz.

Reflection coefficient [dB]

-30

74.5 75.5 76.5 77.5 78.5
Frequency [GHZ]

Fig. 3.19. Measured reflection coefficient of the pencil beam array antenna for

mechanical scanning radars.

Figure 3.20 shows the measured aperture efficiency with variation of the measured gain.
Vertical axis represents the measured aperture efficiency and horizontal one represents the
measured gain. A circle denotes the measured aperture efficiency of the developed antennas,
which are 2, 3, 4, 6 and 30 linear arrays having 37 radiating elements. An aperture
efficiency of 39 % with gain of 32.2 dBi is obtained at 76.5 GHz for the pencil beam antenna
composed of 30 linear arrays. The aperture area 4 of the pencil beam array antenna is 22.96
A0x14.91 Ay. The measured aperture efficiency is higher than 50 % when the measured gain
is 20 dBi. The measured aperture efficiency still keeps about 40 % at the measured gain of
30 dBi although the measured aperture efficiency gradually decreases as the number of linear
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Fig. 3.20. Measured aperture efficiency versus gain of microstrip array antennas for

automotive radars at 76.5GHz.

arrays increases.

Losses of the pencil beam array antenna are also analyzed in Table 3.2. The losses
estimated in the design include feed line losses, losses in the radiating element and losses of
directive gain. Losses of the proposed 2-stage series feed circuit for dividing power in the x
direction and a straight feed line in the y direction are estimated to be 1.6 dB shown in Figure
3.15 and 0.9 dB shown in Figure 3.7, respectively. Conductor loss and dielectric loss in the
radiating elements are the same values of 0.5 dB and 0.3 dB in Table 3.1, respectively. As
losses of the directive gain, the ratios of the directive gain Gp y in case of uniform amplitude
distribution to the aperture gain G4, and the directive gain Gp r in case of Taylor amplitude
distribution with —17 dB sidelobe level to the directive gain Gp y in case of the uniform
amplitude distribution are estimated 0.1dB and 0.2dB, respectively. The estimated and
measured values of aperture efficiency are 44 %, and 39 %, respectively. The reduction of
aperture efficiency caused by the reflection loss at the input port is 1 % since the measured

reflection is —17.3 dB shown in Figure 3.19. The analysis in Table 3.2 is also validated in
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comparison with the estimated and measured values.

Table 3.2. Analysis of losses of the pencil beam array antenna for mechanical scanning

radars. Measured aperture efficiency is presented in () as well as estimates.

Feed line Straight feed line 0.9dB

1
055es Two-stage series feeding circuit 1.6dB
Loss Lo;_se_s in Conductor loss 0.5dB

factors| @ 1ating
element Dielectric loss 0.3dB
Losses of Directive gain G, ;,/Aperture gain G, 0.1dB
direct] :
TEEVEEHR Taylor distribution G,y /G, 0.2dB
Aperture efficiency 44% (39% )

3.5. Conclusions

A high efficient microstrip array antenna having 45-degree inclined linear polarization has
been proposed for automotive radars. The rectangular radiating elements inclined at 45
degrees to the straight microstrip line are directly connected to it at their corners in the
proposed array antenna. The radiating element was shown to have a feature that the
radiation conductance for 45-degree inclined linear polarization is controlled widely enough
to set Taylor amplitude distribution keeping excited mode for cross-polarization negligibly
small. Feed line loss of the linear array antenna having 15 Ay was estimated 0.9 dB in the
design taking the loss of the microstrip line into account. Two types of array antennas, for
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electrical and mechanical scanning radars, were developed. The fan beam subarray antenna
having 2x37 elements for electrical scanning radars showed an aperture efficiency of 53 %
with gain of 22.5 dBi at 76.5 GHz. For mechanical scanning radars, the two-stage series
feed circuit has been also proposed for lower feed line loss and setting desired amplitude
distribution. Loss of the proposed feed circuit was estimated 1.6 dB. The pencil beam
array antenna with 30x37 radiating elements showed an aperture efficiency of 39 % with gain
of 32.2 dBi. Aperture efficiency still keeps 40% in the proposed antenna when gain is 30
dBi.

A millimeter-wave antenna should be chosen to meet requirements of performance, cost,
size and reliability for the systems. These results are very useful for engineers to choose a
suitable antenna for millimeter-wave automotive radar systems. We believe from these
results that the proposed microstrip array antenna having a feature of high aperture efficiency
as well as low profile and ease of manufacture will be used not only for ACC system but also

advanced radar systems such as Stop & Go ACC system and a collision avoidance system.
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3.A Appendix
The process of derivation for voltage V,, r at the feed point F, electric energy W, k,
magnetic energy W, u, conductor loss Py, ¢, dielectric loss Py, p and radiation power P, g,

which are used in the equation (1), is presented. Eigen-function for TM,,, mode is given by

E,E, mzx  mrx nrw . nw i
@, (u,v)= WL cos( W u+ 5 jcos( 7 v+ 5 j, (3A-1)
1(m=0) 1(n=0)
Em—= én=
2m=12,..), 2(n=12,.)

Green’s function is also given by

¢* (uo 4 ‘2}0 )¢(2L[, V) (3A-2)
k, —k

mn

G(”’Vuo)vo): J oL,

where o is angular frequency and 4 is permeability in free space. The values of k and £,
are wave number in the cavity and eigen-value for TM,,, mode, respectively. Assuming that
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current distribution i(u,vo) is constant / in the area Sr of the feed point F, z component E,,,, -
of electric field is manipulated to the equation (3A-3).

Emniz (u,V) = ”SF G(M,V Z/IO’VO )i(uO’VO }JS

Sin(m;zAuj Sin(nﬂAvj
~ jou,l, ¢*(u0,vo )¢(uv) 2w 2L
k, -k’ mAu nmAv

) (52)

(3A-3)

The dimensions AuxAv of the area S are set w; / \/5 xwy /[ \/5 in this calculation. The

voltage V., r of the feed point F is written as

1
anﬁF (MO ’VO ) = M.”SF tEmniz (u’VyS

<in maAu <in nmAv ?
. ¢*(”0)V0)¢(“0’V0) 2w 2L
= t 3A-4
JOHo k -k (mzAuj (n;rAv] ( )
2W 2L

Electric energy W,, r is given by integration of electric field E,, - in the volume vy of the

cavity.

2 dy (3A-5)

Emn_z

&\,
Wmn_E = OTJ..”\/O

where & is permittivity in free space. On the other hand, magnetic energy W,  1s given by

integration of magnetic field H,,, , and H,, , in the volume v of the cavity.

z)dv

2

2+‘H

mn_v

Y7,
WmnﬁM = TOJ..”VO QHmnu

VOB, [ |1 O,
jou, o | |jou, ou |

mn_z

_ % mVO[ ]dv (3A-6)

both u# component H,, , and v component H,, , of magnetic field are expressed by z
component E,, . of electric field in the equation (3A-6). Conductor loss P, ¢ 1s written
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with magnetic energy W, u.

2w f
Pmn c~ e 2w (3A-7)
- t H,O

where o is conductivity of cupper 5.8x107 S/m. Dielectric loss Py, p is written with

magnetic energy W, r.

P

mn_D

=2W

mn_E

tanod (3A-8)

Radiation power P,,, r is given by integration in half spherical surface Sys.

— L fl ExHen, ds (3A-9)
2770 HS

mn_R

_

where 77 is characteristic impedance in free space and ng  is a normal unit vector to half

spherical surface Sys. E and H are electric and magnetic fields in far field region and are

given with vector magnetic potential ATJ .

— _— —

E=—jon,A, xng (3A-10)
H=-jwd, (3A-11)

The vector magnetic potential ATJ is given by integration of magnetic current M on the

surface S), of magnetic wall of the cavity.

., Jkr

¢ ds (3A-12)
4mr

—_

A4, =&, .”SM M

where r is distance from the magnetic current source to the view point. The magnetic

current M on the surface Sy is given by

e —_— —

M=E  ,i,xn 3A-13
mn_Z"7Z Y,

where i, is z component of a unit vector and »n,  is a normal unit vector to the surface Sy.

55



Chapter 4. Millimeter-wave transition from waveguide to microstrip line

4.1 Introduction

A new type of microstrip line to waveguide transition [4-1], [4-2] is proposed in this chapter.
The transition can be fabricated on a single layer dielectric substrate. The proposed
transition has features of low loss characteristic, a simple structure and robustness for
assembling errors. Impedance matching of the transition is achieved with ease and the
method is presented. As a result of experiments, low transmission loss of 0.4 dB is realized
at the design frequency of 76.5 GHz. Bandwidth of the transition is investigated by the
finite element method and discussed. Quality factor Q is introduced in order to recognize
the relation between the bandwidth and some parameters such as the dimensions of the
waveguide, thickness of the dielectric substrate and relative dielectric constant. In addition,
the effect of errors in relative position between the dielectric substrate and the waveguide is
also investigated and assembling tolerance is discussed. In Section 4.2, a configuration of
the proposed microstrip line to waveguide transition is described. Performance of the
transition is presented and discussed in Section 4.3. This chapter is concluded in Section

4.4.

4.2. Proposal of microstrip line to waveguide transition

Figure 4.1 shows a configuration of the proposed microstrip line to waveguide transition.
Conductor patterns on both surfaces of a dielectric substrate are separately illustrated in the
Fig. 4.1. The conductor pattern with a notch (it is named a waveguide short pattern because
of its function.) and the microstrip line located at the notch are printed on one side of the
dielectric substrate. In addition that, a rectangular conductor pattern (it is named a matching
element because of its function.) and a ground plane fixed to the waveguide cross section are
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printed on another side of it. Some via holes are arranged around the waveguide short
pattern to connect electrically to the ground plane. The proposed microstrip line to

waveguide transition can be easily fabricated on a single layer dielectric substrate.

Waveguide short
Microstrip line pattergn
\ [
. Dielectric
Via hole 72 substrate
/A
K i Ground
One 888 R R R RR 88 plane
substrate | Matching
. element
Waveguide

Fig. 4.1. Configuration of microstrip line to waveguide transition.

Parameters and coordinate systems of the transition are shown in Fig. 4.2. Parameters are
defined as length L of the matching element, width W of the matching element, width w; of
the microstrip line, width g of the gap between the waveguide short pattern and the microstrip
line, length p of the inserted microstrip line across the waveguide, thickness ¢ of the dielectric
substrate, relative dielectric constant &, diameter ¢ of the via hole, spacing d between via
holes, broad wall length a of the waveguide and narrow wall length b of the waveguide.
Parameters of a calculation model are presented in Table 4.1. Numerical investigation is
carried out by using the finite element method.
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Fig. 4.2. Parameters and coordinate systems.

Table 4.1.

B’

Parameters of calculation model.

represented in (). )

= >

( Parameters of fabricated transition are

>

€<

<A
-« B’

Length £ of matching element

1.085mm (1.12mm)

Width ¥ of matching element

1.085mm {1.12mum)

Length of inserted microstrip line

0.195mm {0.28mm)

Width w; of microstrip line 027 mm
Width g of gap 0.1mm
Thickness ¢ of dielectric substrate 0.127mm
Relative dielectric constant £ 12
Broad wall length ¢ of waveguide 3.1mm
Narrow wall length & of waveguide 155mm
Diameter ¢ of via hole 02mm
Spacing d between via holes 05mm
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Figure 4.3 shows electric field distribution of each mode in yz plane. The modes of the
microstrip line, the matching element and the waveguide are quasi TEM transmission mode,
TMy, fundamental resonant mode and TE;, fundamental transmission mode, respectively. In
the proposed transition, low transmission loss is realized by exchanging quasi TEM
transmission mode and TE;, fundamental transmission mode with high efficiency utilizing

TMy; fundamental resonant mode.

Quasi
TEM ™,

TE,,

AAA

Fig. 4.3. Electric field distribution of each mode in yz plane.

Figure 4.4 shows calculated electric field intensity distribution in xy plane including

BB’-line. The electric field intensity E is written as the equation (4.1) with E,, E, and E..

E=\E’+E+E’ (4.1)
where E\, E, and E. are x, y and z components of electric field. The electric field intensity £
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is normalized by its maximum value in the Fig. 4.4. It is observed that the matching element
is resonated TMy; mode in which the length L of the matching element is a half resonant
wavelength. In case of z — -0, electric field intensity in the center of H plane of the
waveguide becomes 0.1 of the scale in the Fig. 4.4. Shape of via holes is modified to be
rectangular in order to save calculation time. In this configuration, impedance matching at
the desired frequency can be achieved by controlling the length L of the matching element

and the length p of the inserted microstrip line.

oooooonoano

O

Fig. 4.4. Electric field intensity distribution in xy plane.

