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Abstract

In this thesis, wideband multilayer antenna array concepts for automotive radar
sensors operating in the frequency range 76–81 GHz are investigated. The
first two concepts investigated are based on a conventional multilayer printed
circuit board (PCB). A variable width grid array antenna is used for both
designs, with the feed network being the difference between both concepts.
For the first design, a two substrate layer PCB is used. The microstrip (MS)
feed network originates on the bottom substrate layer and feeds the grid array
through multilayer vias through the ground plane. The variable width grid
array is optimized for low sidelobe levels in the elevation plane. The second
design employs a three substrate layer PCB. The feed originates on the top layer,
continues to the bottom layer through a novel substrate integrated waveguide
(SIW) based transition, and terminates in a transverse slot to feed the grid
array through the ground plane.

A novel hybrid approach to design multilayer antennas is then introduced.
Multilayer antennas are designed using single layer PCB and multilayer thin
films (TF) attached to the PCB. The single layer PCB houses the complete feed
network, whereas the radiating elements are realized on multilayer thin films.
Two antenna concepts are presented as examples of this approach. The first is
an aperture coupled stacked patch (ACSP) antenna array fed by a grounded
coplanar waveguide (GCPW) feed network. A novel compact power divider
is included in the feed network to reduce inter-element distance. The second
concept is based on a novel antenna element, namely the stacked grid antenna
(SGA). Feed networks with three different transmission line types, namely the
SIW, GCPW and MS to create antenna arrays with the SGA to show the
flexibility of antenna design.

A comparison between the multilayer PCB approach and the hybrid thin film
approach is then performed, using the investigated designs as the basis. Among
the multilayer PCB antenna designs, the MS via based grid array has excellent
performance, with a high gain and wideband radiation pattern. The SIW slot
fed array suffers from parasitic radiation and low gain. Among the thin film
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based antennas, the ACSP array achieves the highest gain, albeit with a shifted
operating frequency due to dielectric modelling errors. The MS and GCPW
SGA antennas have wideband gain and radiation performance, while the SIW
based array suffers from low gain. The comparison shows that both approaches
have their benefits. In terms of aperture efficiency, multilayer PCB antennas
can achieve better results due to a completely buried feed network. However, it
is shown that the hybrid thin film approach achieves similar wideband antenna
performance as the conventional multilayer PCB approach, with added benefits
of simple design, low cost manufacturing and increased robustness.
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1 Introduction

Driver assistance systems have gained in applicability, interest and acceptance
in recent years in the automobile industry. After having been introduced as
optional add-ons in the luxury automobile segment some two decades ago [1] ,
these systems are part of standard configurations in virtually every new auto-
mobile in series production nowadays. As the name suggests, these systems aid
the driver in different driving tasks, thereby enhancing the safety and comfort of
the driving experience. Driver assistance system (DAS) is a broad term which
includes a wide variety of systems and functionalities. Since their inception,
DAS have developed considerably over multiple decades [1]. In the 1980s and
early 1990s, vehicle dynamics stabilization was targeted using functionalities
like anti-lock braking system (ABS) and electronic stability control (ESC). In
the late 1990s and 2000s, information, warning and comfort goals were achieved
using functionalities such as park assist and adaptive cruise control (ACC). In
the last decade, the goal shifted to automated and cooperative driving, with
functionalities such as collision avoidance/mitigation, and automated highway
driving among others. These and other recent functionalities can be combined
to form advanced driver assistance system (ADAS). With time, it is expected
that ADAS will evolve into autonomous driving systems that will completely
perform all driving tasks, as has been shown in numerous prototypes in recent
years [2].

1.1 Automotive radar and other sensors used in DAS

Sensors are an important part of DAS and ADAS. They obtain information
about the surroundings around the automobile and deliver it to the processing
and control units, where further processing and decisions are performed [1].
Current automotive driver assistance systems employ multiple types of sensors,
which include video cameras, radar, lidar and ultrasonic sensors. Different
functionalities utilize one or more types of sensors, depending on each sensor
type’s suitability. Additionally, to meet safety standards, redundancies are
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1 Introduction

built in to driver assistance functionalities through the use of multiple sensor
types. Technology advances also allow each sensor type to achieve broader
usage scenarios. Hence, different sensor types have an increasing overlap with
regards to the functionalities they can offer. In [3] a typical commercially
available set of sensors is shown which is employed for DAS. The sensor set
includes different variants of video cameras, ultrasonic sensors, lidar and radar
sensors. These sensors are installed at different positions in the automobile and
obtain information about different sections of the environment around it. In the
following, the working principles behind these sensors will be briefly described.
Since antennas for automotive radar are the focus of this work, radar sensors
will be described in more detail.

1.1.1 Radar sensors

Radar is an acronym for radio detection and ranging. Radar sensors function
by transmitting electromagnetic waves towards a target and analyzing the re-
ceived wave reflected back by it. Radar sensors consist of a transmitter that
generates and transmits the electromagnetic wave, and a receiver that receives
the reflected wave. Signal processing units are additionally present to extract
target properties from the received signal. To transmit and receive the elec-
tromagnetic waves, antennas are used. Automotive radar sensors can obtain
distance, speed and information about the target direction through processing
different properties of the reflected waves. Automotive radar sensors employ
electromagnetic waves whose wavelengths are a few millimeters, hence they are
classified as millimeter wave radars. Commercially available automotive radar
sensors function in the 24 GHz or 77 GHz frequency bands, with a recent shift
towards 77 GHz band due to certain practical and technical advantages [4].

Automotive radar sensors are widely used for DAS. Among the earliest appli-
cations of DAS was ACC which used radar sensors [1]. Radar sensors have cer-
tain benefits due to which they are suitable for automotive applications. These
can be divided into commercial and technical benefits. In terms of commer-
cial advantages, low manufacturing costs is the most important. Commerical
automotive radar manufacturing costs are comparable to video cameras and
significantly lower than lidar sensors. Since automotive radar sensors were first
introduced, their costs have decreased drastically, mainly due to advances in
semiconductor technology [5] and sensor packaging costs [6]. Here, the costs
of electronic components that generate and process the millimeter wave sig-
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1.1 Automotive radar and other sensors used in DAS

nals have decreased significantly. Coupled with improvement in sensor housing
concepts, this has brought down the cost of production of automotive radar
sensors such that they are now part of standard DAS installed in mid-range
price segment automobiles [4].

There are many technical advantages of employing automotive radars. Firstly,
they can provide robust performance under low light or adverse weather con-
ditions such as rain or dust. Performance of video cameras and lidar sensors
deteriorates significantly under adverse weather conditions, whereas radar per-
formance does not. Secondly, automotive radar sensors typically have a longer
range than lidar sensors or video cameras, which makes them especially use-
ful for long range functionalities such as ACC. The range of video cameras
is limited by weather and lighting conditions, and infrared waves transmitted
by lidar sensors suffer higher atmospheric attenuation compared to millimeter
waves transmitted by automotive radar. Additionally, the possibility of hid-
den sensor integration in car bodies is only possible with automotive radar
sensors. This is because millimeter wave signals employed by radar can pene-
trate through most bumpers, whereas visibile light for cameras, and infrared
signals from lidar sensors cannot. In order to cover a complete 360∘ horizontal
aperture around the automobile, multiple sensors need to be integrated into
the car body. Without affecting automobile aesthetics, this requires hidden
integration, which automotive radars can offer [7].

There are however, certain technical challenges that automotive radar sen-
sors face. Whereas video cameras and lidar sensors can classify objects (such as
automobiles, pedestrians, motorcyclists etc.) in the automobile surroundings
easily due to high resolution because of the small wavelength signals involved,
millimeter waves with much larger wavelengths cannot classify such objects
easily [8]. Additionally, wide horizontal aperture angles with long range cannot
be covered by a typical commercially available single radar sensor, whereas the
mounting position and mechanical advantages allow other sensors, especially
lidar sensors to cover up to 360∘ horizontal apertures [9]. Another challenge
for automotive radars are signal reflections in case of behind bumper integra-
tion. These reflections can cause performance degradation under certain cir-
cumstances [7]. However, despite challenges, automotive radar sensors remain
important for current and future DAS and ADAS as well as automated driving
systems.
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1 Introduction

1.1.2 Other sensors

Video camera sensors

Video cameras are very popular in ADAS. They employ color imagers to cap-
ture visible light reflected from objects around the automobile. Night vision
cameras employ infra red imagers to capture infra red light emitted from ob-
jects. Image processing is then applied on the captured light to detect and
classify objects. Camera sensors can either be employed as a single camera
based sensor, known as a mono camera or as a double camera based sensor,
known as a stereo camera. A stereo camera provides the additional benefit of
three-dimensional environment detection. Typical cameras have a maximum
range of about 100 m with a horizontal aperture angle of about 40∘. Near range
and rear view cameras have a range of around 10 m with a wide horizontal aper-
ture angle of about 130∘.

Ultrasonic sensors

Ultrasonic sensors are also widely used in ADAS. They consist of ultrasonic
transducers that send the signals, which bounce off the targets and are received
by the sensors. Through processing the time of flight of the signal, distance of
targets can be estimated. Measurements from multiple transducers enable an
accurate distance measurement, as well as information about the direction of
the target. Ultrasonic sensors typically have a range of about 5 m and a typical
sensor set has a horizontal aperture angle of about 120∘.

Lidar sensors

Lidar is an acronym for light detection and ranging. Automotive lidar systems
generally consist of a laser generating unit that typically transmits an infrared
laser beam, photoreceptors that receive the reflected laser signal from the tar-
get, a mechanical scanning device to rotate the transmitters and receivers to in-
crease the horizontal aperture angle, and accompanying electronics to perform
signal processing. Although lidar systems have historically not been popular in
DAS due to their high costs, they are of high interest for ADAS and automated
driving due to their superior target resolution. Typical commercially available
mechanically scanning lidars have a complete 360∘ horizontal aperture angle
and up to 120 m range [9].

4



1.2 Automotive radar operation and antenna requirements

1.2 Automotive radar operation and antenna requirements

Transmitter

Receiver

𝐺 𝜎

𝑃𝑡

𝑃𝑟

𝑅

Antenna Target

Fig. 1.1: Principle of operation of a monostatic radar

Automotive radar provides information about the target such as its distance,
radial velocity, and direction. In this section, general requirements for the
construction and functionality of automotive radar antennas are derived from
the requirements of automotive radar sensors. For that purpose, the functioning
principles of radar are explained briefly, followed by the general requirements
of antennas for automotive radar.

1.2.1 Principles of radar operation

Radar range equation

In Fig. 1.1 a basic monostatic radar system1 design is shown. It consists of a
transmitter, which generates a signal with transmit power 𝑃𝑡 and wavelength 𝜆0,
which is radiated as an electromagnetic wave by the transmit antenna. The gain
𝐺 of the antenna is a measure of its directivity and electrical efficiency, usually
compared to an isotropic radiator. The waves travel in free-space and strike
the target at a distance 𝑑𝑟 from the transmitter. A part of the radiated waves
is reflected by the target towards the receiver, where the receiving antenna
converts a portion of it into the received signal with power 𝑃𝑟. The portion of

1A monostatic radar system uses the same antenna to transmit and receive
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1 Introduction

the energy reflected by the target towards the receiver depends upon its radar
cross-section 𝜎. The radar range equation [10] Eq.(2.11)

𝑃𝑟 = 𝑃𝑡𝐺
2𝜎𝜆2

0
(4𝜋)3𝑅4𝐿𝐺

(1.1)

relates these quantities in a simple way. This equation can be used to calcu-
late the range of the radar, including the effects of different system parameters
on its performance. The parameter 𝐿𝐺 describes the total loss, consisting of sys-
tem losses, losses due to a non-uniform radar cross-section and the propagation
loss through the atmosphere. In [10] Eq. (2.11), this loss has been separated
into system loss 𝐿𝑠 and a distance dependent atmospheric attenuation loss
𝐿𝑎(𝑅).

Signal modulation

f

t𝑡d

𝐵
𝑓b0

𝑓b

𝑓d

𝑇s

(a) Transmit chirp (red), received chirp
without doppler shift (blue) and
with doppler shift (green)

𝑓b f

|.|

(b) Down-converted frequency spectrum
with single target

Fig. 1.2: Linear FMCW slow chirp modulation principle

The choice of the transmitted signal and its modulation determines the radar
system design, and hence these are important system design parameters. For
automotive radar nowadays, a linear frequency modulated continuous wave
(FMCW) slow chirp [11] or fast chirp [12] radar waveform is used. In the
following, a linear FMCW slow chirp based radar system is assumed. In Fig. 1.2
the frequency diagram and baseband diagram of an FMCW radar are shown.
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1.2 Automotive radar operation and antenna requirements

Target distance and velocity measurement

In order to detect, classify, and distinguish between multiple targets, the radar
sensor needs to measure and calculate multiple quantities. Some important
measurement quantities are described here.

Transmit and received signal chirps are shown in Fig. 1.2a. The radar trans-
mits a linear FMCW signal (red) swept over a frequency range 𝐵 in time 𝑇s.
A portion of this energy is reflected by the target at a distance 𝑅 from the
sensor. The radar receiver then receives the reflected version of the same signal
with some time delay. In case of no relative radial velocity between the radar
and the target, the signal is simply time delayed by 𝑡d (blue). In case of a
non-zero radial velocity component, the received signal is additionally shifted
in frequency (green) by the doppler frequency 𝑓d given by

𝑓d = 2𝑣d

𝜆0
(1.2)

where 𝑣d is the (radial) relative velocity between the radar sensor and target
and 𝜆0 is the wavelength of the transmit signal.

At a certain time instant, the transmit and received signals are mixed and
down-converted. The resultant baseband frequency 𝑓b is known as the beat
frequency (as shown in Fig. 1.2). For a zero relative velocity case this is given
by 𝑓b0, whereas for a non-zero relative velocity case it is given by

𝑓b = 𝑓b0 + 𝑓d (1.3)

The time delay between transmitted and received chirps is the distance trav-
elled by the wave to and back from the target 2𝑅 divided by the speed of light
in vacuum 𝑐:

𝑡d = 2𝑅

𝑐
(1.4)

The slope 𝑚 of the transmitted and received chirps is the same and for a
zero relative velocity case it is given by

𝑚 = 𝐵

𝑇s
= 𝑓b0

𝑡d
(1.5)

Substituting the value of 𝑡d from Eq.1.4 into Eq.1.5 and rearranging results
in the form
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1 Introduction

𝑓b0 = 2𝑅𝐵

𝑐𝑇s
(1.6)

Substituting results of Eq. 1.6 and Eq. 1.2 in Eq. 1.3 gives

𝑓b = 2𝑅𝐵

𝑐𝑇s
+ 2𝑣d

𝜆0
(1.7)

As it can be seen in Eq. 1.7, the target relative velocity 𝑣d and distance 𝑅 are
related by a linear equation. To resolve for the two variables, another equation
with different values for bandwidth 𝐵 and sweep time 𝑇s needs to be evaluated
which requires another sweep. For a single target, these two equations can then
be resolved to obtain the unambiguous target distance and speed. For two or
more targets, multiple sweeps are required to resolve these quantities for each
target.

Distinguishing between two targets in terms of speed and distance is an
important performance criterion. The distance resolution Δ𝑅 and velocity
resolution Δ𝑣 are given by [13]:

Δ𝑅 = 𝑐

2𝐵
(1.8)

Δ𝑣 = 𝜆0

2𝑇s
(1.9)

A small distance and velocity resolution enables differentiation between tar-
gets that are similar in terms of distance and velocity respectively.

The angular resolution Δ𝜑 which defines the separability between targets
on the basis of their angular information can be calculated according to the
Rayleigh criterion as [4]

Δ𝜑 = 1.22𝜆0

𝑙𝑎
(1.10)

where 𝑙𝑎 is the size of the antenna aperture in the direction (azimuth or
elevation) considered.

Antenna system

In addition to providing distance and speed information, radar sensors also
provide angular information about the targets. The choice of antenna system

8



1.2 Automotive radar operation and antenna requirements

and associated signal processing determines the technique and quality of angu-
lar information that can be obtained. Additionally, this choice has profound
effects on the form, size, number of design elements and their complexity, and
ultimately the cost of the complete radar sensor.

In [4] widely used antenna system concepts for automotive radar are men-
tioned and compared. Quasi-optical beamforming systems use elements such as
dielectric lenses to shape the antenna pattern, resulting in a fixed radiation pat-
tern. As these elements are generally passive structures, they are cost-effective
to produce but lack the flexibility to dynamically steer or otherwise manipulate
the radiation pattern.

Mechanically scanned antenna systems use different mechanisms to physi-
cally steer the antenna radiation pattern. This allows a dynamic control over
the antenna radiation pattern. This comes, however, with the addition of ac-
tuating elements to the sensor, which adds additional design complexity and
costs. Mechanical steering speed is limited by the actuation time. Ensuring
the mechanical stability of such systems is also a challenge for mechanically
scanned antenna systems.

Analog beamforming systems allow antenna radiation patterns to be electron-
ically steered at high frequency using active elements such as phase shifters and
variable gain amplifiers. Electronic steering results in a flexible antenna radia-
tion pattern. Compared to mechanically steered systems, beam scanning can
be achieved almost instantaneously, and does not require any mechanical ac-
tuators. However, electronic stability of active elements, interconnects to the
active circuits and isolation between channels are challenges for such antenna
systems.