4.3. Performance

In this Section, performance of the microstrip line to waveguide transition is presented.
Characteristics of the transition are numerically analyzed by using the finite element method
at the design frequency of 76.5 GHz, which is the frequency for automotive radars.
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Measured transmission characteristics of the fabricated transition are also presented with
calculated ones and validity of the design is confirmed.

4.3.1 Impedance matching characteristics

Resonant frequency versus the length L of the matching element is shown in Fig. 4.5.
Calculated result is represented by a solid line. Calculation is carried out in case that the
length L of the matching element equals the width # of the matching element and that other
parameters of the calculation model listed in the Table 4.1 except for the dimensions L and W
of the matching element are used. As shown in the Fig. 4.5, the resonant frequency is
controlled by the length L of the matching element and obtained to be 76.5 GHz when the

length L of the matching element is 1.085 mm.

82.5

79.5

76.5 |

73.5

Resonant frequency [GHz]

70.5
1 1.04 1.08 1.12 1.16

Length L of matching element [mm]

Fig. 4.5. Resonant frequency versus length L of matching element in case of L = W.

Figure 4.6 shows VSWR versus the length p of the inserted microstrip line normalized by the
length L of the matching element. Calculated result is represented by a solid line.
Calculation is carried out in case that other parameters of the calculation model described in
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the Table 4.1 except for the length p of the inserted microstrip line are used. It can be seen
from the Fig. 4.6 that VSWR is controlled by the length p of the inserted microstrip line and
that impedance matching is obtained at two points where the length p of the inserted
microstrip line is 0.18 L or 0.65 L. Shorter length of 0.18 L is chosen as the length p of the
inserted microstrip line in order to reduce degradation of resonant mode of the matching
element and unwanted radiation in the backward direction ( in +z direction ).

Existence of impedance matching in two conditions as a function of the inserted
microstrip line length p indicates that coupling state between the microstrip line and the
matching element varies in order of under-coupling, over-coupling and under-coupling as the
length p of the inserted microstrip line becomes longer. Coupling state and coupling
coefficient between them become over-coupling and maximum, respectively, when the end of
the microstrip line is located near the center of the matching element. Therefore, the
microstrip line and the matching element are coupled between the magnetic field excited at
the end of the microstrip and the magnetic field of TM,; mode excited in the matching

element.

0 0.2 0.4 0.6 0.8 1
Length p/L of inserted microstrip line

Fig. 4.6. VSWR versus length p of inserted microstrip line normalized by length L of

matching element.
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4.3.2 Transmission characteristics

Reflection and transmission characteristics of the transition are shown in Fig. 4.7 (a) and (b),
respectively. The vertical axis represents reflection or transmission coefficient, respectively,
while the horizontal axis represents frequency from 70.5 GHz to 82.5 GHz. Calculated and
measured results are represented by a dotted line and a solid line, respectively. Parameters

of the calculation model listed in the Table 4.1 are used. The calculated results demonstrate

Reflection coefficient [dB]
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Frequency [GHz]
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Fig. 4.7. Reflection and transmission characteristics. (a) Reflection characteristic and
(b) transmission characteristic. (——————: Cal.,, — — — -: Mea.)
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good performance with low loss that reflection coefficient and transmission loss at 76.5 GHz
are below — 40 dB and 0.3 dB, respectively. Furthermore, wideband characteristic is
achieved such that bandwidth below —14 dB ( VSWR < 1.5 ) is 4.53 GHz ( 5.9 % ). In this
calculation, loss tangent tan &= 0.001 and conductivity o = 5.8x10" S/m are used as loss
factors. Transmission loss of 0.3 dB is separated to three kinds of losses such as
conductivity loss of 0.2 dB, dielectric loss of 0.05 dB and radiation loss of 0.05 dB,
respectively.

As a result of experiments shown in the Fig. 4.7 (a) and (b), low transmission loss
characteristics are realized such that measured reflection coefficient and transmission loss at
76.5 GHz are —28.0 dB and 0.4 dB, respectively. Moreover, wideband characteristic is
obtained such that bandwidth below —14 dB ( VSWR < 1.5 ) is 5.22 GHz ( 6.8 % ). When
transmission characteristics are measured, DUT ( Device Under Test ) is composed of a pair
of transitions and the microstrip line connected between them. After the measured values
excluding the microstrip line loss are divided by two, measured characteristics of one
transition are shown in the Fig. 4.7 (a) and (b). Distance between centers of the waveguides
is set to the length of 50 mm, which is long enough to distinguish a desired wave and an
unwanted reflection wave in time domain. Microstrip line loss is measured to be 0.03
dB/mm at 76.5 GHz by LRL calibration method. In this measurement, time gate function is
adopted to remove the unwanted reflection wave and high accuracy of measurement is
realized. The dielectric substrate and the waveguide are contacted so that an air-gap does
not existed. Even if the air-gap existed and leaky wave was excited, a choke structure
around the waveguide could suppress the leaky wave.

In the fabricated transition, three parameters such as the length L of the matching element,
the width W of it and the length p of the inserted microstrip line are compensated to be 1.12
mm, 1.12 mm and 0.25 L listed in () of the Table 4.1, which are 3 %, 3 % and 7 % longer
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than those of the calculation model. The compensation for the three parameters of the
fabricated transition is needed and led experimentally because numerical analysis is carried
out assuming that the conductor thickness of the calculation model is zero and that the shape
of corners of the matching element in the model is a right angle although the shape of corners
of actual matching element in the fabricated transition is rounded. Since the aim of this
paper is mainly to clarify the relations between the parameters and the characteristics, details
of the compensation are not discussed here, and the assumptions are also used in Chapter 4.3

in order to reduce calculation time.

4.3.3 Bandwidth

It is noticed from the Fig. 4.7 (a) that the bandwidth of the transition is wider than that of a
conventional microstrip patch antenna element fabricated on a dielectric substrate with the
same parameters. Therefore, relation between the bandwidth of the transition and the
dimensions of the waveguide is investigated. Figure 4.8 shows the bandwidth ( VSWR <
1.5 ) with variation of the dimensions of the waveguide. Calculation is carried out in case
that the ratio of the broad wall to the narrow wall of the waveguide is constant as a = 2b and
that impedance matching at 76.5 GHz is obtained by adjusting the sizes of L and W of the
matching element and the length p of the inserted microstrip line following to the dimensions
of the waveguide. The vertical axis represents the bandwidth ( VSWR < 1.5 ) while the
horizontal axis represents the broad wall length a of the waveguide. Bandwidth of the
transition is represented by a solid line and that of the conventional microstrip patch antenna
element fabricated on a dielectric substrate with the same parameters is represented by a
dotted line as a reference. The conventional microstrip patch antenna element has a structure
subtracting the waveguide from the structure of the transition shown in the Fig. 4.1. As
shown in the Fig. 4.8, the bandwidth of the transition becomes wider as the dimensions a and
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Fig. 4.8. Bandwidth ( V'SWR < 1.5 ) versus broad wall length a of waveguide in case of

a=2b. (—e——: Transition, - - -----: Antenna)

b of the waveguide become smaller and maximum value of 6.5 %, which is twice as wide as
that of the conventional microstrip patch antenna element, in case that the broad wall length a
of the waveguide is set from 2.5 mm to 2.8 mm. Calculated transmission loss keeps constant
value of 0.3 dB at 76.5 GHz, which is independent on the dimensions a and b of the
waveguide.

Since not only numerical analysis but also fabrication and evaluation of the transition are
aimed in this paper, the dimensions of the waveguide are chosen to be the same dimensions as
a network analyzer interface (WR—12) which are 3.1 mm and 1.55 mm listed in the Table 4.1
in order to make actual measurement.

Since wider bandwidth is corresponded to lower quality factor Q, the quality factor Q is
investigated to recognize the wide bandwidth characteristic. Bandwidth BW ( VSWR <S)

is written with quality factor Q as follows.
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_100(S - 1)

= Q—\E[%] (4.2)

BW

The quality factor Q is defined as the energy stored in the matching element divided by the
energy lost per radian. The energy lost per radian includes transmission power in a
waveguide, conductor loss in the matching element, dielectric loss in the matching element
and radiation loss in backward direction ( in +z direction ). Consequently, the quality factor

Q is written with quality factors relative to them such as Qyg, Qc, Op and Qk.

_ +L+L+L 4.3)

1
0 0w O 0y O

Since conductor loss of 0.2 dB, dielectric loss of 0.05 dB and radiation loss of 0.05 dB are
much smaller than transmission power in a waveguide described in Part 4.3.2, assumptions
such as Oye << QO¢, Op and QO are introduced. In this case, the quality factor Q becomes to
be mainly controlled by Op. Consequently, relation between the bandwidth and parameters
of the transition becomes clear by formulating Oy with parameters of the transition.
Derivation of Qpg is carried out with cavity model [4-3] and Dyadic Green’s function in a

waveguide [4-4]. The detailed deviation is presented in Appendix 4.A. QO 1s formulated

by
wne, s, Lab 1
QWG = lth 2 (4.4)
. (Wx
sin| ——
)

NZan

2a
where & and 7 represent dielectric constant in free space and characteristic impedance in a
waveguide, respectively, and other parameters were presented in Section 4.2. It is
recognized from the equation (4.4) that Oy becomes smaller, which means the bandwidth of

the transition becomes wider, as the dimensions a and b of the waveguide become smaller. It
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is also recognized that the relation among the bandwidth, dielectric substrate thickness ¢ and
relative dielectric constant &, of the transition is the same as that of a conventional microstrip
patch antenna element, that is, Owyc becomes smaller, which means the bandwidth of the
transition becomes wider, with increase of the dielectric substrate thickness ¢ and decrease of
the relative dielectric constant &.

Although the relation between the bandwidth and the parameters as mentioned above is
recognized from the equation (4.4) and is helpful for designers, estimated bandwidth based on
the equation (4.4) is smaller than measured one and estimated one by using the finite element
method. As the dimension of a of the waveguide becomes smaller from 3.7 mm to 2.5 mm,
estimated bandwidth based on the equation (4.4) with parameters of Table 4.1 becomes wider
from 2.7 % to 4.0 %. This is because coupling effect between the microstrip line and the
matching element is not incorporated in this approximate analysis. Analysis taking the

effect into account will be able to estimate bandwidth exactly.

4.3.4 Effects of errors in relative position
Degradation of transmission characteristics that may be caused by some errors in
manufacturing is discussed in this part. Here, errors in manufacturing are etching errors in
patterning on a dielectric substrate, errors in manufacturing a waveguide and errors in relative
position between the dielectric substrate and the waveguide. Since probability of occurring
the errors in relative position is higher than that of occurring the etching errors and the errors
of manufacturing a waveguide in actual manufacturing, degradation of transmission
characteristics caused by the errors in relative position is focused and discussed here.
Variation of transmission loss against the errors in relative position between the dielectric
substrate and the waveguide is shown in Fig. 4.9. The errors in relative position is defined
as difference between the center of the matching element patterned on the dielectric substrate
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and the center of the waveguide cross section. The vertical axis represents the relative
transmission loss normalized by transmission loss in case that there is no errors in relative
position, while the horizontal axis represents positional error Ax in x direction and Ay in y

direction, respectively. Calculated results are shown by a circle in Fig. 4.9 (a) for positional
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Fig. 4.9. Variation of loss versus errors in relative position between dielectric substrate

and waveguide. (a) x direction and (b) y direction.
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error Ax and a rectangular in Fig. 4.9 (b) for positional error Ay. Parameters of the
calculation model listed in the Table 4.1 are used. As shown in Fig. 4.9 (a), there is no
increase of transmission loss and its value keeps almost constant in case that positional error
Ax in x direction varied within + 0.2 mm. On the other hand, it can be seen from Fig. 4.9 (b)
that transmission loss is remarkably degraded in case that positional error Ay in y direction is
out of the range from —0.08 mm to 0.14 mm. Since quantity of positional error Ax in x
direction is usually the same as that of positional error Ay in y direction in actual
manufacturing, transmission characteristics are degraded firstly when positional error occurs
in — y direction, that is, the edge of the matching element where the microstrip line is inserted
becomes close to the broad wall of the waveguide.