Digital beamforming (DBF) antenna systems perform beam steering in the
digital baseband, i.e. after downconverting the high frequency signal. The
radiating elements have fixed beam pattern. The design does not require any
additional active elements or mechanical actuators. A flexible radiation pattern
is hence achieved using digital signal processing (DSP) techniques. To achieve a
high degree of flexibility, multiple antenna channels are required. Since the DSP
component is responsible for the beam steering, it requires high computational
capabilities. In this work, antennas suitable for DBF systems will be developed,
hence it is explained here briefly.
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LOADC

DSP block

Rx1

Rx2

Rx3

Rx𝑁

𝜃
Σ

𝑤1 = 𝑎1𝑒𝑗𝜃1

𝑤2 = 𝑎2𝑒𝑗𝜃2

𝑤3 = 𝑎3𝑒𝑗𝜃3

𝑤𝑁 = 𝑎𝑁 𝑒𝑗𝜃𝑁

LOADC

LOADC

LOADC

Output

𝑑

𝑑 sin 𝜃

2𝑑 sin 𝜃

(𝑁 − 1)𝑑 sin 𝜃

Fig. 1.3: Digital beamforming antenna in receive mode

Digital beamforming In Fig. 1.3 a block diagram showing the basic principle
of DBF in receive mode is shown. A receive antenna array with 𝑁 channels
with an equal spacing 𝑑 is assumed. Considering the signal received from
direction 𝜃, there is a progressive signal delay for each antenna channel, given
by 𝑑 sin 𝜃 for Rx2 upto (𝑁 − 1)𝑑 sin 𝜃 for Rx𝑁 . For each antenna channel, after
the received high frequency signal at the antenna is downconverted through
multiplication by the local oscillator (LO) signal, it is digitized by the analog
to digital converter (ADC). In the DSP block, the digitized signals are then
multiplied by respective weights 𝑤1 to 𝑤𝑁 consisting of amplitude weights 𝑎1

to 𝑎𝑁 for side-lobe suppression and phase shifts 𝜃1 to 𝜃𝑁 to compensate for
the delayed signals. The weighted signals are then added together to produce
the maximum output signal. These operations can be performed rapidly for
multiple directions 𝜃 and hence the beam can be steered in the desired direction.

1.2.2 Antenna requirements for automotive radar

Based on the preceding discussion about the principles of automotive radar
operation, as well as the antenna systems that are used in radar sensors, the
requirements considered for the antenna developed in this work will now be
mentioned.
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1.2 Automotive radar operation and antenna requirements

𝑑x𝑑y

𝐷x

𝐷y

(a) Array configuration equidistant point source array
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Fig. 1.4: Array configuration and array factor for 9×2 point source array

Radiation pattern and gain

Radiation pattern and gain requirements of antennas are derived from field
of view requirements of the radar sensor. Field of view requirements in turn
depend on the functionalities of the sensor. Examples of functionalities include
adaptive cruise control, lane change assistant, cross traffic alert and others
[4]. Each of these functionalities can require distinct antenna radiation pat-
terns. This work will consider typical linear antenna arrays, used for short and
medium range functionalities, with a range 𝑅=50–100 m which are found in
many automotive radar sensor antenna systems [14, 15, 16]. A typical radiat-
ing aperture of 𝐷x = 15–20 mm in one plane and 𝐷y=3–5 mm in the other plane
for a single channel will be designed to demonstrate the antenna functionality.
A uniformly radiating aperture of this size has a gain 𝐺 given by

𝐺 = 4𝜋𝐴phys𝑒a

𝜆2
0

(1.11)

where 𝐴phys is the physical area of the radiating aperture, and 𝑒a is an im-
portant figure of merit known as the aperture efficiency. Assuming an aperture
efficiency of 50%, approximate gain values for linear arrays considered in this
work calculated using Eq. 1.11 are 12.6–18.4 dBi. Considering an equidistant
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array with point source radiating elements at distance 𝑑x = 𝑑y = 𝜆0/2 from
each other, this would result in a largest possible 10×2 array. Adjusting for
element size, an approximate array size of about 9×2 will be considered. The
array factor (AF) describes the radiation pattern of antenna arrays. Consider-
ing a uniform linear array in each direction, this would result in an array factor
𝐴𝐹 (𝜃) calculated for the array given by [17]

𝐴𝐹 (𝜃) =
𝑁−1∑︁
𝑚=1

𝑤𝑛𝑒𝑗𝑘𝑚𝑑 sin 𝜃 (1.12)

where 𝑤𝑛 is the element weighting for the 𝑛𝑡ℎ antenna element, 𝑘 = 2𝜋/𝜆0

is the wave-number, 𝑁 = 𝑁x=9 in the x-direction and 𝑁 = 𝑁y=2 in the
y-direction, and 𝑑 = 𝑑x = 𝑑y for both directions considered. For a uniform
amplitude distribution over the array, 𝑤𝑛 = 1 for all antenna elements. The
antenna element spacing and normalized array factor for the resulting array
factor in both the x and y-directions are shown in Fig. 1.4. The 3 dB beamwidth
for the array factor is about 12∘ in the x-direction and 60∘ in the y-direction
respectively. Multiplying the array factor with the particular radiating element
pattern used in a design results in the total radiation pattern for the array
design considered. Depending on realized spacing due to element size for a
particular deisgn, element spacing will vary for each design considered, altering
the array factor for each design. Hence, a range can be given for the beamwidth
values for possible array designs. For the designs considered in this work, a
broad main lobe with a 3 dB beamwidth of 40–50∘ in one plane, and a narrow
main lobe with a 10–15∘ 3 dB beamwidth in the other radiating plane will be
expected. Radar sensors with these antenna arrays are typically mounted in
automobiles such that the plane with a narrow main lobe corresponds to the
elevation plane, whereas the plane with a broad main lobe corresponds to the
azimuth plane of the automobile. In the elevation plane, low side-lobes are
desirable since otherwise unintended reflections, such as those from the ground,
can degrade the transmitted and received signals. In the presented design,
antennas with elevation side-lobe level (SLL) of < -10 dB will be designed. Wide
main lobes in the azimuth allow a wide angular range around the automobile
over which objects can be detected. Here, SLL of <-25 dB will be designed.
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1.2 Automotive radar operation and antenna requirements

Radiation and aperture efficiency

Antenna radiation efficiency 𝑒r and aperture efficiency 𝑒a are two important
indicators of antenna performance. Radiation efficiency is the ratio of the power
radiated by the antenna to the power input and is given by

𝑒r = 𝑃rad
𝑃in

(1.13)

If the antenna converts all the power at its input to radiated power, then
it has a radiation efficiency of 100%. However, in practice there are many
sources of losses which reduce the radiation efficiency. These include conductor
loss, dielectric loss and impedance mismatch loss. Antenna concepts that have
conductors with high conductivity, low loss feed networks and well impedance
matched antennas have high radiation efficiency. The aperture efficiency is the
ratio of effective aperture area 𝐴eff to the physical aperture area 𝐴phys of the
antenna and is given by

𝑒a = 𝐴eff
𝐴phys

(1.14)

All real world antennas have 𝑒a < 100% due to different loss mechanisms.
These included all losses from radiation efficiency. Additionally aperture lost
due to antenna beam shaping and area used for feed network also reduces
the effective aperture area. Compared to the radiation efficiency, aperture
efficiency provides additional information about how antennas utilize their size
on the PCB. Since multiple receive and transmit radar channels need to be
realized on the PCB, the physical area required by each channel determines the
total number of channels that can be realized on a given PCB area. Antennas
with higher aperture efficiency hence utilize the physical area of the PCB more
efficiently and are suitable for use in automotive radar.

Antenna frequency range

The operating frequency range of automotive radar sensors determine the an-
tenna frequency range. Millimeter waves2 have historically been used for auto-
motive radar sensors. Millimeter wave frequencies enable a compact sensor size
which can be integrated easily in automobiles. Recently, the frequency band 76-
77 GHz has been allotted for long-range functionalities, and 77-81 GHz band has

2Electromagnetic waves with free-space wavelength on the order of a few millimeters
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been allotted for short-range functionalities for automotive radar [18]. Hence,
a combined operating frequency range of 76-81 GHz is allowed for automotive
radar sensors. In Eq. (1.8), it can be seen that a larger sweep bandwidth 𝐵

results in a small distance resolution Δ𝑅, and hence an improved radar perfor-
mance. Consequently, in order to utilize the frequency band completely, the
antenna also needs to function over the complete frequency range. Additionally,
due to manufacturing processes and material tolerances, the effective operat-
ing frequency of the antenna can be changed. The antenna design needs to be
robust to such unintended effects. The performance of the antenna over the
operating frequency range is judged on the basis of its impedance match as
well as its radiation pattern stability.

Impedance match The maximum power-transfer theorem [17] states that to
transfer the maximum amount of power from a source to a load, the load
impedance should match the source impedance. Applied to automotive radar,
in the transmit case, the output of the radar transceiver can be considered the
source of the signal, and the antenna functions as the load. A good impedance
match between them ensures that maximum power is transferred to the antenna.
Hence, for an optimal antenna design, the antenna should be match over the
complete operating frequency range. In terms of requirements, this means
an antenna reflection coefficient less than -10 dB over the frequency range 76–
81 GHz is required. This translates to about 6.3% impedance bandwidth.

Radiation pattern stability The antenna radiation pattern defines the field
of view of the radar. To be able to ensure a constant field of view for the
radar over the complete operating frequency range, a stable radiation pattern
is necessary. The requirements on the gain, beamwidth and SLL have been
listed in Section 1.2.2. The radiation pattern stability requirement is that all
those requirements are valid over the operating frequency range of 76–81 GHz.

Manufacturing simplicity and design robustness

Two related but important requirements for commercial automotive radar an-
tennas are manufacturing simplicity and design robustness. Antenna designs
that fulfil the performance requirements but are complex to manufacture, or
are very sensitive to manufacturing tolerances, are not suitable for commercial
adoption. For PCB based antennas, manufacturing simplicity can be directly
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1.2 Automotive radar operation and antenna requirements

linked to the number of RF substrate layers an antenna design requires. The
lesser the number of substrate layers, the simpler the design is to manufacture.
For commercial PCB production, an additional restriction for manufacturing
simplicity is the minimum width and minimum spacing between copper traces
on the PCB. The finer the trace or spacing that can be realized, the larger
the optimization possibilities to fine tune the design. For commercial PCB
production, minimum width and spacing is 100 µm for both respectively. This
requirement will also be adhered to in the presented designs.

Design robustness is high if the antenna performance does not deteriorate
significantly even when different tolerances are included in the design. During
manufacture, there are multiple sources of tolerances that can cause the manu-
factured sample to deviate from the intended design. Firstly, it is the variation
in the substrate dielectric constant. It has been observed during commercial
production over millions of samples that the substrate relative dielectric con-
stant can deviate from the characterized value by up to ±0.05. A second source
of tolerance is layer misalignment during production. This can occur if multiple
substrate layers are stacked and pressed during PCB manufacture. A further
source of tolerance is via misalignment, especially multilayer or buried vias,
since they are affected by layer misalignment and errors are not completely
visible. During commercial production, there can be tolerance of upto ± 50 µm
in via placement. Etching tolerances in copper traces of upto ± 15 µm can also
occur.

The designs presented in this work will be designed and compared keeping
in view the manufacturing simplicity and design robustness. Whereas manufac-
turing simplicity can easily be judged from the number of substrate layers, a
complete robustness analysis requires an exhaustive analysis of all possible tol-
erances and their combinations, which is beyond the scope of this work. Hence,
some key tolerances will be chosen and analyzed to determine design robustness
of the designs.

Integration with EWLB radar transceiver packages

An important performance criterion is the integration of the antenna design
with current radar transeiver concepts. For antenna designs, this requires being
able to connect with the input and output channels of the radar transceivers.
Radar transceivers consist of a combination of transmit channels that gener-
ate the 77 GHz signals to be radiated by the transmit antennas, and receive
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Fig. 1.5: Cross section radar PCB with EWLB MMIC package

channels that process the signals received at the receiver antennas. Active
electronic componets including frequency mixers, analog to digital converters
(ADC), amplifiers, phase-locked loop (PLL) circuits and others are all inte-
grated on specially designed radar transceiver chips [19]. They perform some
or most of the digital signal processing required to extract information about
the radar target. Embedded Wafer Level Ball Grid Array (EWLB) packaging
[20] has proliferated the use of monolithic microwave integrated circuit (MMIC)
packages which house the radar transceiver chip. In most commercial automo-
tive radar sensors in production currently, these packages are now being used.
These packages provide the benefits of high integration of electronics on chips.
Additionally, since the packages can be attached to the radar PCBs using sim-
ple surface mounting technology, low cost manufacturing of radar sensors is also
possible. Most commercial radar systems have the MMIC package mounted on
the top PCB layer, where the antennas are situated. Some manufacturers also
have the MMIC package mounted on the bottom PCB layer. A portion of the
cross-section of a generic radar PCB with EWLB package soldered on the top
RF substrate layer is shown in Fig. 1.5. Solder balls provide the transition from
the MMIC package to the RF layer of the PCB. Solder pads of these balls are
connected to either single ended or differential microstrip lines on the top RF
substrate.

In order to ensure mechanical stability of soldered MMIC packages on the
radar PCB, restrictions are placed on the choice of radio frequency (RF) sub-
strate material and its maximum thickness. In terms of choice, typically Teflon
based substrates, such as Rogers RO3003 [21] are used due to their superior
mechanical and RF performance [22]. Hence, for the presented designs, Rogers
RO3003 will be used for antenna input layer. It is known that increasing
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substrate thickness increases antenna bandwidth [23], however a maximum
substrate thickness of 127 µm for the substrate layer intended for the MMIC
package will be considered for the presented designs.

1.3 Goal and structure of this work

The requirements for millimeter wave radar antennas have been derived in
Section 1.2.2. In summary, these include a large bandwidth, high broadside
gain, directivity and sidelobe suppression in the elevation plane and a wide
beamwidth in the azimuth plane. Additionally the radiation and aperture
efficiency of the antenna array should be high. In addition, simple integration
with surface mounted radar transceivers, with the corresponding restrictions on
the substrate layers as described, should be possible. For industrial application,
such designs also need to be simple to manufacture and be robust against design
tolerances.

The goal of this work is to develop novel multilayer antenna concepts, based
on a new hybrid thin film approach, in order to fulfil all these requirements. In
order to compare the hybrid thin film approach with the conventional multilayer
PCB approach, new antenna concepts based on the conventional multilayer
PCB approach will also be investigated. Ultimately, a comparison of the all
the presented concepts will be done based on the degree to which they attain the
required performance given each of the described requirements and restrictions.

In the following Chapter 2, millimeter wave PCB antenna concepts reported
in literature will be briefly described. They will be grouped according to the
number of substrate layers required for the complete antenna design. Their
reported performance and manufacturing simplicty will be discussed briefly in
light of the antenna requirements. Their limitations regarding adoption for
commercial automotive radar systems based on these requirements will also
listed. The measurement setup for the designs presented in later chapters will
also be described.

In Chapter 3 two radar antenna concepts based on conventional multilayer
PCBs will be presented. The antenna element implemented for both concepts
will be a variable width grid array antenna. For the first design a feed network
based on the via feed will be described. Results of a manufactured prototype
will be discussed. The second design will be a slot fed version of the same
antenna element, based on a novel multilayer feed network. Design principles
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of the feed network, tolerances and robustness analysis on the simulated model
will be performed, and measurement results of manufactured samples will be
discussed.

In Chapter 4 a novel hybrid multilayer antenna concept consisting of a single
layer PCB and multilayer thin-films will be introduced. Manufacturing sim-
plicity of this concept will be explained. Using this hybrid concept, two novel
antenna designs will be investigated. The first will be a grounded coplanar
waveguide (GCPW) fed stacked patch antenna array. The second design will
be a novel stacked double grid antenna array. Tolerance analysis on the sim-
ulated model, as well as measurement results of manufactured prototypes for
both concepts will be discussed.

In Chapter 5 the hybrid multilayer antenna designs, as well the conventional
multilayer PCB designs will be compared with each other in detail according to
the antenna requirements presented in Section 1.2.2. Benefits and limitations
of both approaches will be explained, and insights into design of multilayer
automotive radar antennas will be gained.

The work will conclude with Chapter 6 which will summarize the presented
work and provide an outlook towards possible future research topics.
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This chapter is divided into two parts. In the first part, state of the art an-
tennas for millimeter waves, that fulfil some or most of the requirements for
automotive radar antennas outlined earlier, will be discussed. The antennas
will be grouped according to the number of RF substrate layers required for
the radiating element and the accompanying feed network. An exhaustive com-
parison of all antenna concepts is neither possible nor intended here, rather
the focus will be on some antenna concepts that illustrate the most important
aspects of manufacturing and performance for a particular layer configuration.

The second part of the chapter will detail the measurement setup used to
characterize antenna designs investigated in this work.

2.1 Single layer antennas

Dielectric substrate
Metal

Sub: 𝜖𝑟, ℎ

Metal layer 1

Metal layer 2

Fig. 2.1: Layer construction of single layer antennas

Single layer antenna PCBs employ a single layer substrate with the radiating
elements and complete feed network on it. In order to obtain a unidirectional
broadside beam as well as shield the antenna from the rest of the PCB layers,
the substrate is backed by a metal layer. A generic layer construction for such
antennas is shown in Fig. 2.1. In terms of manufacturing, it is the simplest
configuration. Multiple combinations of radiating elements and transmission
lines types have been designed for single layer substrates.
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The microstrip patch element [24] is one of the most popular radiating ele-
ment concepts used in single layer antennas. A simple low profile design, with
a broadside antenna pattern are the main advantages of a microstrip line fed
patch element. Extensive research has been done on this antenna type [25],
with various methods to counter its low impedance bandwidth [26]. Patch el-
ement arrays have been implemented for larger antenna apertures. These can
be series fed [27] or corporate fed [27]. Series fed patch element arrays suffer
from lower losses in the feed network, and consequently achieve higher gains,
but generally have lower impedance matching bandwidth and radiation pattern
bandwidth [23]. A series fed patch array is implemented in the Bosch medium
range radar (MRR)[28]. A linear series fed array of 10 rectangular patch ele-
ments, with a length of 30 mm on a Rogers RO3003 substrate (𝜖𝑟=3.00) with
thickness 127 µm achieves an impedance matching bandwidth of 4.3%, a maxi-
mum measured realized gain of 16 dBi at 76.5 GHz, and an aperture efficiency
of 40%. Since it is a linear array fed from one side, its main beam suffers from
beam-squinting of about 1∘/GHz.