As a result of this investigation, it is clarified that minimum effect of positional errors to
degradation of transmission characteristics is realized when the center of the matching
element is designed as 0.03 mm offset in + y direction against the center of the waveguide
cross section and that manufacturing accuracy has to be within £0.1 mm in order to keep
transmission loss less than 0.1 dB.

Figure 4.10 shows the resonant frequency varied with the errors in relative position
between the dielectric substrate and the waveguide. The vertical axis represents the resonant
frequency while the horizontal axis represents positional errors Ax and Ay, respectively.
Calculated results are represented by a circle in Fig. 4.10 (a) for positional error Ax and a
rectangular in Fig. 4.10 (b) for positional error Ay. Parameters of the calculation model
described in the Table 4.1 are used. As shown in Fig. 4.10 (a), the resonant frequency keeps
almost constant in case that positional error Ax varies within + 0.2 mm. On the other hand, it
can be seen from Fig. 4.10 (b) that the resonant frequency is remarkably decreased in case
that positional error Ay is out of the range from — 0.08 mm to 0.14 mm. It is clarified from
the Fig. 4.9 and the Fig. 4.10 that increase of transmission loss is caused by decrease of the
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Fig. 4.10. Resonant frequency versus errors in relative position between dielectric

substrate and waveguide. (a) x direction and (b) y direction.

resonant frequency.
Figure 4.11 shows electric field intensity distribution in xy plane including BB’-line in

case that positional error Ay equals — 0.14 mm. The electric field intensity £ is given by the
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equation (1) and normalized by its maximum value. There was a strong electric field
between the matching element resonated TMy; mode and the broad wall of the waveguide.
Since resonance phenomenon was caused by not only the matching element itself but also
interaction between the broad wall of the waveguide and the matching element, the resonant
length becomes longer than the resonant length L of the matching element itself, that is,

resonant frequency becomes lower.
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Fig. 4.11. Electric field intensity distribution in xy plane in case of Ay = -0.14 mm.

4.4. Conclusions

A new type of microstrip line to waveguide transition in the millimeter-wave band has been
proposed. The proposed transition has the features of a structure fabricated on a single layer
dielectric substrate. Impedance matching of the transition is achieved by controlling the
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length L of the matching element and the length p of the inserted microstrip line. As a result
of experiments, low transmission loss of 0.4 dB was realized at the design frequency of 76.5
GHz. Bandwidth of the transition was numerically investigated by the finite element method.
This bandwidth also becomes twice as wide as that of a conventional microstrip patch antenna
element fabricated on a dielectric substrate with the same parameters. Quality factor Q was
introduced in order to recognize wide bandwidth characteristic and the relation between the
bandwidth and other parameters such as the thickness ¢ of the dielectric substrate and the
relative dielectric constant &. Moreover, the effect of errors in relative position between the
dielectric substrate and the waveguide was also investigated since degradation of transmission
characteristics may be caused by errors in manufacturing. Our results clearly show that
degradation of transmission characteristics is caused by the shift of resonant frequency and
keeps less than 0.1 dB for a manufacturing accuracy within + 0.1 mm.

The proposed transition with a simple structure, low loss characteristic and robustness for
assembling errors is suitable for connection between millimeter-wave components such as an
antenna, an amplifier and a switch having an interface of a microstrip line or a waveguide.
The millimeter-wave front-end module must have components that are suitable in cost,
performance, size and reliability for the systems. The proposed transition with the above
advantages is very useful to realize the low cost, low profile and high SNR millimeter-wave
front-end module for the advanced sensor. Furthermore, the proposed transition will be used
not only for the advanced sensor such as the automotive radar systems for a collision

avoidance system and a stop & go system but also for wireless communication systems.
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4.A Appendix

Derivation of Qpg is carried out with cavity model [4-3] and Dyadic Green’s function in a
waveguide [4-4]. Assuming that the thickness ¢ of a dielectric substrate is much smaller than
a wavelength in the dielectric substrate, TMy; mode is only resonated in the matching element
having the length L and the width . Electric field of TMy; mode has only z component E,,..

at the coordinate system shown in the Fig. 4.2, and E,,.. is given by

/4 /4 w L L
E =FE sin| — ——S)CS—,——S <— 4A-1

where Ej is a maximum amplitude of electric field. Total energy W7 stored in the matching
element is twice of electrical energy which is integration of z component of electric field E,,..
in volume of the matching element since electrical energy equals magnetic energy at

resonance. The total energy Wr is written as
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On the other hand, Dyadic Green’s function E;in terms of electric field of TE;o mode as

fundamental transmission mode of a waveguide is given by the equation (4A-3) with unit

—_—

vectors i ,iy,i: , electric fields E,, E,, E. and magnetic fields H,, H,, H..

- 1

Ge ZEEyi:(ona;*—Hzoa;) (4A-3)

where unit vectors, electric fields and magnetic fields with zero represent those of the source
area located on the surface around the matching element and those without zero represent
those of the view area located at the cross section of the waveguide. Components of

electromagnetic fields E,, H,, and H. in the equation (4A-3) are given by

E = /i—z cos[%xje‘jﬂ" (4A-4)
2 V4 e
H =—j |—cos| —x e’ (4A-5)
* abn a
H_ = i 1/2—77sin £x e (4A-6)
aZyk \ ab a

where Zj is characteristic impedance in free space, and k and £ are wavenumber in free space

and wavenumber in a waveguide, respectively. Magnetic current M on the surface around

the matching element is written as the equation (4A-7) with z component £, of electric field

and normal unit vector 7.

M =E,.i.xn (4A-7)
Electric field £ of the view area located at the cross section of the waveguide is written as
the equation (4A-8) by integration of the magnetic current M on the surface So around the

matching element.
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After simplification of the equation (4A-8), x component £, and z component E. of electric

field £ of the view area become zero, and y component E, of electric field E is written as

8E0tsin(z/ﬂj
E = "o Zx e /” (4A-9)
7 7b a

Power P,,, transmitting through the waveguide cross section S where the view point is located

is given by

i . ! 16E02t2a sinz(l/gﬂj
_ - s « _ - 2 _ a _
P, —Re[z_USExH ondS}— 277”SEy ds = prye (4A-10)

where an asterisk * represents complex conjugate. Finally, Oy is deviated and written as

W, wneye, Lab 1

=w
o=@ T 1om (Wﬁj

(4A-11)
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Chapter 5. Millimeter-wave transition from waveguide to two microstrip
line

5.1 Introduction

A millimeter-wave transition from a waveguide to a microstrip line was proposed in previous
chapter. A millimeter-wave transition from a waveguide to two microstrip lines and the
design methodology are proposed [5-1] in this chapter. The transition can be composed of a
single dielectric substrate attached to the waveguide. The configuration of the proposed
transition is presented in Section 5.2. The design methodology includes two important
aspects. These are the maximum bandwidth and the suppression of higher order modes.
The design of the maximum bandwidth is described in Section 5.3, based on an analysis of the
quality factor derived in previous chapter. In Section 5.4, the suppression of higher order
modes is numerically investigated. The numerical investigation is validated by measurement
results, and the assembly tolerance is also mentioned. This chapter is concluded in Section

5.5.

5.2 Proposal of transition from waveguide to two microstrip lines

A new transition from a waveguide to two microstrip lines is proposed in Fig. 5.1. The two
microstrip lines and the waveguide short with two notches for them are etched on the
dielectric substrate. The rectangular patch element and ground are etched on the backside.
Via holes are placed along the circumference of the waveguide short to connect the
waveguide short electrically to the ground. Port numbers are defined as #1 for the
waveguide, and #2 and #3 for the microstrip lines. The parameters of the transition are
presented in Table 5.1. The design frequency ranges from 76 GHz to 77 GHz. The
transition can be composed of a single substrate attached to the waveguide, which is an
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advantage for mass production.

The mode conversion from the waveguide to the two microstrip lines is achieved using the
resonance of the rectangular patch element. The dominant TE;o mode of the waveguide is
converted to the quasi-TEM mode of the microstrip lines, using the dominant TMy; mode of
the rectangular patch element. The bandwidth of the transition is limited by the resonance.

Thus, the wideband design is led by the analysis of the resonance of the rectangular patch

element in the waveguide.
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Fig. 5.1. Configuration of transition from waveguide to two microstrip lines.

view in A4’ plane, (b) backside of dielectric substrate in BB’ plane, and (c) cross section

in yz plane.
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Table 5.1.

Parameters of transition from waveguide to two microstrip lines.

Parameters Values
Width W of patch element 2.05 mm
Length L of patch element 1.07 mm
Length p of inserted microstrip lines 0.29 mm (0.32mm)
Width w, of microstrip lines 0.27 mm
Width g of gaps 0.1 mm
Distance d between microstrip lines 1.03 mm
Thickness ¢ of substrate 0.127 mm
Relative permittivity &, 22
Broad wall length a of waveguide 3.1 mm
Narrow wall length b of waveguide 1.55 mm
Diameter ¢ of via holes 0.2 mm
Space s between via holes 0.5 mm

The value in parentheses is for the prototype.

5.3 Wideband design using analytical model

The relationships between the parameters and the bandwidth are analyzed to specify the
optimum parameters for wideband. Figure 5.2 shows an analytical model that uses a cavity
model, which is used for the design of microstrip patch antennas, and the dyadic Green’s
function of the waveguide. The rectangular patch element on the dielectric substrate is
placed in the short- terminated waveguide. L. and W, are the effective length and width of
the rectangular patch element, including the fringing effect. ¢ and &, are the thickness and
effective relative permittivity of the dielectric substrate. The waveguide dimensions are a by

b. The quality factor O of the rectangular patch element is given by

4+t 1 (5.1)
QE QWG QC QD
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Fig. 5.2. Analytical model using cavity model and dyadic Green’s function of
waveguide. Rectangular patch element on dielectric substrate is placed in

short-terminated waveguide.

where Owe, Oc, and Qp are quality factors of the power transmitted into the waveguide, the
conductor loss, and the dielectric loss. Assuming that the thickness ¢ of the dielectric
substrate is much smaller than a free space wavelength, TM modes are excited in the
rectangular patch element. When the dominant TE;o mode is excited in the waveguide, the
rectangular patch element has a dominant TMy; mode, and its equivalent magnetic currents
are depicted in Fig. 5.2. The quality factor Oy has been deviated with the cavity model and

the dyadic Green’s function of the waveguide.

(5.2)

_Some e ,L,ab 1 1

2W 1t (g J ‘ (We”j i
1-| =& sin
2a 2a

Oy
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where w, &, and A, are angular frequency, permittivity in free space, and guided wavelength
of waveguide. The quality factors Q¢ and QOp are the same as those for a rectangular patch

element without the waveguide, which is a patch antenna [5-2].

_ 1 5.3
o 5 (5.3)
_ 1 5.4
o tan o ( )

Where o; and tano are the skin depth of the conductor and the loss tangent of the dielectric.
The relationships between the parameters and the quality factors are analyzed in this paper
starting with Equations (5.1) to (5.4). Equation (5.5) is considered to clarify the relationship

between the quality factor QO and the effective width W..

20, _ 90y,
ow, oW,
B S0r’e,e,L,b 1 1 2 (5.5)

1- =0
8¢ 2 /4
| /,Lg sin z[”ej tan[”We j
a,|t= Z 2a 2a
W,
2a

Solving Equation (5.5) for the case of WV, < a, the effective width I, is expressed in Equation

(5.6).

W, - 2aC (5.6)
pia

Where C is a constant value of 1.166. Equation (5.6) gives the minimum Q factor. This
indicates the existence of an optimum dimension of the effective width W, for the wideband

characteristic. Then, Qpg is given by

1507 c,e,L,b 1 C (5.7)

Oroly e =7, oy s (0)
1-| £
)

On the other hand, Or with variation of broad wall length a of waveguide is described by
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Equation (5.8), while satisfying Equation (5.6).

20, ~ 1507 e,e,LbA,  C 1 (5.8)

Ooa

- 16 sin ?(C) ; 25
a’l1-| =
2a

Equation (5.8) is negative. It can be led that Qr decreases as a increases. In other words,

the bandwidth increases with increasing a, while the effective width I, is set to the optimum
width for wideband. The relationships between the other parameters and the bandwidth can
be understood from Equation (5.2). The relationships between the parameters and the
bandwidth are summarized in Table 5.2. These relationships are very useful for practical
design, which includes choices not only for the dimensions of the rectangular patch element,
but also for the dielectric substrate and the waveguide.

The existence of the maximum bandwidth with an optimum effective width of W, is not
affected by the number of feed lines and excitation methods, such as proximity coupling, slot
coupling, direct feeding, and the like. Thus, this analysis can be applied to all transitions

that have a rectangular patch element.