Another microstrip radiation element is the grid element. Introduced as
a ground plane backed wire antenna [29], this concept has been researched
extensively as a microstrip antenna recently [30, 31, 32, 33]. The antenna
array consists of multiple rectangular grid elements, which simultaneously act
as radiating as well as transmission line elements, which can help in reducing
radiation losses due to the feed network. Although most forms of the grid
array antenna require an additional substrate layer for power distribution, a
grid array antenna fed using differential microstrip lines has been realized on
a single substrate layer [34] at 77 GHz. With 9 rectangular grid elements on
the Rogers RO3003 substrate, it achieves an impedance matching bandwidth
of 14% and a maximum realized gain of 16 dBi. A central feed point ensures
broadside radiation pattern and adequate side-lobe suppression over 76–81 GHz.
The substrate layer thickness however is 254 µm, which is twice as much as the
the Bosch MRR sensor antenna.

Using variations in the transmission line, other antenna designs have been
realized on single layer substrates. These include coplanar waveguide (CPW)
[35],[36], or differential microstrip line [37]. In [36], using modified L-shaped
probe fed patch elements a 4 × 4 array is designed at 60 GHz. It achieves an
impedance matching bandwidth of 25.5% and a maximum gain of 16.7 dBi in
measurements. In [37] differential microstrip line fed 3 element linear patch
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array was designed at 77 GHz. It achieves an impedance matching bandwidth
of 2.6% and a maximum gain of 11.4 dBi in measurements.

SIW [38] is another transmission line that can be used for single layer an-
tennas. SIWs have a completey metallized top layer which shields the trans-
ferred energy from the surroundings. Longitudinal slotted antennas are the
most popular SIW based antennas [39], and have gained much interest recently
for millimeter wave applications [40]. Other slot geometries, such as trans-
verse [41],[42] or rotated slots have also been used to design antennas to vary
properties such as impedance weighting and polarization. Adding these slots
along the length of the SIW creates a series fed linear array, hence this an-
tenna is suitable for larger array apertures with low loss feed networks. In
[43] a linear longitudinal slot SIW antenna with 4 slots at 79 GHz is presented.
An impedance matching bandwidth of 5.4% and a realized gain of 6 dBi, is
achieved. Aperture efficiency was not mentioned, but an antenna radiation ef-
ficiency of 43% was measured. In [44], an SIW with crooked longitudinal slots
is presented at 79 GHz. The 12 element linear array achieves 3% impedance
matching bandwidth, realized gain of 9.6 dBi and a radiation efficiency of 28%
in measurements.

Single layer antenna arrays consisting of a combination of multiple transmis-
sion lines and multiple types of antenna elements have also been designed in
order to improve antenna properties. In [45], a ground plane backed bowtie
antenna and a printed double loop antenna were combined to create a new
antenna element with a wideband impedance match. It was combined with
A microstrip feed network using microstrip and CPW was used to create a
large antenna array on a single substrate layer. For a 14 element rectangular
array designed at 60 GHz, an impedance matching bandwidth of 24% and a
maximum gain of 20.1 dB with an aperture efficiency of 70% is achieved. It
should be noted that although the antenna is single layer, it is fed through a
coaxial probe in the ground plane. In a PCB design, this would require another
substrate layer for the feed.

Another example is shown in [46], where using CPW a compact power divider
is designed, which feeds a SIW slot antenna at 24 GHz. A 32 × 4 longitudinal
slot antenna array achieves an impedance matching bandwidth of 2.1% and
a maximum gain of 24 dBi, with an antenna efficiency of 67%. Here as well,
the energy is coupled to the CPW line through a hole in the ground plane.
Realizing this in an automotive PCB design would require another substrate
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layer for the feed network.

2.2 Multilayer antennas

Multilayer antenna PCBs employ two or more substrate layers, with each sub-
strate layer usually separated from the other by a metal layer. In some cases,
metallic cavities are also introduced between the substrate layers. Multilayer
antennas can be designed to provide improved performance compared to single
layer antennas. For performance criteria including impedance matching band-
width, antenna gain, antenna efficiency, radiation pattern stability, multilayer
antennas can provide improvements compared to single layer antennas. Here,
the considered multilayer designs will be divided into two categories, two layer
antennas and antennas with three or more layers.

2.2.1 Two layer antennas

Dielectric substrate
Metal

Sub1: 𝜖𝑟1, ℎ1

Metal layer 1

Metal layer 3

Sub2: 𝜖𝑟2, ℎ2

Metal layer 2

Fig. 2.2: Layer construction of two layer antennas

A generic layer construction for a two layer antenna is shown in Fig. 2.2.
The antenna PCB consists of two substrate layers, usually with a metal layer
in between. Two layer antennas provide an additional dimension in design flexi-
bility compared to a single layer design. Multiple combinations of transmission
lines and radiating elements can be implemented for a two layer antenna PCB.
Coupling of energy between the layers can be achieved either through conduct-
ing structures such as vias, through non-galvanic structures such as slots, or
through capacitive or inductive coupling between layers using other structures.
Taking all the transmission line, radiating element and coupling possibilities
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into account, there are many antenna designs possible. In terms of manufac-
turing, two layer antennas are more complex than single layer antennas.

The well known rectangular patch element has been utilized in two layer
antenna designs extensively. Employing an additional substrate layer provides
possibilities to increase the impedance matching bandwidth of patch antennas
[26]. One such design is shown in [47]. Here, a microstrip feed line on the lower
substrate is terminated in an open circuit, capacitively coupling to a patch
element located on the upper substrate.

Another design, the aperture coupled patch antenna [48], utilizes a microstrip
transmission line, coupled through a slot in the ground plane, to excite the
patch element. Excitation of the patch element through the slot element results
in a wideband impedance match. In addition to different slot shapes [49],
array designs employing series [50] and corporate [51] microstrip feed networks
for aperture coupled patch elements have been designed on two layer antenna
PCBs. The design in [51] is a 4×4 array which operates at 24 GHz and achieves
an impedance matching bandwidth of 25% and a maximum gain of 20.5 dBi in
measurements.

Using CPW as the feed element, an aperture coupled stacked patch antenna
was designed in [52] at 30 GHz. Using patch elements as coupled resonators,
stacked patch antennas provide wide impedance matching bandwidth. The
single element design in [52] achieves an impedance matching bandwidth of
36.8%.

In addition to improved impedance bandwidth, aperture coupled patch anten-
nas also do not suffer from radiation pattern degradation in the front radiation
plane due to the shielding effect of the common ground plane of the antenna
and feed network. However, without any additional measures, such antenna
designs still suffer from back plane radiation due to the slot radiation, as well
as radiation loss of the microstrip feed network. To minimize back plane radi-
ation, additional shielding structures need to be incorporated in the antenna
design [53]. In printed circuit technology, this usually translates into another
metal backed substrate layer.

Using SIW transmission lines, two layer aperture coupled antennas can be
designed without any back plane radiation. In [54] two shorted SIWs each
with longitudinal slot aperture coupling through the top layer to a two element
patch array at 60 GHz are shown. Impedance matching bandwidth of 1% and
a realized gain of 11.7 dBi is achieved, with a radiation efficiency of 85%. In
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[55] a 2 × 2 antenna array is designed using SIW fed aperture coupled patch
elements at 24 GHz. A measured impedance matching bandwidth of 7% and a
gain of 11.1 dBi is achieved.

As mentioned earlier, vias can also be used to couple energy between sub-
strate layers. Employing a microstrip feed network with the rectangular grid
radiating element, two layer antennas have been designed in [56] at 60 GHz,
albeit with an additional superstrate layer above the top substrate layer. This
antenna design employs metallic vias to transfer energy from the microstrip feed
network to the grid array radiating element. A wideband impedance response,
combined with a wideband broadside radiation pattern is obtained. Low tem-
perature co-fired ceramics (LTCC) technology was used to manufacture this
antenna. Having a large substrate relative permittivity 𝜖r = 5.9, the antenna
array aperture consists of 40 grid elements with with an array aperture size of
15 × 15 mm2. An impedance matching bandwidth of 9.6%, maximum gain of
17.6 dBi and an aperture efficiency of 60% was measured.

A linear grid array antenna was realized with via feeding in [33] at 79 GHz.
This antenna was also manufactured using LTCC technology. Using vias pro-
truding into the shorted SIW through the broadwall, the energy was coupled
to the grid elements. The antenna employed 10 grid elements and achieved an
impedance matching bandwidth of 6.3%. Realized gain measurement results
were not mentioned. Similar feed networks have also been employed for half
grid [57] and patch elements [58].

2.2.2 Antennas with three or more layers

Dielectric substrate
Metal

Sub2: 𝜖𝑟2, ℎ2

Metal layer 1

Metal layer 4

Sub3: 𝜖𝑟3, ℎ3

Metal layer 3

Sub1: 𝜖𝑟1, ℎ1
Metal layer 2

Fig. 2.3: Layer construction of three layer antennas
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Similar to two layer antennas, antennas are designed using three or more
substrate layers in order to obtain improved performance. By adding additional
substrate layers, design flexibility can be further increased. This comes however,
with an increased manufacturing complexity compared to single and two layer
antennas. Depending on the performance requirements, it may be required
to use three or more substrate layers. In many cases, three substrate layer
radiating elements provide a more wideband impedance match compared to
two layer antennas. For large corporate fed arrays, a complex feed network
designs can be accommodated by employing multiple substrate layers.

An example of a three substrate layer antenna is the microstrip aperture cou-
pled stacked patch antenna [59]. The stacked patch antenna has been realized
as a two layer antenna [60]. In [59], the effects of varying physical parameters
are investigated for a microstrip fed aperture coupled stacked patch antenna at
20 GHz. For a single element more than 20% impedance matching bandwidth
was achieved.

Using metallic cavities as additional "substrate" layers, wideband impedance
matching has been achieved for multiple layer antennas. An example designed
at 60 GHz is shown in [61]. Here, a 16 × 16 fully corporate fed array of cav-
ity backed aperture coupled patch antennas fed by an SIW feed network is
shown. The introduction of a metallic cavity above the antenna improves the
impedance matching bandwidth of the aperture coupled patch antenna. A cor-
porate feed network for the large array is realized using a two layer feed network
of aperture coupled SIWs. A high gain of 30.1 dBi, impedance matching band-
width of 15.3% and an aperture efficiency of 80% is achieved. Another example
of a cavity backed antenna is presented in [62]. Here, a multilayer antenna with
5 substrate layers in addition to a metallic plate with cavity holes is designed at
60 GHz. In addition to the metal cavity below the patch element, two slot aper-
tures are used to increase the impedance matching bandwidth of the antenna.
A single layer SIW feed network is used to realize a corporate feed network
for a 4 × 4 array. Impedance matckhing bandwidth of 22.6%, realized gain
of 19.6 dBi and an aperture efficiency of 80% is achieved. In order to realize
the antenna structures in [61] and [62], single layer PCBs were manufactured,
which were then screwed together to create a multilayer antenna. This reduces
complexity during PCB manufacture, but requires additional metallic fixtures
and screws to stack the PCBs. Layer alignment and potential gaps between
metallic fixtures as discussed in [62] can cause performance deterioration in
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commercial applications in these arrays.
Examples of multilayer antennas employing a different manufacturing method

are shown in [63]. Here, an epoxy based adhesive is used to paste the additional
antenna layers on the PCB. These include multiple layers of circular disks in
one example, and dielectric cubes in another example, to increase the gain of
the antennas. The antennas were designed at 97 GHz. Both antennas show an
impedance matching bandwidth of 7.6%, a realized gain of 18 dBi and radiation
efficiency of more than 80%.

2.3 Antenna measurement setup
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Fig. 2.4: Radiation pattern measurement setup block diagram

In the following, the measurement setups used to characterize the antenna
performance are described. There were two different measurement setups used
to completely characterize the antennas. They include the scattering parameter
(S-Parameter) measurement setup and the antenna radiation pattern measure-
ment setup.
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Tab. 2.1: S-Parameter measurement setup specifications
Name Component description Frequency specification

VNA module PNA-X N5242A 10 MHz – 26.5 GHz
VNA extender V12VNA-T/R 60 GHz – 90 GHz
On-wafer probe ACP90-T-GSG-200-BT 60 GHz – 90 GHz

2.3.1 S-Parameter measurement setup

The first measurement setup was used to characterize the S-Parameters of the
designed Printed Circuit Boards (PCB). It consists of a vector network analyzer
(VNA) module [64]connected to an extender module [65] whose output was
connected to an on-wafer coplanar probe. The specifications of the S-Parameter
measurement setup components are mentioned in Table 2.1

2.3.2 Radiation parameter measurement setup

Rx Ant

Rotating arm

(a) Back

Tx Ant

(b) Front

Fig. 2.5: Photographs of antenna measurement chamber

The second measurement setup was used to characterize the radiation pattern
and compute the gain of the antenna. The block diagram of the setup is shown
in Fig. 2.4. A network analyzer system is used to generate the transmitted
signal and the local oscillator (LO) signal, as well as to compare the transmitted
and received signals.

The two sweeper sources 83651B and 83630B [66] each generate a swept
RF signal. The signal from 83651B is amplified by the 83050A power ampli-
fier [67]and up-converted to 77 GHz by the ×8 multiplier AMC12[68]. The
sweeper source 83630B generates the swept LO signal is divided into two LO
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2 State of the art and measurement setup

signals at the 3 dB coupler. Each of these signals is fed to a harmonic mixer.
The harmonic mixers are present in the transmission and reception chains, re-
spectively. The up-converted signal to be transmitted passes through a 10 dB
coupler where a small portion of it is coupled to and down-converted by the
mixer, amplified by the amplifier AFD3 [69] and fed to the frequency converter
test set 8511A [70] as the "incident signal" 𝑎1. The rest of the transmitted sig-
nal is radiated by the transmit antenna under test (AUT) and received by the
receive antenna Rx Horn. As the name suggests, the antenna to be measured
is used as the transmit antenna. It is fixed on a rotating arm which rotates
the antenna inside an anechoic chamber and enables the measurement of the
radiation pattern over the required angular range. The setup of the transmit
(Tx) and receive (Rx) antennas in the anechoic chamber is shown in Fig. 2.5.
A distance of 𝐷 ≈ 1 m ensures a far-field condition between the transmit and
receive antennas at 77 GHz. A standard gain horn is used as the receive an-
tenna. The received signal is amplified by the low noise amplifier CBL7186
[71]. To maximize the dynamic range of the measurement setup, an attenuator
component is also used, through which the received signal then passes. The
signal is then down-converted by the mixer, amplified by the power amplifier
AU1534 [72] and fed to the frequency converter testset 8511A as the "reflected
signal" 𝑏1. A single-port reflection type measurement is performed by the net-
work analyzer system, comparing the signals 𝑎1 and 𝑏1. The 8510C network
analyzer [73] displays the reflection coefficient, which is proportional to the
received power.

There are additional reference signals to synchronize the outputs of the
sweeper sources and the frequency converter test set. A script in MATLAB
[74] was written to control the network analyzer system as well as the rotating
arm. The advantage of a network analyzer system based measurement setup
is that a wideband antenna radiation pattern can be obtained with a single
measurement, which reduces the measurement time, compared to a spectrum
analyzer based measurement setup, considerably.

The measurement chamber with the receive and transmit antennas, as well
as the antenna turntable in Fig. 2.5. The turntable motor is programmed to
rotate in two axes. The system is capable of rotating in both axes in angular
steps smaller than 0.1∘. This defines the precision of the angular measurements,
which are also smaller than 0.1∘. All radiation pattern measurements presented
in this work are done in 1∘ angular steps.
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2.3 Antenna measurement setup

Gain measurement

To measure the gain of the AUT, a reference measurement with a standard
gain horn [75] is performed. The measurement with a standard gain horn not
only enables a simple reference measurement, but also a calibration of all the
active and passive components in the transmit and receive chain as well as the
propagation channel.

The Friis tranmission equation [76] in decibel (dB) form gives the received
power 𝑃𝑟 at an antenna as a function of the transmitted power 𝑃𝑡, the gains
of the transmit and receive antennas 𝐺𝑡 and 𝐺𝑟 respectively, the wavelength
of the transmitted signal 𝜆0 and the distance between the antennas 𝐷 under
ideal1 conditions. Including the combined loss in all the system components
𝐿𝑐𝑜𝑚𝑝 gives us the modified equation

𝑃𝑟 = 𝑃𝑡 + 𝐺𝑡 + 𝐺𝑟 + 𝐿𝑐𝑜𝑚𝑝 + 20 log
(︂

𝜆0

4𝜋𝐷

)︂
(2.1)

For the measurement, a standard gain horn is used as the transmit antenna.
Using the reflection coefficient measured at the network analyzer (which is a
function of 𝑃𝑡 and 𝑃𝑟) and the known gain of the standard gain horn transmit
and receive antennas, the combined system component loss 𝐿𝑐𝑜𝑚𝑝 can be deter-
mined. Afterwards, the transmit horn is replaced by the AUT, with all other
components, as well as the transmitted power staying the same, i.e. 𝐺𝑟, 𝑃𝑡

and 𝐿𝑐𝑜𝑚𝑝 stay the same. The difference in channel length due to the different
forms of the antennas are taken into account by modifying 𝐷. Then, using
the reflection coefficient at the network analyzer, the received power 𝑃𝑟 and
hence the AUT gain 𝑃𝑡 can be determined. The accuracy of the measurement
depends on the deviation of the standard gain horn antenna from its nominal
value, and the error in the value of the channel length. Based on the dimensions
of the horn antenna in [75] the horn antenna was simulated. The simulated
deviation from the nominal gain was ±0.2 dB over the operating frequency
range 76–81 GHz. The error in the channel length is less than ±5 mm, which
translates to a gain deviation of ±0.1 dB. Hence, a total gain accuracy error of
±0.3 dB is expected in the measurements.

1assuming polarization match, impedance match, no multipath etc.
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2 State of the art and measurement setup

2.4 Conclusion

In this chapter, PCB antenna concepts presented in literature for millimeter
wave applications were discussed. They were grouped according to the number
of substrate layers required to realize them. In general, antenna arrays for
millimeter wave applications including communications and automotive radar
have been widely investigated. Many designs partially fulfil the requirements
described in Section 1.2.2.