Table 5.2. Relationships between parameters and bandwidth.

Parameters Bandwidth

Effective width W, of patch element W,=2aCl/zr | Max.

Broad wall length a of waveguide / /' at W,=2aClx
Narrow wall length b of waveguide \ /
Effective relative permittivity &, \ /
Thickness ¢ of substrate / /

Effective length L, of patch element A2 -

C is constant value of 1.166.
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5.4 Performance

In this section, the transition in Fig. 5.1 is investigated numerically, using the commercial
package HFSS [5-3], which is based on the finite element method. The numerical
investigation validates the analysis in Section 5.3 in terms of the bandwidth of the transition
with variation of the width W of the rectangular patch element in Part 5.4.1, and clarifies the
appropriate distance d between the microstrip lines to avoid higher order modes in Part 5.4.2.
The numerical investigation is validated by the measurement results in Part 5.4.3.

Assembling tolerance is discussed in Part 5.4.4.

5.4.1 Bandwidth

Figure 5.3 shows the simulated bandwidth for [S;;| < - 15 dB with variation of the width W.
The bandwidth in the vertical axis is normalized to a bandwidth BW, of 4.03 GHz for a
transition having a 1.11 mm by 1.11 mm square patch element with a single microstrip line.

It can be seen that the bandwidth reaches a maximum of 1.2 BW, at W = 2.05 mm. An

1.25
S 127 ® ®e
9 115 o o
= i
Q 1.1 ®

1.05 ()

1 _. | | |
1 1.5 2 2.5 3
Width W [mm]

Fig. 5.3. Simulated bandwidth for |S;;| <-15 dB vs. width ¥ of rectangular patch
element. Bandwidth is normalized to BW, = 4.03 GHz, the bandwidth for a square patch

element having W =L =1.11 mm.
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effective width W, of 2.3 mm was calculated, using Equation (5.6), for an E-band waveguide
having @ = 3.1 mm. The comparison of W, = 2.3 mm in Fig. 5.2 with W = 2.05 mm in Fig.

5.1 validates the analysis described in Section 5.3, considering the fringing effect.

5.4.2 Distance between microstrip lines

The distance d between microstrip lines and its effect on the transmission characteristic is
next analyzed. Figure 5.4 shows transmission characteristic |S;;| with different values for the
width W and distance d. The solid line represents |S;;| when W =2.05 mm and d = 1.03 mm,
as shown in Table 5.1. There is no dip in the |S;i| curve in the frequency range from 66.5
GHz to 86.5 GHz. |Sy| 1s - 3.3 dB from 76 GHz to 77 GHz, which corresponds to the
insertion loss of 0.3 dB. At the same width W = 2.05 mm, but a different distance d = 0.9
mm, the transmission characteristic dips at 85.4 GHz, as represented by the dotted line.
When W = 2.35 mm and d = 1.62 mm, there is a dip in the design frequency range from 76

GHz to 77 GHz, as represented by the dot-dashed line. This suggests that the occurrence of

|S,,| [dB]

66.5 76.5 86.5
Frequency [GHZ]

Fig. 5.4. Simulated transmission coefficient from waveguide to microstrip line.
(——:W=2.05mm,d=1.03 mm, ----- W=2.05mm,d=09mm, -.-._..: W=235

mm, d = 1.62 mm)
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Fig. 5.5. Relationship between dip in transmission coefficient and distance between
microstrip lines. (O: W=2.05 mm, X: W=2.35mm) (a) Dip level vs. normalized
distance d/W. (b) Frequency of dip vs. normalized distance d/W.

the dip and its frequency depend on the parameters # and d.

Figures 5.5 (a) and (b) show the dip level and frequency with variation of distance d, with
circles for W =2.05 mm and crosses for W =2.35 mm. The vertical axis in Fig. 5.5 (a) is the
dip level, which is the magnitude compared to that without a dip. The horizontal axis is the

distance d normalized to the width . It can be seen in Fig. 5.5 (a) that the dip can be
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avoided at both W = 2.05 mm and W = 2.35 mm when d is set to around 0.5 . The dip
level increases as d/W increases or decreases from 0.5. As shown in Fig. 5.5 (b), the dip
frequency is strongly dependent on the width W, differing significantly when W = 2.05 mm
and W=2.35mm. However the frequency varies little for different values of d.

The near field distributions of the rectangular patch elements at 76.5 GHz are shown in

0dB
= -10dB
(a) 20dB

I

(b)

Fig. 5.6. Field distributions of rectangular patch elements at 76.5GHz. (a) W =2.05
mm, d =1.03 mm, (b) W=2.35 mm, d=1.62 mm.

86



Fig. 5.6 (a) for W =2.05 mm and d = 1.03 mm (d/W = 0.5), and in Fig. 5.6 (b) for W = 2.35
mm and d = 1.62 mm (d/W = 0.69), which correspond to the solid line and the dot-dashed line
in Fig. 5.4, respectively. The field intensity is normalized to the maximum value in each
case, and ranges from - 20 dB to 0 dB. It is observed in Fig. 5.6 (a) that the fundamental
mode of TMy; is excited. On the other hand, a higher order mode of TM,, is observed, as
shown in Fig. 5.6 (b).

Based on the investigation so far, the dip in the transmission characteristic can be
explained as follows. The voltage distributions in the TM,, and TM,,; modes are depicted in
Fig. 5.7, where m and n are zero or positive integers. When the two microstrip lines are
inserted at zero voltage for TM,, mode in the y-axis, represented by the dotted lines, TM,, is

not excited. An appropriate length p for the inserted microstrip lines results in low loss

™

m1

Fig. 5.7. Schematic diagram of voltage distributions in TM,, and TM,,; modes.
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transmission. In this case, d/W is 0.5. If the microstrip lines were inserted at non-zero
voltage, the TM,, mode would be excited, and a dip would occur in the transmission

characteristic.

5.4.3 Measurement
Reflection and transmission coefficients are presented in Figs. 5.8 (a) and (b). The

measurement and simulation results are represented by the solid and dotted lines, respectively.

0
(Y
m -10
S,
n -20
-30 ‘
66.5 76.5 86.5
Frequency [GHZ]
(a)

)
S,
X
2]

66.5 76.5 86.5
Frequency [GHZ]

(b)

Fig. 5.8. Reflection and transmission characteristics when ' =2.05 mm and d = 1.03
mm. (——: measurement, ----- : Simulation) (a) Reflection coefficient of

waveguide. (b) Transmission coefficient from waveguide to microstrip line.
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The measurement results agree with simulation results. It can be seen from the simulation
results that the bandwidth for [S;;| <- 15 dB is 4.84 GHz, and |S;,| is - 3.3 dB in the frequency
range from 76 GHz to 77 GHz. On the other hand, the measured bandwidth for |S;;| <- 15
dB and |S;;| are 5.29 GHz and - 3.5 dB from 76 GHz to 77 GHz, respectively. The measured
insertion loss is 0.5 dB. In this measurement, the DUT (device under test) was composed of
a pair of transitions with a microstrip line between them. The measured |S,| in Fig. 5.8 (b)
was given by taking the transmission coefficient of the DUT, subtracting the loss of the
microstrip line, and dividing by two. The loss of microstrip line was measured by LRL
calibration method as 0.03 dB/mm from 76 GHz to 77 GHz. The distance between the
centers of the waveguides was set 50 mm, which was long enough to distinguish between
desired and undesired waves in the time domain. A time gate function was used to exclude

undesired waves, and high accuracy was achieved in this measurement.

5.4.4 Tolerance for manufacturing accuracy

The effect of manufacturing accuracy on the performance of the transition is described here.
Manufacturing accuracy includes the assembly accuracy between the substrate and waveguide
and roundness accuracy of the corners of the waveguide. Since the simulation results were
validated by the measurement results, the effect is numerically investigated.

Figure 5.9 shows the transmission coefficient at 76.5 GHz with variation of the relative
positions of the dielectric substrate and the waveguide. Ax and Ay are defined as distances in
the x-axis and y-axis from the center of the waveguide cross section to the center of the
rectangular patch element etched on the dielectric substrate. The vertical axis in Fig. 5.9 (a)
represents the relative transmission coefficients |S,;| and [S3;|, where |S;2;| and |S;3] in Fig. 5.9
(a) are the transmission coefficients when Ax = Ay = 0. Circles and squares represent the
relative transmission coefficients |Sy;| and [S3;| for Ax, while crosses represent |S,;| and |Ss]
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Fig. 5.9. Transmission characteristics at 76.5GHz with variation of the positions of
substrate and waveguide. (a) Relative amplitudes of ports #2 and #3 to those when Ax =
Ay=0. (O:Port #2 for Ax, [: port #3 for Ax, X: ports #2 & #3 for Ay) (b) Phase
difference between ports #2 and #3. (O: [Jx, X: [ly)

for Ay, due to the symmetry of the structure. |S,;| decreases from + 0.3 dB to - 0.3 dB, and
|S31| increases from - 0.3 dB to + 0.3 dB as Ax increases from - 0.2 mm to + 0.2 mm. In
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other words, the transmission coefficient decreases as the microstrip line moves farther from
the center of the waveguide cross section. The amplitude difference between ports #2 and
#3 remains + 0.3 dB when the assembly tolerance in the x-axis is within = 0.1 mm. The
degradation of |S;;| and |S3;| is less than 0.1 dB when Ay varies from - 0.08 mm to + 1.6 mm,
and rapidly increases with any further increase in |4y|. It can be said that the transmission
loss is less than 0.1 dB when the assembly tolerance within = 0.1 mm in the y-axis, when the
transition is designed with 4y =+ 0.04 mm. With regard to the phase characteristic shown in
Fig. 5.9 (b), the phase difference between ports #2 and #3 varies from + 3.5 degrees to - 3.5
degrees as Ax increases from - 0.2 mm to + 0.2 mm. The phase difference is less than 1.8
degrees when the assembly tolerance is within + 0.1 mm in the x-axis. On the other hand,
the phases of both ports are the same for Ay, due to the symmetry of the structure. The
assembly tolerance of the transition would be acceptable, but the amplitude and phase
differences may be a concern, depending on the manufacturing accuracy of the mass
production facilities and the system requirements. When the antenna in a radar system needs
a very low side lobe level, the assembly tolerance and its effect on side lobe degradation
should be given careful consideration.

Figure 5.10 shows the resonant frequency with variation of relative positions of the
dielectric substrate and the waveguide. The resonant frequency is almost constant within +
0.2 mm for Ax, while the resonant frequency decreases rapidly when Ay is outside the range
of - 0.08 mm to + 0.16 mm. This indicates that the degradation of the transmission
coefficient for Ay in Fig. 5.9 (a) is caused by the shift in the resonant frequency.

The effect of the roundness of the corners of the waveguide on transmission loss is
presented in Fig. 5.11. The vertical axis represents the relative transmission coefficient at
76.5 GHz, where |S;2| is the transmission coefficient when Ax = Ay = 0. The horizontal axis
represents the radius » of the corners of waveguide. It can be seen that the roundness of the
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corners does not affect the transmission loss when r varies from 0 mm to 0.7 mm.
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Fig. 5.10. Resonant frequency with variation of the positions of substrate and
waveguide. (O: Ax, X: Ay)
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Fig. 5.11. Transmission characteristic at 76.5 GHz with variation of radius r of

waveguide corners.  |Syy;| is amplitude when Ax = Ay = 0.
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5.5 Conclusions
A transition from a waveguide to two microstrip lines and the design methodology have been
proposed. The existence of an optimum width of the rectangular patch element for
wideband was confirmed both analytically and numerically. The suppression of higher order
modes was confirmed in a transition with two microstrip lines, when the distance between
microstrip lines was set to half the width of the rectangular patch element. The measurement
results showed an insertion loss of 0.5 dB, and both the wideband and the suppression were
confirmed.

The wideband design method using the cavity model and the dyadic Green’s function of
the waveguide is independent of the number of microstrip lines and the excitation methods.
The wideband design method will be widely used for transitions having rectangular patch

element in waveguide.

References

[5-1] H. lizuka, K. Sakakibara, and N. Kikuma, ‘“Millimeter-wave transition from
waveguide to two microstrip lines using rectangular patch element,” IEEE Trans.
Microwave Theory Tech., vol.55, no.5, pp. 899-905, May. 2007.

[5-2] K. Hirasawa and M. Haneishi, Analysis, design, and measurement of small and
low-profile antennas, Artech house, 1992, pp. 57-58.