Considering single layer antennas, they are the simplest to manufacture.
They can be easily connected to ELWB based radar transceivers. Depend-
ing on the antenna substrate depth, they can achieve the required impedance
matching bandwidth as well. Radiation pattern bandwidth for single layer lin-
ear array antennas is low if they are fed from one side, as for the Bosch MRR
antenna, and high if they are fed in the center [34]. Aperture efficiency for sin-
gle layer antennas is low, since a portion of the aperture is covered by the feed
network. Single layer antenna designs with high aperture efficiency [45, 46] re-
quire an additional feed network layer to be integrated in an automotive radar
PCB design.

Multilayer antennas offer increased flexibility regarding antenna and feed net-
work design, but are more complex to manufacture, and more sensitive to toler-
ances. Large impedance matching bandwidth can be achieved through stacked
resonator geometries or through coupling structures such as slots [50, 51]. Ad-
ditionally, due to separate layers for feed network and radiating elements, full
corporate feed networks are mostly implemented to achieve high radiation pat-
tern symmetry. High aperture efficiency is possible for such designs. All designs
reported have the feed originating on the bottom substrate layer. The integra-
tion with EWLB radar transceivers has not been considered.

Also described were the measurement setups used to characerize the investi-
gated antenna designs. Two different measurement setups were used to com-
pletely characterize the antenna performance. The first was a VNA probe based
setup in order to characterize the reflection coefficient of the antennas. The
second setup was a VNA waveguide based setup to characterize the realized
gain and radiation pattern of the antenna.
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3 Multilayer PCB antennas: Two and three
layer PCB antennas

In this chapter multilayer PCB antennas will be presented. As discussed in
Chapter 2, multilayer PCB designs have conventionally been implemented to
realize multilayer antennas. The designs investigated here aim to fulfil the
automotive radar antenna requirements described in Section 1.2.2. The two
presented designs will vary in terms of manufacturing complexity and design
robustness. By investigating and comparing these designs, advantages and
limitations of multilayer PCB designs will be learned. Both designs are based
on the same radiating element, the variable width grid array antenna, but differ
in the antenna feed network.

The first approach uses two substrate layers and implements a combination of
microstrip and quasi-coaxial via based feed network, and is a relatively simple
design. The second approach is a SIW slot fed grid array antenna. It is a
three layer PCB antenna and employs a novel multilayer SIW transition. The
antenna feed consists of a transverse slot etched on the top metallization of
a buried SIW. In the following, design components of each concept will be
described. Measurement results on a prototype, comparison with simulated
results, as well as simulative tolerance analysis will also be performed for each
design.

3.1 Microstrip via fed variable width grid array antenna

The microstrip via fed variable width grid array antenna is based on the grid
radiating element. After being introduced as wire antenna [29], the grid element
has been used in many microstrip antenna designs [30, 33, 31, 34]. Although
grid array antennas with variable element width in [30], recent millimeter wave
designs have incorporated constant width elements. Here a variable width grid
array is chosen since it allows an increased control over side-lobe suppression
in the elevation plane of the antenna.
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3 Multilayer PCB antennas: Two and three layer PCB antennas

3.1.1 Variable width grid element

The microstrip grid radiating element is shown in Fig. 3.1 as part of a linear
array antenna. The radiation properties of a rectangular grid element can be
understood by analyzing the current flow on the microstrip lines that make
up the grid. The single rectangular loop is shown with a length lg ≈ 𝜆g and
width wg ≈ 𝜆g/2. Here, 𝜆g = 𝜆0/

√
𝜖eff is the substrate wavelength, 𝜆0 and 𝜖eff

are the free space wavelength and effective dielectric constant respectively at
the design center-frequency of operation. Discontinuities due to the corners of
the rectangular element cause electric fields to radiate at these positions. The
instantaneous currents in the horizontzal lines of the loop as well as the con-
necting lines cause a horizontally (x-directed) polarized field to radiate, where
as the currents in the vertical lines cause a vertically polarized (y-directed)
field to radiate. Due to the direction of the currents on these lines as shown
by the arrows, the horizontally polarized components combine constructively,
whereas the vertically polarized components cancel each other in the broadside
direction. Hence a net horizontally polarized field is radiated in the broadside
direction. Design parameters that determine the operating frequency are lg and
wg, whereas the power radiated is determined by the width if the horizontal
lines wa. The vertical line width wt is chosen to obtain impedance matching
of the horizontal lines, and is generally kept as low as possible so as to reduce
unintended radiation.

wt

wa

lg

wg

cll

clw

y
x

z

Fig. 3.1: Single grid element [77], c○ 2014 IEEE
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3.1 Microstrip via fed variable width grid array antenna

73 75 77 79 81 83

−4

−7

−10

−13

Frequency in GHz

R
efl

ec
tio

n
co

effi
ci

en
t

in
dB

wa = 0.6 wa = 0.5 wa = 0.4
wa = 0.3 wa = 0.2 wa = 0.1

(a) Reflection coefficient results

73 75 77 79 81 83

−2

−4

−6

−8

Frequency in GHz

Tr
an

sm
iss

io
n

co
effi

ci
en

t
in

dB

(b) Transmission coefficient results

33
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Fig. 3.2: S-Parameters and radiated power results at 77 GHz for single grid
element for different wa. All values in mm

3.1.2 Array design

An linear antenna array of grid antenna elements was designed. An important
performance criteria of the linear array is sidelobe suppression. In order to
achieve improved sidelobe suppression, the width wa of the horizontal lines
was varied. A single element model with connecting lines terminated by ports
was simulated. In Fig. 3.2, reflection coefficient, transmission coefficient and
radiated power results for a single element are shown for different values of
wa. The length lg and wg was adjusted for each element to ensure maximum
impedance matching at the design frequency of 77GHz. It can be seen that for
larger element widths, transmitted power (S21) decreases, and radiated power
in the broadside region increases. The geometry of the slot as well as the grid
elements are optimized for two simultaneous goals, i.e. a wideband impedance
response and the required radiated power from the grid elements to achieve
amplitude tapering over the array.

Based on the single element results, a symmetric array with 10 grid elements
was designed, and is shown in Fig. 3.3. A cos2 amplitude tapering [17] was
chosen over the array in order to achieve improved side-lobe suppression. For
a continuous line source, this tapering function delivers approximate side-lobe
suppression (SLL) of -32 dB and a half power beamwidth of 12∘ for a uniformly
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3.1 Microstrip via fed variable width grid array antenna

spaced array. Grid dimensions for each element were chosen initially based on
single element results.

As will be explained in Section 3.1.3, two symmetrically chosen coaxial feed
points are used to simulate array performance. The parameters cll, clw con-
trol the impedance matching of the array and phase difference between grid
elements. These were optimized through parameter sweeps to obtain in phase
radiation of grid elements. For the optimized design, simulated relative ampli-
tude and phase of the relevant x-directed electric field just below the horizontal
edges are shown in Fig. 3.4. Also shown is the ideal cos2 amplitude tapering
function. It can be seen that amplitude tapering is achieved, however the ideal
cos2 tapering is not achieved. Additionally, considering the relative phase, due
to reflections within the array, relative phase differences of about ±20∘ oc-
cur. Simulated SLL of 19 dB, and an elevation half-power beamwidth of 11∘ is
achieved which is acceptable. The optimized dimensions for the grid elements
are listed in Table 3.1, and those of the connecting lines are listed in Table 3.2.

CL0

Line of symmetry

(a) Top view of complete grid antenna array

A

A’y
xz

L1L2L3L4L5

CL0CL1CL2CL3CL4

(b) Top view of left half of grid array antenna

Fig. 3.3: Top complete view and left half view of grid array antenna [77], c○
2014 IEEE
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Fig. 3.4: Amplitude and phase of electric field below grid array elements

Tab. 3.1: Dimensions of grid elements in mm [77], c○ 2014 IEEE
Grid element lg wg wa wt

L1 2.30 1.15 0.54 0.10
L2 2.30 1.15 0.40 0.10
L3 2.40 1.15 0.30 0.10
L4 2.50 1.15 0.20 0.10
L5 2.60 1.15 0.10 0.10

Tab. 3.2: Dimensions of connecting lines in mm [77], c○ 2014 IEEE
Dimensions CL0 CL1 CL2 CL3 CL4

cll 1.50 1.30 1.30 1.50 1.50
clw 0.30 0.30 0.30 0.30 0.30

3.1.3 Feeding mechanism and layer structure

The vias feed the the antenna structure through a hole in the ground plane.
Initially, a coaxial via approach, similar to that in [16] is taken to simulate
the antenna performance without the influence of the feeding network. The
via diameter dvia = 0.12 mm and outer conductor diameter dapert = 0.5 mm is
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3.1 Microstrip via fed variable width grid array antenna

dfen dvia
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Fig. 3.5: Antenna feed network [77], c○ 2014 IEEE

Antenna layer
A’ A

Sub1

Feed network layer
Sub2

dvia

dapert

z
yx

dfen

rgap

𝜖𝑟,PCB; h1,PCB

𝜖𝑟,PCB; h2,PCB

𝜖𝑟,ppg; h1,ppgPrepreg

Fig. 3.6: Cross section of antenna at feed point. Based on [77], c○ 2014 IEEE

chosen to obtain a coaxial line characteristic impedance of 50 Ω, to which the
grid array is matched. The feeding network used was realized on a separate
layer of substrate and is shown in Fig. 3.5. Here, a 50 Ω transmission line
with width win = 0.3 mm was fed to a 3 dB 180∘ rat-race power divider with
diameter drat = 1.22 mm, whose outputs were then matched to the via by a
smooth tapering. Due to manufacturing limitations, feed vias with dvia =
0.15 mm and dapert = 0.6 mm were used in the manufactured design.

A via fence was also added around the feed vias to connect the two ground
planes. As shown in [78], addition of fencing vias improves the field transition
from the microstrip to the coaxial feed modes, and reduces parallel plate modes
between the ground planes. Hence, there is a better impedance matching, as
well as less distortion due to radiation from the substrate edges. A total of 9
fencing vias with diameter dfen = 250 µm were placed around each feed via at
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3 Multilayer PCB antennas: Two and three layer PCB antennas

a distance of rgap = 0.36 mm.
The cross section of the final antenna design including the feed structure is

shown in Fig. 3.6. The top radiating antenna layer with metallization thickness
of 18 µm is on the substrate layer Sub1 which is Rogers RO3003 with dielectric
constant 𝜖𝑟,PCB = 3.10 and height h1,PCB = 254 µm. It is backed by the two
ground layers, which act as the ground plane for the antenna layer and feed
network layer, respectively. Each copper layer is 18 µm thick, separated by
a RF-Prepreg with dielectric constant 𝜖𝑟,ppg = 2.90 and thickness h1,ppg =
100 µm which acts as a bonding film. The feed network has a substrate layer
Sub2, which is also Rogers RO3003, with height h2,PCB = 127 µm. This makes
the total thickness of the antenna, including the feeding layer about 550 µm.

3.1.4 Tolerance analysis

In order to judge the robustness of the design, a tolerance analysis is performed.
Considering the layer structure, multilayer vias feeding the antenna are the
most critical in terms of positioning. Hence, a positioning tolerance of the
feeding vias is performed in simulations. For this purpose, the via positions are
shifted by ±100 µm in both the lateral directions. The reflection coefficients of
the simulated models are shown in Fig. 3.7. It can be seen that apart from Δx =
0.1, all tolerances have very similar reflection coefficient values in the complete
frequency range 76–81 GHz. Even for Δx = 0.1, the reflection coefficient is less
than -10 dB for 76–80 GHz. Hence, it can be said that the design is relatively
stable to feed-via positioning errors.

3.1.5 Measurement results and discussion

The designed antenna was manufactured and is shown in Fig. 3.8a. For the
reflection coefficient measurements, a standard microstrip to ground-signal-
ground (GSG) probe transition was designed on the feed network layer. A
GSG-Prober based vector network analyzer system described in Section 2.3 was
used to measure the reflection coefficient. The measurement setup is shown in
Fig. 3.8b. For the radiation pattern measurement, the microstrip to waveguide
transition from [79] was designed and implemented on the feed network layer
to connect to the standard gain measurement system described in Section 2.3.
Hence, two different PCBs were manufactured to measure the reflection co-
efficient and the antenna diagram. The reflection coefficient and broadside

38



3.1 Microstrip via fed variable width grid array antenna

65 70 75 80 85 90
−25

−20

−15

−10

−5

0

Frequency in GHz

R
efl

ec
tio

n
co

effi
ci

en
t

in
dB

Design Δx = 0.1 Δx = -0.1
Δy = -0.1 Δy = 0.1

Fig. 3.7: Reflection coefficient of antenna with via positioning errors in mm

realized gain over frequency are shown in Fig. 3.9. The reflection coefficient
results show a wideband impedance matching in the frequency range 73-82 GHz
(Reflection coefficient <-10 dB) for about 12% impedance bandwidth.

For the gain results, the maximum measured realized gain is 17.2 dBi at
79 GHz. Good agreement between measured and simulated results can be seen
from 76–80 GHz. A 3 dB gain beamwidth of approximately 4.5 GHz or 5.8% is
achieved. For frequencies greater than 80 GHz, a deviation between measured
and simulated realized gain is observed. Possible reasons for this are the mis-
match losses at frequencies above 80 GHz at the waveguide transition, or at
the antenna input. For high-gain operation, the antenna can be used over a
frequency range of about 4 GHz. Operating ranges of up to 9 GHz are possible
with adequate side lobe suppression in the E-Plane, albeit with reduced gain.
The antenna has a high aperture efficiency of 79% and a radiation efficiency of
87%.

The normalized simulated and measured co-polarized farfield radiation dia-
grams at 77 GHz, 80 GHz and 85 GHz are shown in Fig. 3.10. It can be seen
that the antenna pattern remains stable over this frequency range. A 3 dB
gain beamwidth of 10∘ in the E-Plane and 44∘ in the H-Plane are measured
respectively at 77 GHz. Hence, the array provides a high gain narrow beam
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3 Multilayer PCB antennas: Two and three layer PCB antennas

(a) Antenna layer

(b) Reflection coefficient measurement on feed network layer

Fig. 3.8: Photogrpahs of manufactured antenna and reflection coefficient mea-
surement setup

.
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Fig. 3.9: Reflection coefficient and realized gain over frequency of via fed vari-
able width grid array antenna. Based on [77], c○ 2014 IEEE

in the E-Plane, and a wide field of view in the H-Plane. The lowest side lobe
level of -15 dB in the E-plane is measured at 77 GHz, with the side-lobe level
at -12 dB at 85 GHz.

Comparing the results with other grid antenna arrays from the literature,
the presented design shows a measured side-lobe suppression over a large fre-
quency bandwidth of 11%. This is due to the improved amplitude tapering
control achieved through variable width elements. For example, in [34], where
a constant width grid array antenna is shown with the same substrate material
and thickness as used design here, SLL of about 12 dB or better was measured
for 2% frequency bandwidth. Similarly in [33], where a constant width grid ar-
ray antenna is designed, measured SLL is better than 12 dB for a 2% frequency
bandwidth.

3.2 SIW slot fed grid array antenna

The second antenna design presented is a three layer SIW slot fed grid array
antenna. It consists of a three substrate layer PCB. Contrary to the via fed
grid array antenna, the SIW slot fed grid antenna presented has its feed net-
work originating on the top PCB layer. This makes it attractive in terms of
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Fig. 3.10: Simulated and measured radiation pattern of via fed variable width
grid array antenna [77], c○ 2014 IEEE

integration with top layer mounted EWLB transceivers. The components of
the antenna design are the multilayer microstrip to SIW transition, an SIW to
microstrip slot transition, and the grid array antenna as the radiating element.

3.2.1 Layer structure

MS line

Sub1

Sub2dvia3

z
yx

Prepreg
dvia1

dvia2

𝜖𝑟,PCB; h1,PCB

𝜖𝑟,ppg; hppg

𝜖𝑟,PCB; h2,PCB

SIW trans. Grid ant.

Metal layer 1
Metal layer 2
Metal layer 3
Metal layer 4

Fig. 3.11: Layer stackup of antenna PCB. Based on [80], c○ 2015 IEEE

The layer stackup for the antenna PCB is shown in Fig. 3.6. It shows a
four metal layer, or three substrate layer, PCB. For substrate layers Sub1 and
Sub2, Rogers RO3003 is used with dielectric constant 𝜖𝑟,PCB = 3.10 and height
h1,PCB = 127 µm and h2,PCB = 127 µm respectively. The middle substrate
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3 Multilayer PCB antennas: Two and three layer PCB antennas

layer Prepreg is realized with a RF prepreg material Isola Astra with dielectric
constant 𝜖𝑟,ppg = 3.11 and height hppg = 127 µm. In order to realize the design,
multiple vias are included. These vias are required for the multilayer SIW
transition, as well as the SIW feed to the antenna. Three different sections
of the layer stackup are also shown. These represent the different components
of the antenna. The microstrip feed line is connected to a multilayer SIW
transition, which terminates in a embedded SIW that feeds the grid array
antenna through a slot. Different via configurations are used. These include
single layer microvias with diameter dvia1 = 250 µm, two layer blind vias with
diameters dvia2 = 350 µm and through hole vias with dvia3 = 200 µm.

3.2.2 Antenna element and slot feed

a sl

sw

sd

pvia1

dvia1

(a) SIW slot transition (Metal layer 3)

CL0CL1CL2CL3CL4

L1L2L3L4L5

(b) Top view grid antenna (Metal layer 1)

Fig. 3.12: SIW slot transition and top view of grid antenna. Based on [80],
c○ 2015 IEEE

The antenna array and SIW slot transition are shown in Fig. 3.12. As shown,
the grid antenna is implemented on the top layer, whereas the transverse slot
is etched on Metal layer 3, which serves as the ground plane of the antenna.
The antenna element implemented is a variable width grid array antenna. It
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3.2 SIW slot fed grid array antenna

Tab. 3.3: SIW transverse slot feed dimensions in mm. Based on [80], c○ 2015
IEEE

a sl sd sw dvia1 pvia1
2.00 1.00 1.10 0.3 0.25 0.60

Tab. 3.4: Dimensions of grid elements in mm [80], c○ 2015 IEEE
Grid element lg wg wa wt

L1 2.30 1.20 0.40 0.10
L2 2.40 1.25 0.30 0.10
L3 2.50 1.25 0.30 0.10
L4 2.50 1.35 0.30 0.10
L5 2.40 1.45 0.40 0.10

Tab. 3.5: Dimensions of connecting lines in mm [80], c○ 2015 IEEE
Dimensions CL0 CL1 CL2 CL3 CL4

cll 1.20 1.25 1.25 1.40 1.50
clw 0.30 0.30 0.30 0.30 0.30

is similar to the one described in Section 3.1 and is designed in the same way.
Since the feed type is a slot instead of vias, the design is adjusted. The design
parameters for the antenna elements are listed in Table 3.4 and those of the
connecting lines are listed in Table 3.5.

The transverse slot feed has been implemented here to feed the grid array
antenna. A transverse slot with length sl ≈ 𝜆g/2 and width sw is etched on
the top metal layer of the SIW with width a. The width of the SIW is chosen
to ensure the propagation in the transverse electric (TE) TE10 mode in the
operational frequency range. The SIW is terminated by a via wall at a distance
sd ≈ 𝜆g/2 from the slot. Energy coupling from the slot feed to the via allows a
single feed structure to be used, since the electric field components transverse
to the feed slot on the microstrip layer have an inherent phase difference of 180∘.
Hence, no additional structures are required to create the phase difference, as
was required in the via feed case in Section 3.1. The design parameters of the
SIW transverse slot feed are listed in Table 3.3
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3 Multilayer PCB antennas: Two and three layer PCB antennas

3.2.3 Feed network

Wideband microstrip to SIW transition

𝛽
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tpl
a

dvia3mlw
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yz

(a) Metal layer 1

lsl

𝛽

dvia1
lswdvia2

𝛽

(b) Metal layer 2

lsl

𝛽

dvia2

lswdvia1

dvia1

a

(c) Metal layer 3

Fig. 3.13: Metal layers of PCB

A wideband multilayer microstrip to SIW transition is designed to feed the
SIW structure. The first part of the transition is a tapered coplanar microstrip
to SIW transition using the design equations in [38]. A microstrip line with
width mlw is tranformed to a SIW with a taper with length tpl and taper
angle 𝛾. For a wideband mode transfer between substrate layers, a folded SIW
based transition is implemented. It is based on concept of the folded waveguide
presented in [81]. It is shown in [81] that the waveguide mode can be "folded"

46



3.2 SIW slot fed grid array antenna
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Fig. 3.14: S-Parameters for multilayer MS to SIW transition

over different levels by introducing slots in the metallization between the layers.
Provided that the effective waveguide width over the levels is the same as what
it would be in case of a conventional waveguide, and the slot width between
folding the waveguide is the same as the height of the waveguide, the TE10

mode can be propagated in such a structure. The concept has been extended
to SIW technology in [82] where the waveguide mode was transferred to the
lower substrate layer using a taper. In [82], tapering off the broadwall of the
SIW on the upper layer, while simultaneously increasing the width of the broad
wall on the lower substrate layer allows the mode to be transferred.

The design of the novel multilayer power divider is shown in Fig. 3.13. In
Fig. 3.13a, the broad wall of the SIW of width a is tapered off at an angle 𝛽

= 14∘. At the point from where the taper on Metal layer 1 begins, a slot with
length lsl and width lsw is etched on the Metal layer 2 in Fig. 3.13b. In order
to transfer the SIW mode from Sub1 to Prepreg substrate layer, a broad wall
with the same taper angle 𝛽 is created. As the first taper ends, the second
taper to transfer the SIW mode in the substrate layer Sub2 is started as shown.
To that end, the broad wall in substrate layer Prepreg is tapered off, and a
slot with length lsl and width lsw is etched on the Metal layer 3 as shown
in Fig. 3.13c. At the end of the second taper, the SIW mode is completely
transferred to substrate layer Sub2 which has a SIW with width a. This SIW
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3 Multilayer PCB antennas: Two and three layer PCB antennas

is then extended to feed the antenna element.
The simulation results of a two-port transition model are shown in Fig. 3.14.

A wideband transmission is achieved with S11 < -10 dB bandwidth of 21 % (70–
86 GHz)and S21 between -2.3 and -2.5 dB in the operating frequency range of
76–81 GHz. The S-Parameter results include dielectric losses, for which values
of the loss coefficient was taken from the material datasheet [21].

MS to SIW multilayer transition Grid array antenna

MS feed line

Fig. 3.15: Top view of manufactured SIW slot fed grid array antenna with
multilayer MS to SIW transition [80], c○ 2015 IEEE

3.2.4 Tolerance analysis
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3.2 SIW slot fed grid array antenna

In order to judge the robustness of the proposed design to manufacturing
errors, a tolerance analysis was performed on the simulated model. There are
multiple sources of manufacturing tolerances that can occur in a design, which
include substrate layer or slot misalignment, via positioning errors, or errors
in via fabrication such as broken missing vias or false fabrication including
depth errors. Here, slot misalignment was simulated since it was easiest to
parameterize this effect in the simulation model.

The positioning of the longitudinal slots in the ground planes of the metal
layers was changed by ±100 µm in both the x and y axes. The reflection coef-
ficient is plotted in Fig. 3.16. For some values of misalignment, the reflection
coefficient deteriorates to above -10 dB in the frequency range 76–78 GHz. Com-
pared to the designed performance, it can be seen that there is a significant
change in the reflection coefficient values over frequency due to slot positioning
tolerance. Hence, it can be said that the antenna design is sensitive to tolerance
errors.

3.2.5 Measurement results and discussion

The designed SIW slot fed grid array antenna, along with the multilayer MS
to SIW transition was manufactured. As with the previous antenna design,
two different PCBs were designed. The first design was for radiation pattern
measurement, using the microstrip to waveguide transition in [79]. The second
design was used to measure reflection coefficient, using the GSG-probe transi-
tion. It is shown in Fig. 3.15. Measurement results of the reflection coefficient
and broadside gain of the antenna are shown in Fig. 3.17.

A wideband impedance matching was measured in the frequency range 73–
82 GHz (Reflection coefficient < -10 dB) for about 12% impedance bandwidth.
The measured result is slightly shifted to higher frequencies compared to the
simulation, which points to slightly lower actual dielectric constant values for
the substrates than those used in the simulations. Otherwise, good agreement
can be seen between the measured and simulated results. The broadside re-
alized gain results of the antenna are also shown. A maximum realized gain
of 10.1 dBi is measured at 78 GHz. A 3 dB gain bandwidth of approximately
6 GHz is measured. A good agreement with the antenna simulated model is
achieved. It should be noted that the antenna simulation model includes the
complete feed network, and the dielectric loss tangent tan 𝛿 = 0.006 has been
used for all substrate layers, which corresponds well with measurements taken
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Fig. 3.17: Simulated and measured reflection coefficient and realized gain re-
sults for SIW slot fed grid array antenna with multilayer SIW tran-
sition. Based on [80], c○ 2015 IEEE

at 77 GHz. It can be seen that the realized gain for both the measured and
simulated models is approximately 6 dB less than the coaxial via fed grid ar-
ray antenna in Section 3.1. Simulation results with the updated dielectric loss
tangent show a loss of 3 dB in the multilayer SIW transition and 3 dB in the
embedded SIW of length 18 mm in the PCB in Sub2 that runs from the end of
the transition to the transverse slot antenna feed point.

Radiation pattern results of the antenna are shown in Fig. 3.18. Results for
the E-Plane and H-Plane at 77 GHz, 79 GHz and 81 GHz are shown. Consider-
ing the H-Plane results, good agreement between the simulated and measured
results can be seen. A wide beamwidth of 48∘ is obtained for the H-Plane.

In the E-Plane, three different results are shown. In addition to the simu-
lated and measured results of the complete antenna design, simulated results of
SIW slot fed grid array antenna without the multilayer SIW transition are also
shown. For the antenna model without the multilayer microstrip to SIW tran-
sition, a smooth and symmetric radiation pattern with a 3 dB beamwidth of
15∘ and side-lobe suppression greater than 20 dB over the complete frequency
range of operation can be seen. For the complete model including the multi-
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Fig. 3.18: Simulated and measured radiation pattern for SIW slot fed grid
array antenna with multilayer SIW transition. Based on [80], c○
2015 IEEE
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transition
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z

yx

Fig. 3.19: Electric field at antenna PCB cross section

layer MS to SIW transition, in both simulation and measurement results, two
non-ideal effects can be seen in the E-Plane radiation pattern. The first one
is a high frequency ripple, which causes a distortion of the radiation pattern.
Secondly, an asymmetry in the radiation pattern is seen, where high side-lobes
are observed for negative angles. The reason for both the effects has been
investigated and confirmed to be spurious radiation at the microstrip to SIW
coplanar transition. A snapshot of the electric field at the cross section of the
antenna PCB is shown in 3.19. It can be seen that in addition to the intended
radiation over the length of the grid array antenna, radiation also occurs at the
coplanar microstrip to SIW transition. Considering the coplanar MS to SIW
transition as a point source multiple wavelengths away from the grid array
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3.3 Conclusion

antenna, a high frequency distortion would be expected considering the two
radiation sources in the array factor calculation. Additionally, the direction of
the radiation emanating from the transition is also approximately 50∘ in the
E-Plane, which explains the higher side-lobes observed.

3.3 Conclusion

In this chapter, as examples of multilayer antennas for automotive radar, two
multilayer PCB designs were presented. Multilayer PCBs offer the advantages
of separate design of feed network and antenna elements, since both components
of the antenna design can be separately designed and optimized. The radiating
element used for both presented designs was the variable width grid array
antenna. The difference between the designs was the feed network concept.
In the first design, a quasi coaxial feed network was implemented on a two
layer substrate. In the second design, a three layer substrate employing a novel
SIW based multilayer feed network, terminating in a transverse slot, was used.
Another difference in the feed network was its origin. For the coaxial feed
design, it was the bottom substrate layer. For the slot fed design, it was the
top substrate layer. An important antenna design requirement explained in
Section 1.2.2 is integration with the radar transceiver. In terms of integration
with a radar transceiver, an origin on the top substrate layer is practical since
most commercial EWLB based MMICs are surface mounted on a radar PCB.

Performance of the designs can be compared according to the other antenna
design requirements described in Section 1.2.2. In terms of impedance matching,
both designs fulfil the requirements. In terms of radiation pattern, the variable
width grid array antenna was designed to achieve a narrow beam of around 12∘

3 dB beamwidth in the E-Plane, and a wide beam with 45∘ 3 dB beamwidth
in the H-Plane. Although both designs used the same radiating element, the
coaxial fed grid array showed an improved performance in the E-Plane with
better side-lobe level suppression and pattern stability. The SIW fed antenna
showed a highly distorted pattern which also resulted in low side-lobe level and
pattern stability. The reason for this distortion has been explained to be the
radiation at the MS to SIW coplanar transition used in the SIW slot fed design.

In terms of measured gain as well, the coaxial design performs better. A
maximum measured gain of 17.2 dBi for the coaxial fed design was measured,
whereas for the slot fed design, it was 10.1 dB. This difference in gain is caused

53



3 Multilayer PCB antennas: Two and three layer PCB antennas

mainly due to additional losses within the feed network. This is due to the
difference between the length and number of transitions in each feed network.
The coaxial feed network is shorter in length with fewer transitions, whereas
the SIW feed network is much longer with multiple transitions.

In terms of manufacturing complexity the coaxial fed design is simpler since
it only uses two substrate layers for its design. The SIW slot fed design employs
three substrate layers hence it is more complex to manufacture. A simulative
tolerance analysis was also performed for both designs. Due to the use of
multiple substrate layers and vias, the SIW slot fed design was shown to be
less robust to tolerances. The coaxial fed design is comparatively more robust
to tolerances, as was shown in the simulations.

The comparisons show that among multilayer PCB antenna designs, those
with minimum number of required substrate layers and simplest feed network
design perform the best. Regarding integration of the radar antenna with
surface mounted EWLB transceiver packages however, transition from the top
substrate layer to a buried one is necessary. This transition is a part of the SIW
slot fed design. For the coaxial fed design, this transition is missing. Either a
multilayer transition, or another concept to integrate the antenna on the radar
PCB is required if the coaxial fed design is to be used for automotive radar.
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4 Hybrid antennas: Single layer PCB with
multilayer thin films

In this chapter, a new approach to design wideband multilayer antennas will
be explained. Instead of employing multilayer PCBs, a hybrid approach will
be taken by combining single layer PCBs with multilayer thin films to realize
multilayer antenna designs.

The chapter will begin by describing the motivation behind the hybrid thin
film approach to design multilayer antennas. This will be followed by the
description of the layer structure of hybrid thin film PCB designs. Afterwards,
the attachment process of the thin films will be described.

Two novel antenna array designs will be explained as examples employing
the hybrid thin film approach. The first design is an aperture coupled stacked
patch antenna. The design components of the antenna, including the feed
structure, antenna element and the array feed network, which includes a novel
power divider, will be described. Afterwards, the simulation and measurement
results of the antenna will be discussed.

The second design is a stacked grid antenna array. It consists of a novel
antenna element, namely the stacked grid structure. After describing the radi-
ating structure and feed mechanism, antenna array designs using three different
feed networks will be shown. Measured and simulated results of the manufac-
tured antenna arrays will then be discussed.

4.1 Hybrid thin film antenna

Thin films have been used for antenna designs for different applications, includ-
ing mobile communications, sub-millimeter wave applications, and millimeter
wave sensors. For mobile communications, the main application has been realiz-
ing transparent and flexible antennas for device integration [83]. For millimeter
wave sensors, thin films have been used to house antenna elements on chip or
within sensor packages [84] in order to realize miniaturized sensors. The con-
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4 Hybrid antennas: Single layer PCB with multilayer thin films

cept presented here is a novel one, which consists of multilayer thin films that
are attached to single layer RF PCBs in order to realize multilayer wideband
directive antenna arrays with medium to high gain.

In Chapter 3, multilayer antennas were designed on multilayer PCBs. Sep-
arate substrate layers were used to design the feed network and the antenna
element. The radiating element used however, was realized on a single sub-
strate layer. As described in Chapter 2, multilayer antennas employing radi-
ating elements on multiple substrate layers have been investigated extensively
[52, 59, 60]. These examples use some form of parasitic or stacked elements to
increase the impedance bandwidth and gain of the radiating antenna.

Here, a new approach to designing such stacked geometries to realize wide-
band multilayer antennas for automotive radar is shown. Instead of the con-
ventional approach of employing multilayer PCBs, this approach uses a single
layer PCB, with multilayer thin films attached to it. The thin films house the
complete multilayer antenna element on them. Using thin films instead of mul-
tilayer PCBs provides the flexibility and performance of multilayer antennas
without the requirements or costs of thick substrates or complex multilayer
feed networks.

In terms of manufacturing tolerances, the hybrid approach is expected to be
more robust than multilayer PCBs. The main source of tolerance is the thin
film positioning error. Since only a single substrate layer is used, substrate
misalignment does not occur. Single layer vias are used in the designs presented
in this work, and they can have tolerances. However, the tolerance chain in
this case is small, and any major misalignment can be optically observed.

4.1.1 Layer structure and assembly

The thin film structures are manufactured separately from the rest of the PCB
design. Thin film manufacturing technology allows low minimum feature size
and line-spacing distances, thin dielectric thickness, low metallization thickness
when compared with standard PCB processes. This increases design flexibility
and potential for performance for the radiating elements.

The layer structure for a generic hybrid multilayer thin film antenna is shown
in Fig. 4.1. It shows a single layer RF PCB with a two layer thin film attached
to it. The single layer PCB consists of a RF compatible substrate "PCB Sub"
with a dielectric constant 𝜖𝑟,PCB and height hPCB. Vias can be drilled me-
chanically or lasered into the substrate to realize the power divider network.
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4.1 Hybrid thin film antenna

The thin film structure is composed of two substrate layers "TF Sub1", with
dielectric constant 𝜖𝑟,TF1 and height hTF1 respectively, and "TF Sub2" with
dielectric constant 𝜖𝑟,TF2 and height hTF2 respectively. There are three metal
layers which are etched in order to realize the different antenna related struc-
tures. Although a two layer thin film structure is depicted here, the concept can
be easily extended to three or more layers depending on the antenna concept
used. No vias are required on the thin film.

Both the multilayer thin film and single layer PCB are manufactured sepa-
rately using conventional RF PCB manufacturing techniques. In case of the
thin films, although they are manufactured through multilayer PCB processes,
there is no galvanic contact between the layers (through vias for example), and
it is expected that the performance of individual structures on the thin films are
not affected by slight misalignments that might occur during manufacturing.

TF metal layer 1

TF metal layer 2

TF metal layer 3

TF Sub1

TF Sub2

PCB Sub

Adhesive

𝜖𝑟,PCB; hPCB

𝜖𝑟,TF2; hTF2

𝜖𝑟,TF1; hTF1
z

yx

Fig. 4.1: Layer structure hybrid thin film antenna

The attachment process of the thin films on the PCB is performed using a
die bonder [85]. It is shown in Fig. 4.2b. Die bonding is a common technique
used in semiconductor packaging, where a semiconductor die is attached to its
package or to some substrate. Epoxy die bonding is used in our case. In this
technique, an epoxy based glue is used to attach the thin film to the PCB. An
epoxy based non-conductive paste adhesive [86] with a thickness of about 10 µm
is first deposited by the integrated dispenser of the die bonder at the position
where the thin film will be placed. In order to align the thin film with the
PCB before attachment, alignment structures are used. These structures are
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4 Hybrid antennas: Single layer PCB with multilayer thin films

etched on the bottom metal layer of the thin film (see Fig. 4.17 and Fig. 4.18),
as well as on the top metal layer of the PCB, as shown in Fig. 4.2a. Positioning
and attachment is then achieved using the pick and place head and integrated
camera of the die bonder. After placement of the thin film, the epoxy adhesive
is warmed through which it cures and bonds itself with the thin film and PCB.
A high positioning accuracy of ±7 µm in the x and y axes can be achieved using
this process.