[5-3] Ansoft HFSS ver.10.1, Ansoft Corp., Pittsburgh, PA

93



Chapter 6. Digital TV antennas for omnidirectional pattern synthesis

6.1 Introduction

Modified H shaped antennas and their arrangement are proposed for automotive digital TV
reception [6-1]-[6-3] in this chapter. The antennas are installed at the top of the front and
rear windows. The antenna has the feature that a figure-8 radiation pattern is rotated with
increasing frequency. Four symmetrically mounted antennas have gain to the sides of the car
as well as to the front and rear directions. The configuration of the antenna is described in
Section 6.2 and calculation results obtained by the method of moment are presented in
Section 6.3. The control method for resonant frequencies and the combined pattern of the
four antennas are also discussed. Measured radiation properties of a single antenna and
mounted antennas on a car are presented in Section 6.4. The coverage of the combined
pattern of four prototype antennas is discussed. An antenna module including balun, filter,

and amplifier, is briefly mentioned in Section 6.5. This chapter is concluded in Section 6.6.

6.2 Proposal of modified H shaped antenna

Figure 6.1 (a) shows a modified H shaped antenna. Two wires a-b-c-d-e and f-g-h-i-j are
symmetrically placed around the center m of the antenna and connected by the wire c-m-h.
The parts a-b-c and f-g-h of the two wires are longer than the parts c-d-e and h-i-j. The
antenna is placed in the xy plane. A control system for combining received signals is shown
in Figure 6.1 (b). The received signals of the four antennas are down-converted, weighted
and combined. The weight vector for each signal is controlled, based on the MRC method.
The four antennas mounted at the top of the front and rear windows are also depicted. The
antenna plane, which includes the antenna element, is inclined from the horizontal plane in an
actual car.  Radiation patterns in the xy plane are discussed in this section, and the effect of
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Fig. 6.1. Modified H shaped antenna and control system for combining received signals

for automotive digital terrestrial reception. (a) Antenna element and (b) control system.

the angle of the antenna plane is also described.

A design concept of the coverage in the xy plane is summarized in Table 6.1. Mechanism
of the antenna is described with Figure 6.1 (a) and Table 6.1. The antenna has three resonant
modes. Each resonant mode is excited when a part of the antenna has the length of a half
resonant wavelength. The frequency band for digital terrestrial services is divided into three

bands. The wire a-b-c-m-h-g-f is resonated at the low frequency, which is series resonance.
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Parallel resonance occurs at the middle frequency. The two wires a-b-c-d-e and f-g-h-i-j are
resonated.  Series resonance occurs again at the high frequency, in which the wire
e-d-c-m-h-i-j is resonated. The radiation pattern of a single element is rotated clockwise
with increasing frequency. The minimum level of relative amplitude increases when the
maximum radiation is directed toward the x-axis direction. The four antennas are
symmetrically placed around the x-axis and y-axis directions in Table 6.1, which is assumed to
be equivalent to installation at the top of the front and rear windows. The symmetrical

arrangement allows coverage of 360 degrees.

Table 6.1. Concept covering 360 degrees in the xy plane using the four antennas across

the frequency band for digital terrestrial services.

Frequency
Middle High
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6.3 Performance
Radiation properties of the antenna are calculated in free space using the commercial
simulator “FEKO” based on the method of moment. The parameters of the calculation

model are presented in Table 6.2.

Table 6.2. Parameters of the calculation model.

Total length L of antenna 257 mm

Length L, of wires a-b & f-g 114 mm

Length L of wires d-e & i-j 79.5 mm

Length L of wire c-m-h 29 mm
Hight H of antenna 60 mm
Radius r of wires 0.5 mm

Figure 6.2 shows the resonant frequency for the three modes, versus the ratio of lengths of
longer and shorter arms, when their combined length is kept constant. The parameters other
than Lg, L; and Ly were the same as those shown in Table 6.2. The Ist resonant frequency f
and the 3rd resonant frequency f; can be controlled by the ratio Lg/L;, while maintaining little
variation of the 2nd resonant frequency f,. f; increased from 430 MHz to 521 MHz when
Lg/L; was increased from 0.45 to 1, since the wire a-b-c-m-h-g-f became shorter. At the
same time, f3 decreased from 762 MHz to 590 MHz since the wire e-d-c-m-h-i-j became
longer. /> and f3 had the same value of 590 MHz at Lg/L;, of 0.836 and then disappeared with
the further increase of Lg/L;. The behavior of input impedance as a function of Lg/L; is
different from parallel resonance to series resonance. The real part of input impedance
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steeply decreased in parallel resonance from 789 Q to 102 Q for f; when Lg/L; was increased
from 0.45 to 0.836 because the distances from the center of wire a-b-c-d-e to the point ¢ and
from f-g-h-i-j to the point 4 became shorter.  On the other hand, the variation of the real part
was relatively small in series resonance. The values of the real part were from 37 Q to 49 Q
for f; and from 40 Q to 102 Q for f3. Understanding the behavior of input impedance is

helpful for a design in terms of minimum reflection at the feed point.
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Fig. 6.2. Calculated resonant frequency with variation of the ratio of the lengths Lg/L;.
The length (Lst+L;) is constant.  ( ) S T— o, === 1 f3)

Figure 6.3 shows the resonant frequency for the three modes, versus the length L, when
the lengths (Ls+LctLy) and (L;-Ls) are kept constant. f, increased from 499 MHz to 641
MHz when L¢ was increased from 0.02 Ly to 0.2 Ly since the two wires a-b-c-d-e and f-g-h-i-j
became shorter. Meanwhile, f; and f; showed little variation. The variation of input
impedance was large for parallel resonance and small for series resonance as with the
previous case. The real part of input impedance increased in parallel resonance from 185 Q
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to 367 Q for f, when L¢ increased. On the other hand, the values of real part in series

resonance were from 39 Q to 80 Q for f; and from 46 Q to 110 Q for f;.
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Fig. 6.3. Calculated resonant frequency with variation of the lengths Lc.  The lengths
(LstLctLy) and (L-Ls) are constant.  ( ) FT— L === 1 f3)

Current distributions are shown in Figure 6.4. Each position from the point a to e along
the wire a-b-c-d-e and from the point f to j along the wire f-g-h-i-j corresponds to the
horizontal axis from 0 mm to 253.5 mm. The position of the wires from the point ¢ to m and
h to m starts at 275 mm and ends at 289.5 mm. The three lines represent current
distributions at three resonant frequencies f}, f> and f3, which are 484 MHz, 576 MHz and 638
MHz for the calculation model with the parameters shown in Table 6.2. Voltage of 1 V is
excited at the feed point m. Large current flowed along the wire a-b-c-m-h-g-f and relatively
small current flowed on the wires c-d-e and h-i-j at 484 MHz. Also, large current flowed
along the wire e-d-c-m-h-i-j and relatively small current flowed on the wires a-b-c and f-g-h at
638 MHz. Amplitude and phase had cosine and almost constant distributions along the wire
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in both frequencies.
and f-g-h-i-j at 576

degrees at the points

Cosine distribution was observed in amplitude on the wires a-b-c-d-e
MHz. Phase was almost constant, although there was a shift of 25

c and A. Amplitude was small on the wire c-m-h. This is one of the

features of parallel resonance.
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Fig. 6.4. Calculated current distributions of the modified H shaped antenna. ( ——
484 MHz, --------- : 576 MHz, — — — : 638 MHz) (a) Apmlitude and (b) phase.
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Figure 6.5 shows the radiation patterns in the xy plane at the three resonant frequencies.
Reflection loss is included when the antenna is terminated with characteristic impedance of
110 Q. Inclined figure-8 radiation patterns were observed. The figure-8 radiation patterns

seem to be rotated clockwise with increasing frequency.

Fig. 6.5. Calculated radiation patterns of the modified H shaped antenna in the xy plane.
( —— :484 MHz, .-..ee. :576 MHz, — — — : 638 MHz)

The radiation patterns in the xy plane were analyzed in detail. Figure 6.6 shows a
summary of this analysis focusing on the direction ¢ of the maximum radiation, 3 dB
beamwidth and the minimum level of relative amplitude as a function of frequency. The
height H was varied with L;, Ls and Ly while keeping the values of (H+L;+Ls) and (L.-Ls)
constant. Clockwise rotation was clearly observed. The direction ¢ of the maximum
radiation varied from 75 degrees to -69 degrees from 470 MHz to 710 MHz in the case of H =
60 mm. The maximum radiation was directed toward the x-axis direction at 594 MHz,
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Fig. 6.6. Calculated direction of the maximum radiation, 3dB beamwidth, and the
minimum level of relative amplitude in the xy plane as a function of frequency.
( :H=60mm, --...... :H=90mm, — — - : H=120 mm) (a) Direction of

maximum radiation, (b) 3 dB beamwidth, and (c¢) minimum level of relative amplitude.
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which was higher than the parallel resonant frequency of 576 MHz. 3 dB beamwidth
reached the widest value of 128 degrees at ¢ = 0 degree. Moreover, the minimum level of
relative amplitude reached the maximum value of -7.4 dB. The results suggest that the four
symmetrically placed antennas as shown in Table 1 can avoid unacceptably weak gain across
360 degrees when each antenna has the same direction of the maximum radiation as well as
the different direction. Radiation performance was slightly improved in terms of the
coverage by the four antennas when the height / increased. The height H is usually limited
by the installation area. The results also suggest that a height of =60 mm is acceptable.

The combined pattern of the four antennas is discussed here. Directivity Dyrc(6,9)

combined with the MRC method is given by [6-4]

Dy (0.9)= ZA Op. 4y )4, (0.0)e’"" (6.1)
Z A2(00.0,) "

n=l

where,

w, = kx, (sin & cos ¢ —sin 6, cos ¢, )+ ky, (sin @sin ¢ —sin 6, sin ¢ ) (6.2)
(6, ) 1s the direction of signal arrival. A4,(6,¢) and (x,,y,) are amplitude of received signal
from the direction (6,¢) and the position of the nth antenna. k£ is wave number. The peak
plot is used to discuss the coverage. The peak plot Dpp(6,¢) is defined as the plotted pattern

of the peak Dyrc( 6, dp) of the combined pattern and described by equation (6.3).

DPP(0’¢): MRC(90’¢0 9 =0.4,=¢ NZ (6.3)

An omni-directional pattern of the peak plot in the ¢ plane indicates that the combined pattern
steering beam has the same gain for any direction in the ¢ plane. The averaged gain Gy is

given by

1 p2~ 2
Gup= [, 1D(0.9) d¢ (6:4)
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Figure 6.7 shows the minimum and averaged gain of the peak plot of the four antennas in
free space. The minimum gain represented by a solid line is higher than -5.8 dBi across the
frequency band from 470 MHz to 710 MHz, and shows the advantages of the proposed
antennas over four dipole array, which has a deep null toward the x-axis direction. The peak
plot is omni-directional at the two frequencies of 568 MHz and 636 MHz. The peak plot has
the minimum gain toward the x-axis direction from 470 MHz to 568 MHz and from 636 MHz
to 710 MHz, and toward the y-axis direction from 568 MHz to 636 MHz. On the other hand,
the averaged gain of the peak plot was from 3.3 dBi to 4.5 dBi. The reflection loss of less
than 1.2 dB was included. In the case of the ideal half wavelength dipole antenna, an
averaged gain is -1.4 dBi. The averaged gain of the peak plot of the proposed antennas is
almost the same with that of the dipole antennas considering the reflection loss and the

number of antenna elements.

5
% 0
=
@©
O -5
-10
470 530 590 650 710

Frequency [MHZ]

Fig. 6.7. Calculated averaged and minimum gain of the peak plot of the four antennas

in free space.  ( : Minimum gain, --------- : Averaged gain)
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Radiation patterns of the antennas placed in the xy plane have been discussed so far. The
effect of the angle of the antenna plane from the xy plane to radiation pattern is presented here.
Figure 6.8 shows relative amplitude of radiation pattern of the antenna with variation of the
rotation angle of the antenna plane from the xy plane at ¢ = 90 degrees. The degradation of
radiation pattern is caused toward the x-axis direction. Relative amplitude toward the x-axis
direction goes down with increasing the angle from the horizontal plane since the polarization
plane is varied together with the antenna plane. The same characteristic is given from 470
MHz to 710 MHz and represented by a solid line. The experimental car has an angle of
approximately 30 degrees from the horizontal plane for both the front and rear windows.
The degradation of radiation pattern is estimated to be -1.3 dB. On the other hand, there is
little variation of radiation pattern toward the y-axis direction. The relative amplitudes
toward the y-axis direction are represented from 470 MHz to 710 MHz with a step of 30 MHz.