Alignment structures on PCB

(a) Alignment structures on PCB
(b) Die bonder machine. Modified from

[85] with permission from Besi

Fig. 4.2: Alignment structures on PCB and die bonder machine

4.2 Aperture coupled stacked patch antenna array

As the first example of a hybrid thin film antenna array, an aperture coupled
stacked patch antenna array will be described. The rectangular stacked patch
antenna geometry is the simplest multilayer antenna design that shows wide-
band performance [59]. Due to the staggered resonance principle used in the
stacked patch design, much wider impedance bandwidth can be obtained for
the radiating element. Hence it is chosen here to be implemented as a hybrid
thin film antenna concept. The layer structure for the antenna is shown in
Fig. 4.3. A single layer RF PCB is used with Rogers RO3003 as substrate with
dielectric constant 𝜖𝑟,PCB = 3.10 and height hPCB = 127 µm. The thin film
consists of two substrate layers, Dupont Pyralux AP [87] and DuPont LF ad-
hesive stackup with 𝜖r,TF1 = 3.40 and hTF1 = 150µm, and Rogers Ultralam
liquid crystal polymer (LCP) with 𝜖r,TF2 = 3.00 and hTF2 = 100µm. Hence,
the total thin film thickness, excluding metal layer thickness is around 250 µm.
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4.2 Aperture coupled stacked patch antenna array

Patch 1

Patch 2

Align. struct.

TF Sub1

TF Sub2

PCB Sub

Adhesive

𝜖𝑟,PCB; hPCB = 127µm

𝜖𝑟,TF2
hTF2 = 100µm

𝜖𝑟,TF1
hTF1 = 150µmz

yx

Fig. 4.3: Layer structure hybrid aperture coupled stacked patch antenna.
Modified from [88] c○ Cambridge University Press and the European
Microwave Association 2019. Reprinted with permission

fw fl wp1 lp1 wp2 lp2 fs 𝛼

2.1 2.1 0.60 0.80 1.30 0.8 0.71 45∘

(a) Thin film parameters
vd sl ls g lw tl tw iw

0.20 1.05 0.075 0.075 0.50 0.25 0.75 0.10

(b) PCB parameters

Tab. 4.1: Design parameters for GCPW ACSP antenna element. All length
dimensions are in mm [88], c○ Cambridge University Press and the
European Microwave Association 2019. Reprinted with permission

4.2.1 Element design

The radiating element is a stacked rectangular patch structure. Each substrate
layer of the thin film has a rectangular patch element etched on it. A transverse
slot etched on the top metal layer of the PCB couples the energy to the thin
film. The feed network is also etched on the PCB. The different layers of the
stacked patch single element are shown in Fig. 4.4.

The feed network terminates in a MS to GCPW transition which has the
transverse slot at the end of it. The MS line with width iw transforms to a
GCPW with transformer length tl and width tw. The GCPW center conductor
has a width lw. The center conductor of the GCPW is extended by length ls
to improve the impedance match to the slot. The slot at the end of the GCPW
has length sl and width g. A similar feeding method based on CPW was
investigated in [52]. The main difference here is the use of a ground plane
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lp1

wp1

(a) Top view patch 1

lp2

wp2fl

fw

fs
𝛼

(b) Top view patch 2

twtl

vd
lssl

lw

iw

g

(c) Top view PCB

Fig. 4.4: Top view of thin film layer designs and PCB slot feed for single
aperture coupled stacked patch element [88], c○ Cambridge Univer-
sity Press and the European Microwave Association 2019. Reprinted
with permission
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4.2 Aperture coupled stacked patch antenna array

below the CPW to shield the feed network, as well as the use of fencing vias
with diameter vd around the excitation slot to reduce surface waves and hence
increase the efficiency of the antenna.

The thin film is placed on the PCB such that the excitation slot is aligned
with the center of the patches. An originally rectangular thin film with width
fw and length fl is used to house the stacked patches. The thin film is altered
by removing triangular portions defined by angle 𝛼 and length fs in order to
minimize the effect of the film on the feed network on the PCB.

The dimensions of the stacked patches are wp1 and lp1 for Patch 1 and wp2
and lp2 for Patch 2 respectively. The length and width of the patch elements,
along with that of the excitation slot was optimized to result in two impedance
resonances which enable a wideband impedance match. The coupling effect of
each resonance was adjusted to achieve maximum impedance bandwidth. The
final values of all design parameters are listed in Table 4.1.

Simulated reflection coefficient and gain results for a single stacked patch
element are shown in Fig. 4.5a. In the reflection coefficient result, two resonance
dips can be seen, due to the coupled resonances of the stacked patches. A
wideband impedance match of 15% (73.4–85.4 GHz) is achieved. The simulated
gain of the single element is a maximum of 5.5 dBi at 75 GHz and remains within
1 dB of the maximum from 73–85 GHz. Simulated farfield radiation patterns
for single elements for the E- and H-planes at 75 GHz, 78 GHz and 81 GHz are
shown in Fig. 4.5b and Fig. 4.5c respectively. An expected symmetric broadside
beam in the H-plane is observed with a 3 dB beamwidth of 85∘ at 78 GHz. A
wide beam with 3 dB beamwidth of 100∘ is also observed in the E-Plane at
78 GHz. A beam squint of upto 6∘ is however observed in the E-Plane over
the operating frequency range. This can be attributed to a slightly asymmetric
electric field on the radiating edges of the patch due to the asymmetric ground
plane on the PCB top layer below the patch.

Tolerance analysis

In Section 4.1.1 it was mentioned that the thin film is placed on the PCB using
a die bonder [85] with very low positioning error (±7 µm in the x and y axes).
For series production with high volume, standard surface-mount technology
(SMT) pick and place machines are used for automotive radar PCB assem-
bly. Depending on the machines used, these errors can range from ±30 µm to
±50 µm in the x and y axes. The effect of positioning tolerances on the coupling
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4 Hybrid antennas: Single layer PCB with multilayer thin films

65 70 75 80 85 90
−25

−20

−15

−10

−5

0

Frequency in GHz

R
efl

ec
tio

n
co

effi
ci

en
t

in
dB

65 70 75 80 85 900

1.5

3

4.5

6

7.5

R
ea

liz
ed

ga
in

in
dB

i

(a) Reflection coefficient and gain

−90 −60 −30 0 30 60 90
−10

−5

0

5

10

Theta in Degrees

C
o-

po
l.

ga
in

in
dB

i

75 GHz 78 GHz 81 GHz

−90 −60 −30 0 30 60 90
−115

−110

−105

−100

−95

X
-p

ol
.

ga
in

in
dB

i

−90 −60 −30 0 30 60 90
−115

−110

−105

−100

−95

−90 −60 −30 0 30 60 90
−115

−110

−105

−100

−95

(b) Radiation pattern E-Plane
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(c) Radiation pattern H-Plane

Fig. 4.5: Reflection coefficient, gain and radiation pattern for single stacked
patch element [88], c○ Cambridge University Press and the European
Microwave Association 2019. Reprinted with permission

.
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4 Hybrid antennas: Single layer PCB with multilayer thin films

between the PCB and thin film is simulated. Positioning errors of ±0.1 mm are
included in the simulations. Reflection coefficient results for these simulations
are shown in Fig. 4.6. It can be seen that the resonance frequencies slightly
change and the impedance matching slightly deteriorates, but apart from the
Δx=0.1,Δy=-0.1 case where the reflection coefficient is below -9 dB, all reflec-
tion coefficient values stay below -10 dB for the complete operating frequency
bandwidth and beyond. Farfield results with positioning errors, not shown here,
are virtually the same as for the nominal positioning case. This shows that the
thin film antenna design is robust to positioning errors that can occur in series
production.
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Fig. 4.6: Reflection coefficient single element with thin film positioning errors
in mm [88], c○ Cambridge University Press and the European Mi-
crowave Association 2019. Reprinted with permission

4.2.2 Array design

The single radiating element size is 𝑙x = 2.1 mm and 𝑙y = 2.1 mm. The radiat-
ing aperture requirement in Section 1.2.2 of 𝐷x = 15–20 mm in one plane and
𝐷y=3–5 mm can be fulfilled by designing an antenna array of 2×8 elements.
At the design frequency of 77 GHz, the free space wavelength is 𝜆0 = 3.90 mm
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4.2 Aperture coupled stacked patch antenna array

de

dh

Fig. 4.7: Conventional power divider design for 2×2 ACSP antenna subarray

and the wavelength in the PCB substrate is 𝜆g = 2.24 mm. For the E-Plane
radiation pattern, the antenna elements need to be placed in opposite direc-
tions due to design symmetry. For constructive interference in the broadside
direction, a 180∘ phase difference is required between these two elements. This
is conventionally achieved through a 𝜆g/2 length extension to one of the feed
lines.

Considering a 2×2 subarray, a conventional power divider based on the
GCPW transmission line can be implemented this way. It is shown in Fig. 4.7.
As shown in the figure, implementing such a power divider results in an inter-
element spacing in the H-Plane and E-Plane of dh = 2.63 mm (0.68 𝜆0) and
de = 4.60 mm (1.2 𝜆0) respectively. It is known from array theory [17] that for
inter-element spacing greater than 𝜆0/2, grating lobes start to appear in the
array factor and cause high sidelobes in the antenna radiation pattern. The
array factor for this spacing can be calculated using Eq. 1.2.2. Multiplying the
array factor with the single element radiation pattern shown in Fig. 4.5, the
total radiation pattern of the 2×2 subarray is calculated in the H-Plane and
E-Plane at 78 GHz. The results are shown in Fig. 4.8. Grating lobes in the ar-
ray factor can be seen for both the H-Plane and E-Plane. In the H-Plane, the
grating lobes are suppressed by more than 5 dB, and the total radiation pattern
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(b) E-Plane results

Fig. 4.8: Array factor and total radiation pattern results in E-Plane and H-
Plane for a conventional 2×2 ACSP antenna subarray

.
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4.2 Aperture coupled stacked patch antenna array
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(b) Bottom view

Fig. 4.9: Microstrip-slotline compact power divider geometry [88], c○ Cam-
bridge University Press and the European Microwave Association
2019. Reprinted with permission

.
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4 Hybrid antennas: Single layer PCB with multilayer thin films

still has sidelobe suppression of at least 15 dB. However, in the E-Plane, the
grating lobes have a gain equal to the main lobe, and have wandered inwards,
due to the large inter-element spacing. This causes the total radiation pattern
to have a very low sidelobe suppression of less than 5 dB. In order to increase
the sidelobe suppression, inter-element spacing needs to be decreased, which
requires a new power divider design.

Novel 2×2 power divider

In order to maintain a compact inter-element distance, a novel power divider
based on a microstrip to slotline transition is designed to feed a 2×2 subarray.
It is based on the bi-phase divider shown in [89], which was designed for lower
frequencies. Essentially, the power divider consists of a microstrip to slotline
transition, followed by a length of slotline, which again transitions back to mi-
crostrip. After the second transition, the opposite phase signals of the slotline
couple to the microstrip lines going in opposite directions to each other and
hence the output lines have 180
sidegree phase. The designed power divider is shown in Fig. 4.9.

In order to obtain a better understanding of the operating principle, rele-
vant electric field components for the power divider are shown in Fig. 4.10. In
Fig. 4.10a, the y-component of the electric field in the slotline etched on the
ground plane is shown. It can be seen that the field remains within the ground
plane gap and is transported from the input microstrip line to the output mi-
crostrip lines. The circles with diameter cd are etched on the ground plane
in order to obtain an impedance match and a smooth transfer of energy. In
Fig. 4.10b, the z-component of the electric fields on the top side of the substrate
are shown. Looking at the output microstrip lines going in the positive and
negative y-directions, the intended effect of the power division is seen. Both
lines have an opposite phase with respect to each other.

The designed power divider operates over a wide frequency range. The sim-
ulated S-Parameter results of the power divider are shown in Fig. 4.11. Since
it is a symmetric design, only results for output ports on one side of the power
divider (Port2 and Port5) are shown. It can be seen that a wideband equal
power division is achieved for both output ports, with low reflection coefficient
at the input. In addition, a constant 180∘ phase difference is achieved between
the output ports while keeping the power divider compact. By using this power
divider, element placement in both E and H-Planes of de =2.52 mm (0.65𝜆0)

68



4.2 Aperture coupled stacked patch antenna array

(a) Electric field (y-component) bottom view

(b) Electric field (z-component) top view

Fig. 4.10: Electric fields for microstrip-stripline compact power divider
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Fig. 4.11: Microstrip-stripline compact power divider S-Parameter results [88],
c○ Cambridge University Press and the European Microwave Asso-

ciation 2019. Reprinted with permission
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4.2 Aperture coupled stacked patch antenna array

and dh = 2.60 mm (0.67𝜆0) respectively is achieved for the subarray.

Port1

Port2 Port3 Port4 Port5

wi

lti1

wti1

wti2

wto2 lti2lto2

(a) Feed network geometry [88], c○ Cambridge University Press and the European
Microwave Association 2019. Reprinted with permission
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(b) Feed network S-Parameter results

Fig. 4.12: Design and simulated performance of 1×4 power divider for antenna
array

Additionally, a conventional corporate 1×4 microstrip power divider is de-
signed to feed each of the four 2×2 subarrays. Consisting of quarter-wave
transformers with different output width lines, it does equal power division in
the first stage followed by unequal power division in the second stage, providing
more power to inner ports. Unequal power division is done to achieve ampli-
tude tapering over the array, thereby reducing side-lobes in the H-Plane. The
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4 Hybrid antennas: Single layer PCB with multilayer thin films

il2 il1 itw itl cd sg sd
0.60 0.61 0.27 0.73 0.60 0.10 0.66

(a) 2×2 power divider
wi wti1 lti1 wti2 lto2 wto2 lti2

0.10 0.27 0.73 0.35 0.65 0.20 0.63

(b) 1×4 power divider

Tab. 4.2: Design parameters for power dividers. All length dimensions are
in mm [88], c○ Cambridge University Press and the European Mi-
crowave Association 2019. Reprinted with permission

1×4 power divider design and simulated results are shown in Fig. 4.12. Since
the design is symmetric, S-Parameter results are only shown for one side of the
design. It can be seen that a wideband impedance matching is achieved at the
input port. The inner output port receives more power than the output power
port, which is desired in the antenna array design. The design parameters for
both power dividers are listed in Table 4.2.

The total radiation pattern of the 2×8 array can be pre-calculated using the
radiation pattern of the 2×2 subarray and the array factor resulting from the
1×4 power divider. Using the simulated transmission coefficients for the power
divider, and Eq. 1.2.2, the array factor is calculated. Multiplying the array
factor with the full-wave simulated radiation pattern of the 2×2 subarray gives
the total radiation pattern of the 2×8 array. The results are shown for 77 GHz
in Fig. 4.13 for H-Plane and E-Plane respectively. For the H-Plane, it can be
seen that the amplitude tapering through the power divider results in side-lobe
suppression better than 25 dB in the total radiation pattern. For the E-Plane,
since no array effect is intended, the total radiation pattern is equal to the
2×2 subarray radiation pattern. It can be seen that due to the lower element
spacing enabled through the novel power design, sidelobes are substantially
more suppressed compared to the case with the conventional power divider
shown in Fig. 4.8b.

4.2.3 Measurement results

The described 2×8 array was manufactured. Two different PCB designs were
manufactured. In one design, the the array was connected to a GSG-probe tran-
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(a) H-Plane results
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(b) E-Plane results

Fig. 4.13: Array factor and total radiation pattern results in H-Plane and
E-Plane for a 2×8 ACSP antenna array

.
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4 Hybrid antennas: Single layer PCB with multilayer thin films

Waveguide transition

Antenna array

(a) Complete view

(b) Zoomed in view of 2×2 subarray

Fig. 4.14: Manufactured antenna array for pattern measurement [88], c○ Cam-
bridge University Press and the European Microwave Association
2019. Reprinted with permission
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4.2 Aperture coupled stacked patch antenna array

sition to enable S-Parameter measurements using a wafer-prober based setup.
In the second design, the array was connected to a microstrip to waveguide
transition to enable antenna pattern measurement using a waveguide based
measurement setup. This manufactured design is shown in Fig. 4.14. The
waveguide transition has been designed and characterized in [90].
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Fig. 4.15: Simulated and measured reflection coefficient and realized gain re-
sults for GCPW ACP antenna array [88], c○ Cambridge University
Press and the European Microwave Association 2019. Reprinted
with permission

The simulated and measured results for the reflection coefficient and realized
gain can be seen in Fig. 4.15. Also shown are the results of the simulation
model during the design process (Sim. Refl. and Sim. Gain ), as well as
the adjusted simulated results (Sim. adj. Refl. and Sim. adj. Gain) after
observing measured results.

It was observed in the measured reflection coefficient results and realized
gain results, as well as farfield results (shown in Fig. 4.16) that the operating
frequency of the antenna is approximately 5 GHz lower than the designed oper-
ating frequency of 77 GHz. It is known from literature that a shift between sim-
ulated and measured frequencies often results due to a discrepancy in substrate
dielectric constant values. As mentioned in Section 4.2 the thin film substrate
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(b) Results at 73 GHz
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4.2 Aperture coupled stacked patch antenna array
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(c) Results at 76 GHz

Fig. 4.16: Simulated and measured radiation pattern of 2×8 ACSP antenna
array [88], c○ Cambridge University Press and the European Mi-
crowave Association 2019. Reprinted with permission

TF Sub1 consisting of a Dupont Pyralux AP and DuPont LF adhesive stackup
was modelled initially as a homogeneous substrate with 𝜖r,TF1 = 3.40 [87].
However, the dielectric constant value provided by the manufacturer is only
measured up to 20 GHz. Similarly, the epoxy adhesive was modelled initially
as an air gap with thickness of 10 µm since its dielectric constant value had
not been measured at high frequencies, and it had minimal thickness compared
to the other substrate thickness. Measurement results on a characterization
PCB consisting of ring resonator and patch antennas show an 𝜖r,TF1 = 2.70
and 𝜖r,TF2 = 3.10. After modelling the thin film substrates with the measured
dielectric values, and modelling the epoxy adhesive as a homogeneous substrate
with 𝜖r,adh = 3.00, the model was simulated again.

It can be seen that a better agreement between the measured and simulated
reflection coefficient results is seen with the adjusted simulation model. Two
resonance dips, as expected from the single element simulation, can be seen
in the measured results. These enable a wideband impedance match. An
|S11|<-10 dB impedance matching bandwidth of about 19% (67.9–82.5 GHz) is
obtained.

In terms of realized gain, accounting for the losses due to the waveguide
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4 Hybrid antennas: Single layer PCB with multilayer thin films

transition (0.4 dB) and those of the microstrip feed line to the antenna (1.5 dB),
a maximum measured realized gain of about 15.4 dB at 74 GHz is measured
within the useable frequency range. The realized gain remains within 3 dB of
the maximum throughout the measured frequency range of 71–80 GHz.

The measured and simulated farfield radiation patterns are shown in Fig. 4.16.
As explained previously, the operating frequency of the designed antenna is
appr. 5 GHz lower than the designed frequency due to dielectric constant mod-
elling errors. Hence, results are shown for 71, 73 and 76 GHz. E-Plane and
H-Plane co-polarized simulated and measured results are shown. A broadside
radiating main lobe is observed in the H-Plane, and a 3 dB beamwidth of 11∘

is measured. Good side-lobe suppression is observed at 71 and 73 GHz, with
a maximum side-lobe level of -12 dB at 73 GHz. The side-lobe reduces to -
7 dB at 76 GHz. Lower side-lobes are seen in the simulated results, and the
discrepancy is expected to be due to slight tolerances in manufacturing, which
can have a large influence on side-lobe suppression. In the E-Plane, there is a
squint in the negative direction of about 10∘ at 71GHz, which reduces to 3∘

at 76 GHz. A 3 dB beamwidth of 44∘ is measured at 71 GHz, which reduces to
36∘ at 76 GHz. The beam squint and change in E-Plane pattern is due to the
asymmetric ground plane below the thin film patch element, and was also seen
in the simulated results.

4.3 Stacked grid antenna array

Parasitic elements

Double grid element

Align. struct.

TF Sub1

TF Sub2

PCB Sub

Adhesive

𝜖𝑟,PCB; hPCB = 127µm

𝜖𝑟,TF
hTF = 127µm

𝜖𝑟,TF
hTF = 127µmz

yx

Fig. 4.17: Layer structure hybrid stacked double grid antenna. Based on [91],
c○ 2017 IEEE

The second design that employs a hybrid thin film approach to design mul-
tilayer antennas is the stacked grid antenna. A novel antenna element, the
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4.3 Stacked grid antenna array

stacked double grid element will be described as an application of this ap-
proach. The layer structure of the antenna element is shown in Fig. 4.17. A
thin single layer PCB with a substrate thickness of hPCB = 127 µm is used.
Rogers RO3003 is used as the PCB substrate, with 𝜖𝑟,PCB = 3.1. A low loss
feed network is designed on the PCB. The feed network on the PCB includes
coupling structures to the thin film.

The radiating elements and alignment structures are located on a multilayer
thin film structure. The thin film is constructed using Rogers Ultralam LCP
laminates and bondply with 𝜖𝑟,TF = 3.0 to form a two substrate layer structure
with a substrate thickness of hTF = 127 µm each. The parasitic and primary
radiating elements are located on the top and middle metallic layer of the thin
film respectively. The bottom metallic layer is etched off except for alignment
structures that facilitate the placement of the thin film on the PCB. The top
layer of the PCB below the radiating element is metallized and functions as
the ground plane for the antenna.

4.3.1 Single element design

Parasitic elements

TF Sub. 1

TF Sub. 2

PCB

Double grid element

TF Align. Struct.
Coupling slot

Matching via

Fig. 4.18: Geometry of stacked grid antenna [91], c○ 2017 IEEE

The grid array antenna, introduced by Kraus as a wire antenna [29] has
been investigated as a microstrip based antenna for millimeter wave antennas
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4 Hybrid antennas: Single layer PCB with multilayer thin films
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Fig. 4.19: Top view of stacked double grid antenna geometry [91], c○ 2017
IEEE
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4.3 Stacked grid antenna array

Tab. 4.3: Optimized geometrical parameters for a single element. All dimen-
sions in mm [91], c○ 2017 IEEE
sw sdt mdl msd sl vp vd a
0.10 0.35 0.85 0.80 1.30 0.40 0.20 2.00
vwd al1 al2 tfl tfw aw lr ws
0.25 1.00 1.00 3.75 3.80 0.20 1.00 0.10
wr cw hc cl pl pd pw -
0.60 0.40 2.50 1.10 1.05 2.50 0.10 -

[30, 92, 33, 31, 56]. In all its manifestations till now, the antenna has consisted
of many rectangular grid elements that form either a linear or a rectangular
array antenna. Here, a radiating element based on a double grid element is
studied. In order to achieve impedance matching bandwidth requirement for
automotive radar, parasitic elements are added to the design on a second thin
film substrate. Thus, a novel multilayer antenna element, the stacked double
grid, is realized using a hybrid thin film approach.

The antenna structure, based on the multilayer thin film and PCB layer
stackup described earlier is shown in Fig. 4.18. A layer-wise geometry of this
element with all geometrical parameters is shown in Fig. 4.19. It consists of a
shorted SIW of width a on a single layer PCB, with an off-center longitudinal
slot of length sl at a distance sdt from the shorting wall to transfer energy
to the thin film. A matching via (with distances mdl and msd from the via
wall and coupling slot respectively) is used in the SIW to improve impedance
bandwidth of the coupling structure. The slot couples to the microstrip line on
substrate layer TF Sub2. The microstrip line (with width cw and length cl)
feeds the double grid element in parallel. Due to the coupling mechanism, the
grid elements radiate in phase without any additional line length, similar to
shown in Section 3.2.2. On the substrate layer TF Sub1, rectangular parasitic
elements (with length pl and width pw) are located above the radiating edges
of the grid elements and they help improve the impedance bandwidth of the
antenna. This completes the design of a single thin film radiating element. The
optimized geometrical parameters for the SIW and radiating element are shown
in Table 4.3.

81



4 Hybrid antennas: Single layer PCB with multilayer thin films

(a) SIW fed double grid antenna (b) MS fed single grid antenna

Fig. 4.20: Microstrip fed single grid and SIW fed double grid antenna [91], c○
2017 IEEE
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[91], c○ 2017 IEEE
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4.3 Stacked grid antenna array

Impedance matching analysis

To help understand the impedance bandwidth improvements of the proposed
structure, the SIW slot double grid element with parasitic elements (shown in
Fig. 4.18) is compared with the single microstrip fed grid element as well as
the SIW slot fed grid element without the parasitic elements. These antennas
are shown in Fig. 4.20. To this end, the real and imaginary components of the
ratio of input impedance Zin to transmission line impedance Zline is plotted for
all three configurations in Fig. 4.21. For the microstrip fed single grid element,
three electrical resonances at 61 GHz, 76 GHz, and 84 GHz can be seen. The
first resonance is outside the working frequency range of the antenna, and it is
disregarded. The second resonance has a large impedance ratio Re (Zin/Zline)
of more than 10. The third resonance has a smaller impedance ratio of around
1, hence the antenna is matched to the transmission line for a small impedance
bandwidth. The SIW slot fed double grid element has resonances at 72 GHz,
81 GHz, and 86 GHz. However, due to high impedance ratio Re (Zin/Zline) of
the first two resonances, it is also only matched to the third resonance. Adding
parasitic elements to the structure results in another resonance at 77 GHz. Ad-
ditionally, the impedance ratio of the resonance previously at 81 GHz decreases
and the resonance shifts to a slightly higher frequency. Due to these effects,
the impedance ratios Re (Zin/Zline) and Im (Zin/Zline) remain around 1 and 0
respectively from 76 – 82 GHz for the SIW slot fed double grid with parasitic el-
ement. This enables a larger impedance matching bandwidth for this radiating
element.

The electric field distribution on different layers of the stacked grid antenna
are shown in Fig. 4.22. It can be seen that the shorted SIW mode on the PCB
in Fig. 4.22c is coupled to connecting line between the double grid element
on the thin film. After traveling to the radiating edges of the double grid
element in Fig. 4.22b the energy is then radiated. Energy is also coupled to
the parasitic elements in Fig. 4.22a, located above the radiating edges of the
double grid element. These also radiate and improve the impedance bandwidth,
as described earlier.

Simulated performance

Simulation results for a single stacked grid antenna element are shown in
Fig. 4.23. The reflection coefficient of the single antenna is shown in Fig. 4.23a.
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4 Hybrid antennas: Single layer PCB with multilayer thin films

(a) E-Field TF Sub1 (b) E-Field TF Sub2

(c) E-Field PCB Sub

Fig. 4.22: Electric field distribution for stacked double grid antenna [91], c○
2017 IEEE
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Fig. 4.23: Simulated reflection coefficient, gain and radiation pattern for single
stacked double grid element [91], c○ 2017 IEEE

It can be seen that the reflection coefficient is lower than -10 dB for a frequency
range from 76 GHz to 82 GHz, which translates to 7.5% impedance matching
bandwidth. Also shown is the broadside realized gain, which shows a maximum
broadside gain of 11 dBi at 79 GHz and a 3 dB gain bandwidth of about 7 GHz.
The radiation pattern in the E-Plane and H-Plane are shown in Fig. 4.23b
and Fig. 4.23c respectively. A broadside radiation pattern is achieved, with
cross-polarized radiation suppression of more than 30 dB in broadside. In the
E-Plane, a slight asymmetry is seen in the radiation pattern due to the offset
placement of the thin film over the SIW. The antenna has a broadside H-Plane
beamwidth of 43∘ and E-Plane beamwidth of 49∘ at 78 GHz.

Parametric analysis and positioning tolerances

Parameters that mainly determine the SIW coupling and frequency response of
the single element are varied and shown in Fig. 4.24. These include the length
of the radiating edge of the grid element lr , the SIW coupling slot length sl
and the parasitic element length pl. The parameter analysis shows that the
performance of the double grid element is most sensitive to changes in the
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Fig. 4.24: Parametric analysis of single antenna element. All other dimensions
are as listed in Table 4.3 [91], c○ 2017 IEEE
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Fig. 4.25: Reflection coefficient single element with thin film positioning errors
in mm [91], c○ 2017 IEEE
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4.3 Stacked grid antenna array

lengths lr and pl, and more robust to changes in sl.
Similar to Section 4.2.1, a robustness analysis of the antenna design is per-

formed, whereby the positioning errors of the thin film on the PCB are sim-
ulated. The reflection coefficient results are shown in Fig. 4.25. The different
curves show the effect of simultaneous positioning errors in the x and y axes. It
can be seen that even with positioning errors in both the axes simultaneously,
the reflection coefficient is lower than -10 dB for a frequency range of 76.6 GHz
– 81.5 GHz over all values. Farfield results with positioning errors, not shown
here, are virtually the same as for the nominal positioning case, showing that
the energy couples from the PCB to the thin film for all position tolerances
adequately.

4.3.2 Array design

Using the single thin film element, an array is designed. The thin film radi-
ating element including the feed structure has a size 𝑙x = 4.2 mm and 𝑙y =
3.75 mm. Considering the requirements for the radiating aperture of 𝐷x =
15–20 mm in one plane and 𝐷y=3–5 mm in the other plane in Section 1.2.2, a
1×4 array using these elements, with a simple corporate feeding network, can
be realized. The array factor for the resulting array can be calculated using
Eq. 1.2.2 for the E-Plane and the H-Plane. Multiplying those with the single
element simulated radiation patterns shown in Fig. 4.23 gives us the total ex-
pected radiation pattern of the array. The array factors and total radiation
patterns in the E-Plane are shown in Fig. 4.26. In the H-Plane, since a single
element is used, the element pattern in Fig. 4.23c describes the array radiation
pattern. In the E-Plane, array factors for a four element array are calculated
at 76 GHz. The patterns are calculated for the co-polarized gain. The patterns
are calculated twice, once for an equal power division, and once for an unequal
power distribution, with a power ratio of 2:1 between the central and side ele-
ments. An unequal power distribution is chosen in order to achieve amplitude
tapering which results in lower sidelobes for the array. Both the equal and
unequal power divisions will be realized using the feed networks described in
the following section.

The results of the calculated array factors and total radiation patterns are
shown in Fig. 4.26. It can be seen that due to the spacing of 4.2 mm which
is greater than 𝜆0, grating lobes appear for both the calculated array factors.
This results in high sidelobes at 60∘ for both the calculated total radiation
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4 Hybrid antennas: Single layer PCB with multilayer thin films

patterns. In the case of unequal power distribution, sidelobes in the central
region are reduced in the array factor, and hence in the total radiation pattern
as well. This indicates the intended effect of the amplitude tapering over the
array. However, this effect is offset by the higher sidelobes in the outer region
due to the large inter-element spacing in the E-Plane.

Feed network

Feed network design is an important component of the array design. With an
optimum feed network design most of the energy is transmitted to and from
the radiating elements without significant losses. There are multiple sources
of losses in the feed network. Losses can occur due to impedance mismatches,
which can be observed through the reflection coefficient. Additionally, for PCB
based antenna arrays, losses in the feed network consist of losses due to the
finite conductivity of the conducting metal, dielectric losses in the substrate,
as well as radiation loss from the feed network. Additionally, for single layer
PCB designs, the size of the feed network has an effect on the antenna array
performance. Since both the feed network and the radiating element share the
PCB area, a compact feed network allows more space for radiating elements,
thereby increasing the aperture efficiency of the antenna array.

The question then arises as to which feed network design achieves the best
overall performance for the intended application. Here, feed networks based on
three commonly used transmission line types are designed and evaluated based
on the mentioned criteria. These transmission lines include SIW, GCPW and
MS lines. A corporate feed network is designed for each line type, with each feed
network terminating in the SIW interface required to connect to the described
antenna element. A corporate feed network requires more space than a series
feed network. However, an antenna array design is simpler to realize using a
corporate feed network, since the feed network is easier to implement and the
array can employ the same antenna elements at all radiating positions.

Substrate integrated waveguide feed network

SIW transmission line based feed networks have gained popularity for mil-
limeter wave antenna arrays recently. An attractive property of SIW transmis-
sion lines is no transmission loss due to radiation, which makes it a suitable
candidate for complex feed networks. The cross-section and electric field of the
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(b) Unequal power division

Fig. 4.26: Array factor and total radiation pattern in E-Plane for 1×4 SGA
array for equal and unequal power distribution
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Fig. 4.27: SIW cross-section and electric field distribution

transmission mode is shown in Fig. 4.27. As can be seen, the metal layer on
the top of the RF substrate shields the energy and prevents it from radiating
along the feed network length.

A symmetric design is employed with a two equal stage power division that
results in 4 outputs with equal power distribution. A compact design was
implemented with the intention to reduce the size and dielectric losses due to
the feed network. A single row of vias was used in the SIW in order to reduce
space. The condition in [93] for negligible leakage loss is fulfilled with a single
via row, considering the choice of via diameter and pitch vd and vp respectively.
The design and performance of the feed network is shown in Fig. 4.28. The size
of the feed network is related to the length siwl which is 11.1 mm for the SIW
feed network. The reflection coefficient stays below -10 dB for the frequency of
operation. Since it is a symmetric design, transmission results for port 2 and
3 are shown which show equal power distribution for the operating frequency
range.

Grounded coplanar waveguide feed network

The GCPW transmission line, also popular in millimeter wave antenna de-
signs, has also been used to design the feed network. Cross section of the GCPW
transmission line and the electric field distribution is shown in Fig. 4.29. The
GCPW transmission line is characterized by a central conducting metal trace
with width wgc, separated from coplanar metal layers on both sides by a gap g,
and a ground plane below a substrate of thickness hPCB. The coplanar metal
layers are grounded using metal vias with diameter vd. The conducting mode is
a quasi-TEM mode, with electric field concentrated between the central metal
trace and the ground plane, as well as between the central metal trace and
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Fig. 4.28: Geometry and simulated results for SIW feed network [91], c○ 2017
IEEE
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Fig. 4.29: GCPW line cross-section and electric field distribution

the coplanar ground plane. As can be seen, despite the concentration of fields
between the signal and coplanar ground planes, a portion of the electric field
is in the air, so called fringing fields. These fringing fields are responsible for
radiation due to the feed network.

The feed network here was designed symmetrically with two stage power
division that results in 4 outputs. The first power division is an equal T-
junction power divider. The input GCPW transformed and equally divided
in the first stage. In the second stage, power distribution is performed in the
ratio 2 : 1 through unequal transformers. To feed the antenna element, a mode
transformation from GCPW to SIW is performed using a transition based on
the design in [94]. It is defined by the taper angle 𝛼 and transition length lcs.
The size of the feed network is described by the length gcpwl = 5.18 mm.

The described feed network is designed and simulated. The designed feed
network and simulation results are shown in Fig. 4.30. Due to the symmetric
design transmission coefficients only for output ports 2 and 3 are shown. It
can be seen that a wideband impedance matching is achieved with reflection
coefficient remaining below -15 dB. Unequal power distribution is also achieved
with transmission coefficients for the central ports being approximately 2.5 dB
more than the outer ports.

Microstrip feed network

A MS power divider was also designed to feed the antenna array. The cross
section and electric field of the MS feed line is shown in Fig. 4.31. A quasi-TEM
mode is excited, with the electric field concentrated between the signal line and
ground plane. However, a significant portion of the field lines are in the air,
which can result in unintended radiation at bends and other disturbances in
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Fig. 4.30: Geometry and simulated results for GCPW feed network, [91], c○
2017 IEEE
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Fig. 4.31: MS line cross-section and electric field distribution

Tab. 4.4: Simulated input power and loss components in dBW, and size in
mm for SIW, GCPW and MS based feed network at 77 GHz

T-Line type Inp. power Dielect. loss Cond. loss Rad. loss Size
SIW -3.01 -9.19 -12.82 -52.62 9.05

GCPW -3.01 -12.88 -14.81 -11.96 5.18
MS -3.01 -11.87 -14.73 -12.27 6.50

the feed network. Like the SIW and GCPW feed networks, a symmetric design
with two stage power division was applied here as well. Similar to GCPW, the
power division is performed here equally in the first stage, and unequally in the
ratio 2 : 1 in the second stage. To feed the antenna element, the microstrip line
is converted to SIW using the transition as shown in [38]. The taper length
and width at SIW of this transition are lmt and wmt respectively.. The total
length of the power divider is given by the length msl = 6.50 mm.