The values of the relative amplitudes represented by nine dotted lines are from 0 dB to 0.6

dB.
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Fig. 6.8. Relative amplitude toward the x-axis and y-axis directions with variation of the

rotation angle of the antenna plane from the xy plane. ( : x-axis direction,

......... : y-axis direction)
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Figure 6.9 (a) shows calculated input impedance. Three resonant modes were observed.
The real part has a peak and the imaginary part goes down at 576 MHz. This indicates
parallel resonance. The imaginary part goes up at 484 MHz and 638 MHz, respectively,
which are series resonance. The real part has little variation at 484 MHz and 638 MHz due
to the effect of parallel resonance at 576 MHz, although the real part generally goes up in

series resonance. Calculated VSWR with respect to 110 Q is shown in Figure 6.9 (b). The
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Fig. 6.9. Calculated input impedance and VSWR. (a) Input impedance ( : Real
part, oo : Imaginary part) and (b) VSWR with respect to 110 Q.
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value of 110 Q was chosen to obtain the widest bandwidth. VSWR was less than 3 from 470

MHz to 710 MHz.

6.4 Prototype antennas

6.4.1 Single element

The wires shown in Figure 6.1 (a) were etched on a typical FR4 substrate having dielectric
constant of 4.6 and the thickness of 0.8 mm. The width of the lines was 1 mm. The lengths
Ly, Ls and L¢ were experimentally adjusted to 102 mm, 67 mm and 30 mm, respectively, with
constant value of H = 60 mm, since the value of H was specified for car installation. The

prototype antenna has a LC balun and a parallel feed line between the LC balun and the feed

0 [dBi]

Fig. 6.10. Measured radiation patterns of a prototype antenna in the xy plane.
(=@ :fi, —A— i fp, =8 1 fy)
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point m. The LC balun transforms impedance from 110 Q to 50 Q as well as
balance-unbalance mode. The LC balun consists of a high pass filter (HPF), a low pass filter
(LPF) and a T-junction. Both filters have the 5th order Butterworth function. 3 dB cutoff
frequency is set at a lower frequency of 272 MHz for the HPF and a higher frequency of 1228
MHz for the LPF than the frequency band from 470 MHz to 710 MHz so that both filters may
give flat amplitude and out of phase. Insertion loss of the LC balun was measured to be 0.3
dB across the frequency band. The parallel feed line has the length of 40 mm. The width
of each line and the distance between the centers of the two lines were chosen to be 0.8 mm
and 1.1 mm referring to [6-5], so that characteristic impedance would be 110 Q. Figure 6.10
shows the measured radiation patterns at the three frequencies. The figure-8 radiation
patterns were rotated clockwise with increasing frequency as the calculation results predicted.

VSWR was measured to be less than 3 from 470 MHz to 710 MHz.

6.4.2 Mounted antennas

After the validity of the performance of the single element, four prototype antennas were
mounted at the top of the front and rear windows of the car as shown in Figure 6.1 (b). The
distance between the edge of the metal roof and the nearest side of the prototype antennas was
set at 20 mm. The spacings of antenna elements were, respectively, 600 mm in the x -axis
direction and 1600 mm in the y -axis direction. Figure 6.11 (a), (b), (c¢) and (d) show typical
measured radiation patterns of the four prototype antennas in the ¢’ plane at 530 MHz. Each
prototype antenna had gain to the x™-axis direction as well as to the y’-axis direction because
the four antennas in free space had inclined figure-8 radiation patterns. The peak plot
combined with the radiation patterns in Figure 6.11 (a), (b), (c) and (d) is shown in Figure
6.11 (e). A near omni-directional pattern was achieved in the ¢’ plane. In terms of vertical
plane, gain of the peak plot decreased with increasing the angle ¢', because radiation patterns
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of the mounted prototype antennas were affected by the effect of the car body. The values of

the minimum gain of the peak plot were -2.3 dBi for & = 70 degrees, -3.7 dBi for 6 = 80

10 [dBI]

10 [dBI]

10 [dBIi]

Fig. 6.11. Measured radiation patterns in the ¢’ plane at 530 MHz. Four prototype
antennas were mounted at the top of the front and rear windows of a car. Peak plot of
combined pattern based on the MRC method is also presented. ( —@— : 8= 70 deg.,
—&— : 0’=80deg.,, —m— : 0’=90deg.) (a)Frontleft, (b) front right, (c) rear left,
(d) rear right, and (e) peak plot.
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degrees, and -6 dBi for & = 90 degrees. The averaged gain calculated with the equation
(6.4) also decreased from 1.8 dBi to -1.5 dBi. These values of the minimum and averaged
gain are acceptable for the reception system. The peak plot of the four antennas in free
space had the minimum gain of -0.2 dBi and an averaged gain of 4 dBi in the xy plane at the
same frequency of 530 MHz as shown in Figure 6.7. Thus, the reductions of the minimum
and averaged gain by the effect of the car body are estimated to be 5.8 dB and 5.5 dB in the
horizontal plane. The measurement results indicate that the proposed antenna and concept

improving the minimum gain can be applied for the car.

6.5 RF modules

Finally, a brief description of the antenna module is given. The antenna module shown in
Figure 6.12 (a) consists of the modified H shaped antenna etched on a flexible substrate and
an RF circuit having a balun, a filter and a Low Noise Amplifier (LNA). A relatively long
RF cable is usually connected from the antenna module on the window to a receiver inside a
car. The LNA contributes to improving noise figure of the RF subsystem because it reduces
the effect of loss of the RF cable. The filter was put between the balun and the LNA in order
to avoid saturation of the LNA. With regard to impedance matching, C/N is considered
because of a receiving system. Impedance matching of the LNA for optimum noise is
controlled by series and parallel reactance [6-6]. A series inductor was loaded into the LNA
so that input impedance for optimum noise would be around 50 €. The filter has
characteristic impedance of 50 Q. Thus, impedance matching of the antenna module is
achieved in terms of C/N since antenna impedance of 110 Q is transferred to 50 Q by the
balun. The antenna module when mounted at the top of the front window is shown in Figure
6.12 (b). The antenna module was mounted in an area within 80 mm from the edge of the
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metal roof.

Antenna

modules

Fig. 6.12. Photographs of an antenna module. (a) Configuration of an antenna module

and (b) mounted antenna module on the front window.
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6.6 Conclusions

A modified H shaped antenna and a concept have been proposed for automotive digital
terrestrial reception.  Radiation patterns of the four symmetrically placed antennas
compensate each other and cover 360 degrees. The coverage of the combined pattern of the
four antennas was discussed with the peak plot, which was defined as the plotted pattern of
the peak of the combined pattern. The calculation results showed that the minimum gain of
the peak plot of the four antennas in free space was improved to be higher than -5.8 dBi
across the frequency band from 470 MHz to 710 MHz. The effect of the angle of the
antenna plane from the horizontal plane to radiation pattern has been described. The gain
reduction was estimated to be -1.3 dB to the sides of the experimental car.  After the validity
of the analysis was confirmed by a single prototype antenna, the prototype antennas mounted
on a car were measured at 530 MHz. A near omni-directional pattern of the peak plot was
obtained. The minimum gain and averaged gain of the peak plot in the horizontal plane
were -6 dBi and -1.5 dBi, respectively, which were acceptable values for the system. The
measurement results indicated that the proposed antenna and concept improving the minimum
gain were applied for the car. The proposed antennas will be utilized for automotive digital

terrestrial reception.
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Chapter 7. Digital TV antenna with thin structure

7.1 Introduction

Modified H-shaped antennas on the front and rear windows of sedans were proposed in the
previous chapter. The antenna had a width of 60 mm. The development of antennas for
digital TV services is still required for other types of vehicles. A thinner structure is suitable
for narrower installation space near the edge of windows at the sides as well as the front and
rear of vehicles. In this chapter, a folded dipole antenna with stubs is proposed [7-1]. The
antenna has a thin structure with a width of 20 mm. The configuration and performance of
the prototype antenna in free space are presented in Sections 7.2 and 7.3, respectively. This

chapter is concluded in Section 7.4.

7.2 Proposal of stub-loaded folded dipole antenna

Figure 7.1 (a) shows a stub-loaded folded dipole antenna. The antenna has a pair of lines as
stubs inside a folded dipole. The antenna has a width /¥ of 20 mm and a length L of 240 mm.
The width w; of the lines is set at | mm. The frequency bandwidth can be controlled mainly
by the lengths L for the lower frequencies and /; for the higher frequencies. A prototype
antenna with an RF circuit is shown in Figure 7.1 (b). The antenna was printed on
polyethylene terephthalate (PET) film with a thickness of 0.125 mm. The RF circuit consists
of a balun, a filter, and a low noise amplifier. It contributes to reducing the effect of cable

loss between the antenna on the window and a receiver inside a vehicle.
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Fig. 7.1. Stub-loaded folded dipole antenna. (a) Configuration and (b) prototype. (L

=240 mm, W =20 mm, [, =9 mm, g, =40 mm, g, =2 mm, w; = 1 mm)

7.3 Performance

This section presents the measurement results of the prototype antenna through the LC balun.
The LC balun transforms impedance from 200 Q to 50 Q. Figure 7.2 shows the measured
VSWR of the stub loaded folded dipole antenna as a solid line. The VSWR is less than 2.6
over the frequency band from 470 MHz to 710 MHz. The measured results for a folded
dipole antenna without stubs are represented as a dot-dashed line for comparison. The
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comparison indicates that the stubs work in the higher frequency band. Numerical
investigation was carried out by the commercial simulator “FEKO” [7-2] based on the method
of moments. The calculation model was composed of wires with a radius of 0.25 mm. The
lengths L and /; were adjusted to 250 mm and 28 mm, respectively. Other parameters were
the same as those of the prototype antenna. The calculated VSWR is represented by a dotted
line when the antenna impedance is normalized by 200 Q. The calculated results agree with

the measured results.

VSWR
w

410 470 530 590 650 710 770
Frequency [MHZz]

Fig. 7.2. Measured VSWR of folded dipole antennas with and without stubs.
Calculated results for the stub loaded antenna are also presented. (——: stub loaded
(Mea.), -.--- : without stub (Mea.), ----: stub loaded (Cal.))

The calculated current distributions at 470 MHz, 590 MHz, and 710 MHz are shown in
Figure 7.3. The intensity of currents is normalized by the maximum value at each frequency.
The length of the arrows represents the intensity of the currents in the range from -20 dB to 0
dB. It is observed that strong currents flow on the stubs in the higher frequency band, as
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expected from the VSWR characteristics. On the other hand, the antenna works as a folded

dipole antenna in the lower and middle frequency bands.

1.

Z

X
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3

(b)

) o S e |
(c)

C

Fig. 7.3. Current distributions in the xy plane. (a) 470 MHz, (b) 590 MHz, and (c) 710

MHz. The length of the arrows represents the strength of the currents in the range from
-20 dB to 0 dB.

Figure 7.4 shows the measured radiation patterns in the zx plane, which corresponds to the
horizontal plane when the antenna is installed on a vertical window of a vehicle. Stable
figure-of-eight radiation patterns were obtained from 470 MHz to 710 MHz.

The frequency characteristic of gain is shown in Fig. 7.5. The measured gain has a
relatively flat characteristic from 0.6 dBi to 1.9 dBi in the frequency range from 470 MHz to

710 MHz. Loss of 0.3 dB for the LC balun was included.
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Fig. 7.4. Measured radiation patterns in the zx plane. (—%—: 470 MHz, —>—: 590

MHz, —+: 710 MHz).

5
= °® °®
m ®
o e ¢
c 0
(4v]
O
5
470 530 590 650 710
Frequency [MHZ]

Fig. 7.5. Measured gain vs. frequency.
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7.4 Conclusions

A stub-loaded folded dipole antenna has been proposed. Numerical analysis showed the
stubs worked to cover the higher frequency band. It was confirmed experimentally that the
antenna obtained a figure-of-eight radiation pattern and a relatively flat gain characteristic
from 470 MHz to 710 MHz. The antenna, which has a thin structure of 20 mm by 240 mm,

will be used for digital terrestrial TV reception on vehicles.
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Chapter 8. Digital TV antenna with wider bandwidth and thinner structure
8.1 Introduction

A stub-loaded folded dipole was proposed in the previous chapter. The antenna had a width
of 20 mm and covered the frequency range from 470 MHz to 710 MHz. In this paper, a
folded dipole having a wider bandwidth and thinner structure is proposed [8-1]. The antenna
has a pair of stubs inside a folded dipole and a capacitor loaded on the folded dipole, without
the use of thick lines. The antenna in free space covers the frequency range from 470 MHz
to 950 MHz that is double the frequency bandwidth of the antenna described in the previous
chapter. The antenna has a width of 15 mm. The configuration and performance of the
antenna are described in Section 8.2 with results simulated by the method of moments. The
effect of the stubs and capacitor is discussed, in comparison with dipoles, where a part of the
wires and/or capacitor are removed. Measurement results of the antenna are presented in
Section 8.3. The effect of the materials used in automotive body parts on antenna

performance is mentioned. This chapter is then concluded in Section 8.4.

8.2 Proposal of capacitor- and stub-loaded folded dipole antenna

Figure 8.1 shows a capacitor- and stub-loaded folded dipole antenna for digital terrestrial TV
reception. The antenna is composed of cylindrical wires and a lumped element capacitor.
The antenna has a pair of stubs a-g-h-i-j-b and a’-g’-h’-i’~j’-b’ inside the straight folded
dipole f-a-b-c-d-e-d’-c’-b’-a’-f. The capacitor is loaded at the center e of the wire d-d’.
The width W is set to 15 mm for installation into narrow spaces. The other parameters are
given in Table 8.1. The design frequency of the antenna in free space is set at a bandwidth
from 470 MHz to 950 MHz, which is double the bandwidth for digital terrestrial TV reception,
considering the effect that the operating frequency goes down when the antenna is installed on
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window glass or inside the spoiler.

y
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Fig. 8.1. Configuration of capacitor- and stub- loaded folded dipole antenna.

Table 8.1. Parameters of calculation model.

Length L of antenna 284 mm
Width W of antenna 15 mm
Dimension / of stubs 34 mm
Dimension d; of stubs 40 mm
Dimension g, of stubs 2 mm
Radius r of wires 0.25 mm
Capacitance of C; 0.2 pF
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8.3 Performance
The antenna of Fig. 8.1 in free space was numerically investigated by the commercial
simulator “FEKQO”, [8-2], which is based on the method of moments.

Calculated input impedance is shown in Fig. 8.2. The real and imaginary parts of input
impedance are represented by the solid and dotted lines, respectively. Three resonant
frequencies, where the imaginary part equals zero, are assigned as fj, f>, and f3 with increasing
frequency. The resonances at f; = 503 MHz and f; = 942 MHz are series resonance, since the
imaginary part goes up. While the resonance at f, = 763 MHz is antiresonance, since the

imaginary part goes down.

o

Impedance [Q]
N
3

AR
S 9
S &

410 530 650 770 890 1010
Frequency [MHZ]

Fig. 8.2. Calculated input impedance of capacitor- and stub-loaded folded dipole

antenna. (——: real, ----: imaginary).

Figures 8.3 (a) and (b) show three resonant frequencies and input impedance with
variation of capacitance of C;. The circles, triangles, and squares represent the differences
between fi, >, and f3. It can be seen in Fig. 8.3 (a) that the resonant frequency increases from
598 MHz to 811 MHz for f; and from 719 MHz to 998 MHz for f; with a decrease of C; from
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Fig. 8.3. Calculated three resonant frequencies and input impedance of capacitor- and
stub-loaded folded dipole antenna with variation of capacitance of C;. (a) Frequency

vs. capacitance. (b) Impedance vs. capacitance. (-O-: fi, 2: f, TF: f3).

10 pF to 0.1 pF. The increase of the resonant frequencies corresponds to 213 MHz for f; and
279 MHz for f;.  While the resonant frequency of f; increases by only 44 MHz from 466
MHz to 510 MHz, which is less than one sixth of the increase of /3. As shown in Fig. 8.3 (b),
the real part of input impedance varies from 528 Q to 691 Q for f, and from 14 Q to 132 Q for
f3, while it has a relatively small variation from 113 Q to 135 Q for f;. Thus, it can be
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understood from Figs. 8.3 (a) and (b) that the bandwidth of the antenna can be widened by
loading a capacitor. Input impedance with respect to 230 Q provides the maximum
bandwidth. The increase of the real part for f3 contributes to the wider bandwidth. But the
increase of the real part for f; should be taken into account when the capacitance of C; is
selected.

The proposed method of bandwidth enhancement includes two aspects, stubs and a
capacitor. The effects of the stubs and capacitor are analyzed in detail as follows. The
antenna shown in Fig. 8.1 is compared with folded dipoles, where a part of the wires and/or
capacitor are removed, as shown in Table 8.2. Their three resonant frequencies and input

impedance are summarized in Figs. 8.4 (a) and (b), respectively.

Table 8.2. Configurations of six types of folded dipole antennas. Wires and/or

capacitor are removed from folded dipole antenna of Fig. 8.1.

No. Configuration

\Y

Jdluk

L

VI
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Antenna [, where both a pair of stubs and capacitor are removed, is a straight folded
dipole, and has resonant frequencies of f; =481 MHz and /3 = 1019 MHz. The ratio of 5/ f;
is 2.12. In terms of a folded dipole that has parallel arms, antenna IV can be seen as a folded
dipole having four bends of 90 degrees on its arms. These bends lead to a smaller ratio f3 / f;
of 1.67 (710 MHz / 425 MHz). With regard to impedance, antenna I'V has a high impedance

of 1483 Q for f>, due to antiresonance. When wires a-b and a’-b’ are connected to antenna

1250
N I O
T 1130
= 1010 | O -
S 890 |
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| I 11| v V VI
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Fig. 8.4. Calculated three resonant frequencies and input impedance of six types of
folded dipole antennas in Table II.  (a) Frequency and (b) impedance. (-O-:fi, 4: f3,

F: f3).
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IV, which is antenna III, the impedance for f; is reduced to 541 Q. This allows a wideband
characteristic that has continuous resonances of f|, />, and f5. Antenna III has an f; of 463
MHz and an f; of 711 MHz, which are close to the values of antenna IV.  On the other hand,
it can be seen from the comparison of antennas III and VI that loading a capacitor into a
folded dipole with a pair of stubs leads to an increase of 231 MHz from 711 MHz to 942 MHz
for f5, and a smaller variation of 40 MHz from 463 MHz to 503 MHz for f;, as mentioned
before. While loading a capacitor into a folded dipole without stub increases both
frequencies by 166 MHz from 481 MHz to 647 MHz for f;, and 148 MHz from 1019 MHz to
1167 MHz for f;, comparing antennas I and II. The comparison of antennas V and VI
indicates that the resonant frequencies of f; and f; for the proposed antenna of Fig. 8.1 are
mainly specified by the dimensions of a folded dipole having four bends
f-a-g-h-i-j-b-c-d-e-d’-c’-b’-j’-i’-h’-g’-a’-f. This is because antennas V and VI have very
close frequencies for f; (506 MHz and 503 MHz, respectively), and the same frequency f; of
942 MHz.

The antenna of Fig. 8.1 can be understood as follows from the comparison of dipoles so
far. When a folded dipole has four bends of 90 degrees on its arms, the ratio f3 / fi becomes
smaller. The connecting wires a-b and a’-b’ avoids unacceptably high impedance at
antiresonance. Loading a capacitor increases f3 and keeps changes in f; small in the case of
the folded dipole with wires a-b and a’-b’. f, and f; are mainly specified by the folded
dipole having four bends. In terms of performance, it can be said that a folded dipole having
four bends has a pair of stubs a-b and a’-b’ and a capacitor, although the straight folded dipole
f-a-b-c-d-e-d’-c’-b’-a’-f and a pair of stubs a-g-h-i-j-b and a’-g’-h’-i’-j’-b’ were used for the
description of the antenna of Fig. 8.1 in terms of its structure.

The current distributions of the antenna of Fig. 8.1 are next analyzed. Current
distributions along the x axis at f; = 503 MHz are shown in Figs. 8.5 (a)-(d). A voltage of 1
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Fig. 8.5. Calculated current distributions of capacitor and stubs loaded folded dipole
antenna at f; = 503 MHz. (a) Amplitude and (b) phase of currents ¢ -b’-a’-f-a-b-c
(solid line), i’~j’ (dotted line), and j-i (dotted line). (c) Amplitude and (d) phase of
currents d -e-d (solid line), #°-g’ (dotted line), and g-% (dotted line).

V was applied at the feed point. The current of the wire from point p to point g is
represented by /,, here. Figures 8.5 (a) and (b) show the amplitude and phase of current
leb-ata-b-c as asolid line and currents /;-; and /;; as dotted lines. In addition, Figs. 8.5 (¢)
and (d) show the amplitude and phase of current /..., as a solid line and currents I, and /¢
as dotted lines. The focus here is the current distribution on the wires
f-a-g-h-i-j-b-c-d-e-d’-c’-b’-j’-i’-h’-g’-a’-f in the folded dipole having four bends. The

current along the wire of the folded dipole has a standing wave with one wavelength. In
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terms of the resonance of the folded dipole, the folded dipole with the current is resonated at a
half wavelength. There are phase changes at + 80 mm between wire g-4 and at — 80 mm
between wire 4 ’-g’, where the amplitude reaches the minimum value of 0.7 mA. However,
an ordinal straight folded dipole such as antenna I in Table II, has phase changes at both
terminals. This is because the capacitor C; makes the wire equivalently longer. The
currents are also induced on wires a-b and b’-a’. The length of the wires a-b and b’-a’ (88
mm) is close to the length of around 73 mm from a and a’ to the phase change positions
between wires g-h and h’-g’.  Thus, the currents /;., and /;-,> mainly come from the currents
Iy and I, rather than [, and I, at junctions b and »’. This can be seen in Fig. 8.5 (a),
where the currents /., and I, have a value of 1.2 mA at + 108 mm, and the currents /.. and
Iy, and I;; and [;-; have values of 5.1 mA and 5.9 mA at £ 108 mm, respectively, although
the currents /., and /;-, in the y direction are not presented. With regard to junctions a and
a’, currents I, rand I,y are equally divided into /., and /o, and /-, and I-,. The currents
have values of 8.1 mA for /., and /,.; and 4 mA for I, and /-, at junctions a and a’.
While the currents have the value of 3.9 mA at g and g’, although the currents /,., and /,-, in
the y direction are not presented. It can be said from this analysis that the antenna mainly
works as a folded dipole having four bends f-a-g-h-i-j-b-c-d-e-d’-c¢’-b’-j’-i’-h’-g’-a’-f and a
straight dipole b ’-a -f-a-b at f; = 503 MHz.

The current distributions at f, = 763 MHz are shown in Figs. 8.6 (a)-(d). The formats of
Figs. 8.6 (a)-(d) are the same as those of Figs. 8.5 (a)-(d) except for the range of amplitude
from 0 to 3 mA in Figs. 8.6 (a) and (c¢). The amplitude of currents at f, = 763 MHz is smaller
than that at f; = 503 MHz due to antiresonance. It can be seen in Fig. 8.6 (a) that the currents
I,y and I, vary from 1 mA to 1.3 mA. On the other hand, the currents /;.; and /., and ;-
and /, ., are within a variation range from 0.6 mA to 1 mA as shown in Figs. 8.6 (a) and (c).
The current distributions indicate that the currents /,, and 7,5  are higher than the currents
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Ipjihga and Iy p-g-o, and avoid the unacceptably high impedance of antenna V, as seen
from the comparison of antennas V and VI. It can be said from this analysis that the antenna
mainly works as a straight folded dipole f-a-b-c-d-e-d’-c’-b’-a’-f rather than a folded dipole

having four bends f-a-g-h-i-j-b-c-d-e-d’-c’-b’-j -i’-h’-g’-a’-f at f, = 763 MHz.
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Fig. 8.6. Calculated current distributions of capacitor- and stub-loaded folded dipole
antenna at f, = 763 MHz. (a) Amplitude and (b) phase of currents ¢ ’-b’-a’-f-a-b-c
(solid line), i’-j’ (dotted line), and j-i (dotted line). (c) Amplitude and (d) phase of
currents d -e-d (solid line), 4 ’-g’ (dotted line), and g-4 (dotted line).
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The current distributions at f3 = 942 MHz are shown in Figs. 8.7 (a)-(d). The formats of Figs.
8.7 (a)-(d) are the same as those of Figs. 8.5 (a)-(d). The folded dipole having four bends
f-a-g-h-i-j-b-c-d-e-d’-c’-b’-j ’-i’-h’-g’-a’-f has a standing wave with two wavelengths, and is
resonated at one wavelength. It can be seen in Fig. 8.7 (c) that the currents have the
minimum values of 0.6 mA at £120 mm on wires e-d and e’-d’, and 0.9 mA at £94 mm on
wires g-h and g’-h’ with phase changes. The currents /,., and I, - are smaller than those of

the folded dipole having four bends at f3 = 942 MHz, rather than f; = 503 MHz. Thus, it can

cb afa b ¢ c b afa b c
12 L L1 48 L J !
z’ — .~\ E
£ / \ @ 90 |
o 87 S,
© 0L _ -
= &
o £ -90 |
= /\ /'\ < ~_
< 0 I I I I -180 —_— I I [ —
150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Position [mm)] Position [mm)]
(a) (b)
PP I S TP
<12 g g 180 g 9
(@)
£, ® o0 |
o 8 S,
o 0
2, &
o 2 90
= o
< 0 -180
4150 -100 -50 0 50 100 150 150 -100 -50 0 50 100 150
Position [mm] Position [mm]

(c) (d)

Fig. 8.7. Calculated current distributions of capacitor- and stub-loaded folded dipole
antenna at f3 = 942 MHz. (a) Amplitude and (b) phase of currents ¢ ’-b’-a -f-a-b-c
(solid line), i’~j " (dotted line), and j-i (dotted line). (c) Amplitude and (d) phase of
currents d -e-d (solid line), 4 ’-g’ (dotted line), and g-/ (dotted line).
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be said that the antenna mainly works as a folded dipole having four bends
f-a-g-h-i-j-b-c-d-e-d’-c’-b’-j ’-i’-h’-g’-a’-f at f3 = 942 MHz.

In the case of the width W being much smaller than a free space wavelength, no phase
difference of the paths is assumed in the far field radiated from the currents in Figs. 8.5, 8.6,
and 8.7. Here, the radiation source becomes the summation of the currents. Figures 8.8 (a)
and (b) show the amplitude and phase of the summation of the currents along the x axis. The
solid, dotted, and dot-dashed lines represent the summation of the currents at 503 MHz, 763
MHz, and 942 MHz, respectively. It can be seen in Fig. 8.8 (a) that the amplitude has one
peak at 503 MHz, and two peaks at 763 MHz and 942 MHz, where the positions of the peaks
move outward from the feed point with increasing frequency. As shown in Fig. 8.8 (b), the
phase has a flat distribution at 503 MHz. Although the difference of phases of positions
between the maximum amplitude and the feed point increases with increases in frequency, the
phases have the same values with a nearly flat distribution around the positions of the two
maximum amplitudes at 763 MHz and 942 MHz. Thus, the antenna of Fig. 8.1 is expected

to have stable figure-of-eight radiation patterns in the xy and zx planes in the frequency range

from 470 MHz to 950 MHz.
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Fig. 8.8. Summation of currents along the x axis. (——:fi=503 MHz, ----: f, =
763 MHz, —.—.: =942 MHz.) (a) Amplitude and (b) phase.
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8.4 Prototype antena

The antenna in free space was experimentally investigated in a frequency range from 470
MHz to 950 MHz to verify the numerical investigation presented in Section 8.3. The effect
of the materials of automotive body parts on resonant frequency is also discussed below in
terms of the digital terrestrial TV band.

Figure 8.9 shows a prototype antenna printed on PET film with a thickness of 0.125 mm.
The cylindrical wires and lumped element capacitor of Fig. 8.1 were implemented with lines
and a slit on the line for ease of fabrication. The lines have a width of 1 mm. The slit has a
length /; of 4 mm along the x axis, and a width wy; of 0.06 mm. The parameters of L and /;
were experimentally adjusted to 280 mm and 18 mm, maintaining an antenna width W of 15
mm. Other parameters are the same as those presented in Table 8.1. Thus, the prototype

antenna has dimensions of 15 mm by 280 mm with a line width of 1 mm.

;
RF circuit ”” &

Fig. 8.9. Prototype antenna.
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The RF circuit connected at the feed point of the antenna consists of a balun, a filter, and a
low noise amplifier (LNA). The LNA contributes to improving the noise figure of the RF
subsystem, reducing the effect of loss from the RF cables between an antenna on a window
glass or inside the spoiler, and a receiver inside the vehicle. The LNA has a series inductor
so that the input impedance for the minimum noise may be adjusted to around 50 Q. The
filter was inserted between the LNA and balun to avoid saturation of the LNA. The balun
consists of a high pass filter, low pass filter, and T junction, and both filters have a 5th order
Butterworth function to cover the frequency range from 470 MHz to 710 MHz. The balun
transforms impedance from 230 Q for the balanced port to 50 Q for the unbalance port. In
terms of C/N, impedance matching can be achieved in the prototype antenna with the RF
circuit.

A balun having a wider bandwidth characteristic was built to enable measurement of the

antenna. Figure 8.10 shows a diagram of the balun. The balun has the same impedance of Z;

_____________________________________________
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Fig. 8.10. Diagram of balun for measurement from 470 MHz to 950 MHz.
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=230 Q and Z, = 50 Q, but a 7th order Butterworth function to cover a wider bandwidth from
470 MHz to 950 MHz. The balun has parameters of Cy; = 15 pF, Cy; = 3 pF, Ly; = 56 nH,
Ly;=33nH, Cr;=1pF, Cr2=15pF, L;;=3.9nH, and L;, =15 nH.

Figure 8.11 shows the measured transmission coefficient of the balun. The balun has
loss from 0.3 dB to 0.6 dB in the frequency range from 470 MHz to 950 MHz. In this
measurement, the device under test (DUT) was composed of two baluns with connected
balanced ports. The transmission coefficient of the DUT was measured between the
unbalanced ports. The transmission coefficient divided by two provides that of a single

balun in Fig. 8.11.
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Fig. 8.11. Measured transmission coefficient of balun.

The Voltage Standing Wave Ratio (VSWR) is presented in Fig. 8.12. The measurement
and calculation results are represented by the solid and dotted lines, respectively. The
measured VSWR of the antenna through the balun is less than 2.6 from 470 MHz to 950 MHz,
while the calculated VSWR of the antenna with respect to 230 Q is less than 2.8. The
measurement result agrees with the calculation result.
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Fig. 8.12. VSWR of capacitor- and stub-loaded folded dipole antennas.
(——:mea., ----:cal)

Figures 8.13 (a)-(j) show normalized radiation patterns from 470 MHz to 950 MHz with a
step of 120 MHz. The xy planes are presented in Figs. 8.13 (a), (¢), (e), (g), and (i), while
the zx planes in Figs. 8.13 (b), (d), (f), (h), and (j). The xy and zx planes correspond to the
horizontal plane when the antenna is installed inside a horizontal spoiler or on a vertical
window of a vehicle. The measurement and calculation results are represented by the dots
and lines, respectively. It can be seen in Figs. 8.13 (a)-(j) that the antenna has stable
figure-of-eight radiation patterns in both xy and zx planes from 470 MHz to 950 MHz. The
measurement results agree with the calculation results. A little difference is seen in the
radiation patterns at 950 MHz in Figs. 8.13 (i) and (j). This may be caused by a
characteristic of the balun, since loss of the balun slightly degraded in the higher frequency
band, where the balun loss of 0.6 dB at 950 MHz includes not only the consumption of the
resistance components of the LC elements and reflection loss caused by impedance
mismatching, but also the amplitude difference of the induced voltages at the balanced ports

connected to the feed point of the antenna.
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Fig. 8.13. Normalized radiation patterns of capacitor- and stub-loaded folded dipole
antennas. (®:mea., —:cal.) (a)470 MHz, xy-pl. (b) 470 MHz, zx-pl. (c) 530
MHz, xy-pl. (d) 530 MHz, zx-pl. (e) 710 MHz, xy-pl. (f) 710 MHz, zx-pl. (g) 830
MHz, xy-pl. (h) 830 MHz, zx-pl. (i) 950 MHz, xy-pl.  (j) 950 MHz, zx-pl.
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Figure 8.14 shows the frequency characteristic of the measured gain. The measured gain
goes up slightly as the frequency increases. The measured gain varies from 0.7 dBi to 2.5

dBi in the frequency range from 470 MHz to 950 MHz. Loss of the balun is included.
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Fig. 8.14. Measured gain of prototype antenna.

The effects of the materials of automotive body parts on shifts in operating frequency are
finally investigated. The prototype antenna was attached to two typical flat plates with
dimensions of 300 mm by 300 mm. One was glass with a thickness of 4 mm to represent a
window. The other was thermoplastic Acrylonitrile Butadiene Styrene (ABS) with a
thickness of 3 mm to represent a spoiler. Figure 8.15 shows the measured VSWR for both
cases. The measured VSWR remains less than 2.7 from 470 MHz to 710 MHz in both cases,
although the operating frequency goes down. It can be said that the proposed antenna has a
sufficiently wide bandwidth for digital terrestrial TV reception, even when the operating

frequency goes down due to the effects of typical materials used in automotive body parts.
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Fig. 8.15. Measured VSWR of prototype antennas attached to materials having
dimensions of 300 mm by 300 mm. (——: thermoplastic ABS used for spoiler, ----:

glass used for window).

8.5 Conclusions
A stub- and capacitor-loaded folded dipole antenna has been proposed for digital terrestrial
TV reception. A numerical investigation clarified the effects of the stub and capacitor on
bandwidth enhancement. The prototype antenna in free space showed a VSWR of less than
2.6 and gain from 0.7 dBi to 2.5 dBi in a frequency range from 470 MHz to 950 MHz. The
VSWR remained less than 2.7 in the digital terrestrial TV band from 470 MHz to 710 MHz
even when the antenna was attached to typical materials used in vehicles.

The proposed antenna that has the advantages of a thin structure of 15 mm by 280 mm,
sufficiently wide bandwidth, and ease of fabrication, will be used for digital terrestrial TV
reception on vehicles.
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Chapter 9. Conclusions

In this doctoral dissertation, automotive antenna design techniques were investigated
analytically, numerically, and experimentally, particularly, in the highest and nearly the lowest
edges of the frequency bands assigned for automotive wireless systems. Considering the
impact on industry, millimeter-wave radar system and digital terrestrial TV reception system
in UHF band were focused on.

A new configuration of millimeter-wave microstrip antenna has been proposed. Two
types of antennas were developed. A fan beam antenna showed an aperture efficiency of
53 % with a gain of 22.5 dBi at 76.5 GHz. A pencil beam antenna using a two-stage feed
circuit showed an aperture efficiency of 39 % with a gain of 32.2 dBi at 76.5 GHz. The
developed antennas have higher efficiencies compared with those of conventional microstrip
antennas. The antenna will be used near future as the number of installation of radar
systems increases.

A new transition from waveguide to microstrip line has been proposed. The transition
has a simple structure, and does not need a conventional metal short block nor additional
substrate. The transition showed a measured transmission loss of 0.4 dB. A wideband
design methodology has also been proposed. The bandwidth increased by 1.2 times, using
optimum dimensions of rectangular patch element in waveguide. A transition working as a
divider showed a measured insertion loss of 0.5 dB. The proposed transition will be used
with microstrip antennas since it contributes to low cost connection between microstrip
antennas and a sensor head.

A technique of omnidirectional pattern synthesis has been proposed for digital TV
reception. The calculation results showed that the minimum gain of the peak plot of the four
H shaped antennas in free space was improved to be higher than -5.8 dBi across the frequency
band from 470 MHz to 710 MHz. Four prototype antennas mounted at the front and rear
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windows gave a near omnidirectional pattern of the peak plot at 530 MHz. The antennas
will be used for sedans.

Thin structured antennas were developed. A stub-loaded folded dipole having 20 mm by
240 mm had a VSWR less than 2.6 from 470 MHz to 710 MHz. Loading a capacitor as well
as stubs into a folded dipole leads to a wider bandwidth, where the VSWR is less than 2.6
from 470 MHz to 950 MHz. The antennas will be used for vehicles that have narrow
installation spaces.

This doctoral dissertation described key technologies of novel automotive antennas in the
millimeter-wave and UHF bands. The investigations of the two frequency bands would
provide useful design insights of automotive antennas in wide frequency range. I believe
that the investigations in this dissertation contribute to the advancements for automotive

antenna design techniques in both academic and industrial points of view.
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