The designed model and simulation results of the power divider are shown
in Fig. 4.32. Due to symmetry, results are only shown for the output ports 2
and 3. It can be seen that a wideband performance is achieved with reflection
coefficient remaining below -15 dB in the operating frequency range, and the
transmission coefficients at the inner ports are, on average, 2.5 dB more than
the outer ports.

Comparison of feed networks

In order to compare the feed networks in terms of size and loss mechanisms,
the simulated input power, feed network loss components, and size for each
transmission line type can be used as metrics. These are summarized, at the
operating frequency of 77 GHz, in Table 4.4. As can be seen, all feed networks
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Fig. 4.32: Geometry and simulated results for MS feed network [91], c○ 2017
IEEE
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Tab. 4.5: Optimized geometrical parameters for feed networks. All length
dimensions in mm [91], c○ 2017 IEEE

siwl 𝛼 lcs lti1 wti1 wti2 lti2
9.05 20∘ 0.55 0.65 0.23 0.35 0.63
lto2 wto2 g wgc gcpwl wmt lmt
0.68 0.20 0.10 0.10 5.18 0.55 2.00
wmi wti3 lti3 lti4 wti4 wto4 msl
0.10 0.27 0.73 0.63 0.35 0.68 6.50

are simulated with the same input power. The first loss mechanism considered
is the dielectric loss, caused due to dissipation within the substrate. There it
can be seen that the maximum dielectric loss is simulated for the SIW feed
network, followed by the MS and GCPW feed networks respectively. For the
SIW, as can be seen in Fig. 4.27b, the complete electric field is concentrated
in the dielectric between the metallized layers. This causes larger losses as
the signal travels, due to dissipation within the dielectric substrate. In the
simulated design, this loss is -9.19 dBW. Considering the GCPW feed network,
it has a simulated dielectric loss of -12.88 dBW. The electric field distribution
is shown in Fig. 4.29b. This is more than 3 dB lower than SIW, due to the fact
that not all the field lines are in the dielectric substrate. A portion of the field
lines is in the air, and also between the coplanar ground planes. For the MS
feed, the electric field is shown in Fig. 4.31b. The radiation loss at -11.87 dBW
is slightly higher than for the GCPW feed. This is because that for GCPW,
more field lines are present in the air between the coplanar ground planes due
to which the total substrate dissipation loss is lower.

Considering the conductor loss, the SIW has -12.82 dBW loss, which is higher
than GCPW and MS due to higher metallization required for SIW mode.
GCPW and MS feed lines, with -14.81 dBW and -14.73 dBW are lower than
SIW, and similar due to similar metallizations. In terms of radiation loss, SIW
has practically negligible radiation loss at -52.62 dBW, due to the all round
metallization. GCPW and MS feed networks have similar but non-negligible
radiation losses, due to non-negligible portion of the electric field in the air,
which radiates at all discontinuities and can deteriorate the antenna radiation
pattern. In terms of size, the SIW feed has a much larger space requirement for
the feed network, due to the width of the SIW transmission line. GCPW and
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4.3 Stacked grid antenna array

and MS feed networks are more compact and have similar space requirements.
GCPW feed network has smaller a space requirement than MS feed network,
although MS feed network can be optimized for space further by reducing the
SIW portion after the transition from microstrip to SIW.

4.3.3 Measurement results and discussion

Waveguide
transition SIW feed

network

MS feed
network

GCPW feed
network

Wafer probe transition

Fig. 4.33: Photographs of manufactured antennas [91], c○ 2017 IEEE

The described antennas were manufactured and a subset of the manufactured
PCBs is shown in Fig. 4.33. The same thin film element is used in all the
antenna arrays. The MS, GCPW and SIW feed networks are also shown. The
figure also shows two different transitions preceding the antenna feed networks
to enable reflection coefficient and antenna pattern measurements respectively.
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4 Hybrid antennas: Single layer PCB with multilayer thin films

For the reflection coefficient measurements, the on-wafer probe setup described
in Section 2.3.1 was used. In order to enable reflection coefficient measurements
with the wafer prober, the antenna feed networks are preceded by coplanar
microstrip transition. For the radiation pattern measurements, the waveguide
based measurement setup described in Section 2.3.2 was used. A waveguide to
microstrip transition, based on [95] and adapted for an operating frequency of
77 GHz is used to connect the PCB to the measurement setup. This transition
achieves a wide impedance matching bandwidth and a low maximum one way
transmission loss of 0.45 dB [90]. For each type of feed network, samples with
both types of transitions were manufactured.

Impedance bandwidth and broadside gain

Fig. 4.34 shows the full-wave simulated and measured reflection coefficients and
gains of the antenna arrays. Looking at the reflection coefficients, it can be
seen that there is a good agreement between measured and simulated results
for all feed networks. Measured reflection coefficient < -10 dB bandwidth for
the SIW feed antenna is 7.8% (76.3–82.5 GHz), for the GCPW feed antenna is
11.3% (76.3–85.5 GHz) and for the MS feed antenna is 11.3% (75.7–84.8 GHz)
respectively.

In terms of the realized gain, the measured values are lower than the simu-
lated gain for all antenna types. Partially, this can be attributed to fabrication
tolerances of the antenna and the alignment tolerances of the thin film on the
PCB as well as the waveguide to microstrip transition that was used for the
radiation pattern measurements. A large source of the discrepancy however is
the difference in the PCB substrate loss tangent value of 0.0018 in the data
sheet [21] and actual loss tangent values at 77 GHz. Actual values extracted
from ring resonator measurements [79] show the loss tangent to be 0.01. The
simulated gain using the adjusted loss tangent values are also plotted and they
are much closer to the measured gain values. The remaining difference can be
caused through extra losses through the waveguide to microstrip transition or
manufacturing tolerances.

Maximum measured realized gains within the frequency band 77-81 GHz oc-
cur at 80 GHz for all anntenas. They are 9.2 dBi for the SIW feed antenna,
11.3 dBi at for the GCPW feed antenna and 12.1 dBi for the MS feed antenna
respectively. The difference in gain values between the antenna arrays can be
attributed to the difference in losses due to the different sizes and transmission
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Fig. 4.34: Simulated and measured reflection coefficient and realized gain of
antenna arrays [91], c○ 2017 IEEE
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(c) Results at 81 GHz

Fig. 4.35: Simulated and measured radiation pattern of 1×4 SGA antenna
array with SIW feed [91], c○ 2017 IEEE
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line modes of each feed network. As seen in the simulation models described in
Section 4.3.2, the SIW feed network suffers the largest dielectric and conductor
losses because of the higher dissipation loss within the substrate over its com-
plete length. The GCPW and MS feed networks have similar losses. Here, the
difference can be attributed to manufacturing tolerances or those through the
waveguide to microstrip transition. Gain values for all antennas remain within
3 dB of the maximum over the operating frequency band of 77-81 GHz except
for the MS feed antenna at 78 GHz.

Radiation pattern

A 1 × 4 linear array was designed in the E-Plane with only a single element in
the H-Plane. Hence, a more directive beam is expected in the E-Plane. The
single thin film element width is given by tfw= 3.80 mm. Including a 0.4 mm
gap between the thin films, we obtain an inter-element distance of 4.20 mm in
the array. At the operating frequency of 77 GHz (𝜆0 = 3.90 mm) this equals
1.07 𝜆0. Due to the distance and the small number of elements in the array,
higher side-lobes are expected than what would normally occur in an array of
this size.

Simulated and measured radiation patterns of SIW feed, GCPW feed, and
MS feed antennas are shown in Fig. 4.35, Fig. 4.36 and Fig. 4.37 respectively.
The results are shown for the frequencies 76 GHz, 79 GHz and 81 GHz and
for the E-Plane and H-Plane. For all feed network types, a broadside main
beam is measured in both planes. For the H-Plane, the measured results agree
well with simulated values for the main beam and side-lobe levels. A 3 dB gain
beamwidth of about 40∘ is measured in the H-Plane, with a minimum side-lobe
suppression of 18 dB over the operating frequency range for all feed networks.
An exception to this is seen at 81 GHz for the GCPW feed antenna where side-
lobes increase for negative angles. For the E-Plane, a 3 dB gain beamwidth
of about 12∘ is measured for all feed network types at 79 GHz, and the main
beam corresponds well with simulated results for all feed networks. Higher side-
lobes are seen in general for the measured radiation pattern compared to the
simulated results. Differences in element height due to the adhesive can cause
changes in coupling coefficients between the thin film and PCB. This would
manifest itself as modifications in the weighting coefficients in the antenna array
causing increased side-lobes. Secondly, due to the feed network radiation, which
is present for MS and GCPW feed networks, an additional radiation component
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(c) Results at 81 GHz

Fig. 4.36: Simulated and measured radiation pattern of 1×4 SGA antenna
array with GCPW feed [91], c○ 2017 IEEE
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(c) Results at 81 GHz

Fig. 4.37: Simulated and measured radiation pattern of 1×4 SGA antenna
array with MS feed [91], c○ 2017 IEEE
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can deteriorate the antenna radiation pattern. Radiation efficiencies of 19.1%
for SIW feed, 34.0% for GCPW feed and 37.2% for MS feed network were
obtained respectively.

4.4 Conclusion

In this chapter, a novel approach to design multilayer thin film antennas at-
tached to single layer PCBs was shown. This approach offers an alternative to
multilayer PCBs to design wideband multilayer antenna arrays. The thin films
consist of RF substrate and are manufactured in the same way as multilayer
PCBs. They are attached to the manufactured single layer PCB by means
of a die-bonder technique using an epoxy adhesive. As an application of this
approach, two different antenna designs were developed in this chapter. The
aperture coupled stacked patch antenna was the first design developed. Using
multilayer thin films, a GCPW fed aperture coupled stacked patch element was
realized. A wideband impedance matching was simulated. An array design of
2 × 8 elements was designed in order to obtain large gain. In order to reduce
inter-element spacing to avoid grating lobes in the E-Plane, a novel power di-
vider based on microstrip to stripline transition was developed. The measured
reflection coefficient results showed an impedance matching bandwidth of 19%
(67.9–82.5 GHz) and maximum realized gain of 16.3 dBi.

The stacked grid antenna was the second design developed using hybrid thin
film approach. Using a double grid element on the first thin film layer and
additional parasitic elements on the thin film layer above it, a novel antenna
element was demonstrated. A wideband impedance matching bandwidth of
7.5% (76.0–82.0 GHz) was simulated for the single element. To demonstrate
the flexibility of the design approach, corporate feed networks on a single layer
PCB, based on SIW, GCPW and MS transmission lines, were designed to
create three different 1 × 4 array geometries using the same antenna element.
Antenna arrays were manufactured using all these concepts. Measurement
results showed an impedance matching bandwidth of 7.8% (76.3–82.5 GHz) for
the SIW feed array, 11.3% (76.3–85.5 GHz) for the GCPW feed array, and
11.3% (75.7–84.8 GHz) for MS feed array. In terms of maximum realized gain,
measurement results showed 9.2 dBi for the SIW feed array, 10.7 dBi for the
GCPW feed array, and 12.1 dBi for MS feed array. The difference in gains
between the arrays can be attributed to the different losses in the feed networks.
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4.4 Conclusion

The difference with simulated results can be attributed to higher substrate loss
tangent values, additional losses in the waveguide to microstrip transition, and
manufacturing tolerances.

It has been shown, through the investigated examples, that using the novel
hybrid thin film antenna approach, it is possible to create multilayer radiating
elements with a single layer PCB. Additionally, it has also been seen that there
is great flexibility, both in the design of the antenna element, as well as the
antenna array design. Furthermore, these antenna concepts are robust to thin
film positioning errors and can be realized through conventional processes used
in automotive radar manufacturing. These qualities make the hybrid thin film
approach an attractive alternative to conventional single layer and multilayer
PCB antenna designs.
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In this chapter, a comparison of the multilayer antenna concepts presented in
Chapter 3 and Chapter 4 will be made. As examples of these concepts, the
designs investigated in this work will be used. The concepts will be compared
based on automotive radar antenna performance requirements described in
Section 1.2.2. The pros and cons of employing each multilayer concept will
be identified. Based on the comparison, insights gained for future multilayer
automotive radar antenna designs will be mentioned.

5.1 Hybrid vs. Multilayer antennas

The generic layer stackup for multilayer antennas based on multilayer PCBs
and hybrid thin film antennas are shown in Fig. 2.3 and Fig. 4.1 respectively.
As described, the main difference between both approaches is the configuration
of the RF PCB. In the conventional multilayer PCB approach, the complete
antenna design and feed network is realized on multiple substrate layers. In
the novel hybrid thin film approach investigated in this work, a single layer RF
PCB is used. On the PCB, the feed network is designed, and the multilayer
radiating element is implemented on the multilayer thin film.

Considering the automotive radar antenna requirements described in Sec-
tion 1.2.2, Table 5.1 lists the antenna designs presented and compares them
based on some key performance criteria. The comparison between the pre-
sented designs with regards to each requirement is discussed in the following
sections.

5.1.1 Impedance bandwidth

In terms of impedance matching, all antenna designs are able to achieve more
than the required minimum impedance matching bandwidth required to cover
the 76–81 GHz band, which is about 6.3%. Comparing the hybrid thin film
based antennas, the ACSP antenna is able to achieve the largest impedance
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5 Comparison of multilayer antenna concepts

Tab. 5.1: Comparison of multilayer antenna array designs presented

No.
of
layers

Antenna
type

No. of
elements

Size [mm3]

(Dim. excl. feed)

Imped.
band-
width
[%]

Gain
[dBi]

Apert.
effic.
[%]

Radiat.
effic.
[%]

2 Grid (Via) 1×10 25.5×5.5(2.7)×0.7 12.1 17.2 43.0 87.0

3 Grid (Slot) 1×10 48.6(26.0)×3.3(2.8)×0.4 12.1 10.1 7.0 25.0

1* Patch
(ACSP)

2×8 20.3×7.9(4.3)×0.1** 19.0 15.4 30.0 74.0

1* Stacked
double grid
(SIW)

1×4 17.4×12.3(3.8)×0.1** 7.8 9.2 4.7 19.1

1* Stacked
double grid
(GCPW)

1×4 16.6×7.7(3.8)×0.1** 11.3 10.7 11.1 34.0

1* Stacked
double grid
(MS)

1×4 16.6×10.9(3.8)×0.1** 11.3 12.1 10.8 37.2

* Thin films with two layers attached additionally at antenna positions
** Additional thickness at thin film position appr. 0.2 mm

matching bandwidth with 19.0% , whereas the SIW stacked double grid an-
tenna array achieves the lowest impedance matching bandwidth of 7.8%. Both
the multilayer PCB antennas achieved an impedance matching bandwidth of
12.1 %. Hence it can be said that both multilayer PCB and single layer hybrid
antennas are able to achieve the impedance matching requirement for automo-
tive radar antennas. Due to the use of stacked configurations in the hybrid thin
film approach, they were able to achieve the overall largest impedance matching
bandwidth. For multilayer PCB based antennas such large impedance band-
width is also possible, if a similar stacked or parasitic radiating element is used.
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5.1 Hybrid vs. Multilayer antennas

5.1.2 Realized gain

In terms of gain requirement, a range of 12.6–18.4 dBi realized gain was cal-
culated for the antenna arrays in Section 1.2.2. Among the antenna designs
presented, the coaxial fed grid array antenna, with 17.2 dBi as well as the
aperture coupled stacked patch antenna with 15.4 dBi achieve this requirement.
Other antenna arrays were not able to achieve the realized gain requirement
due to losses within their respective feed networks. The cause of these losses
were different for each design.

Considering the multilayer PCB based antennas, even though both designs
used the same radiating element, gain values varied considerably between them,
due to different losses within the feed network. This was due to the difference
in the length of the feed network implemented for each design. Whereas only
a single layer substrate below the antenna was required for the coaxial feed
design, multiple layer transitions were required for the SIW slot fed design
whose feed network originated on the top substrate layer.

Considering the thin film antenna designs, although there were no layer tran-
sitions, the feed network losses were still relatively high. These losses were
however, due to the corporate feed concept used to feed the antenna sub-arrays.
Among the hybrid thin film designs, the ACSP antenna had the most compact
power divider, and hence had the highest gain. A corporate feed network was
chosen for the hybrid thin film antenna arrays since it is simple to design and
guarantees in-phase element excitation required for broadside radiation. It is
however lossy compared to series feed. It is expected that with a series feed
network like those used in the multilayer PCB antennas, losses for thin film
based arrays can also be reduced significantly.

5.1.3 Radiation pattern and stability

The antenna array size requirements as explained in Section 1.2.2, have been
realized by the presented antenna arrays. The dimensions of the presented
designs, including and excluding the feed, are listed in Table 5.1.

Among all the designs, the coaxial fed grid array antenna achieves the best
performance in terms of side-lobe suppression and pattern stability. A side-lobe
suppression greater than 12 dB over the measured frequency range (76–85 GHz)
is measured in the elevation plane. The feed network is realized completely on
the bottom substrate and hence does not radiate. The SIW slot fed array,
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although it uses the same radiating element, suffers from a highly distorted
pattern due to radiation by the feed network.

Considering the hybrid thin film antennas, apart from the ACSP antenna, all
antennas achieve expected broadside radiation in both radiating planes over the
complete frequency band due to the usage of full corporate feed networks. In
terms of side-lobe suppression in the elevation plane, the ACSP antenna array
has a maximum side-lobe suppression of 12 dB. All stacked double grid antenna
arrays have maximum side-lobe suppression of about 10 dB. Measured side-lobe
suppression is less than the simulated results would suggest, for the hybrid thin
film antennas. Manufacturing tolerances and feed network parasitic radiation
cause this deterioration. Although manufacturing tolerances will remain, they
can be reduced through better manufacturing and attachment process control.
The parasitic radiation effects of the feed network can be significantly reduced
by implementing series feed networks. It is expected that with such changes,
the sidelobe suppression of hybrid thin film antenna arrays can be improved.

5.1.4 Radiation and aperture efficiency

Radiation and aperture efficiencies are important indicators of antenna perfor-
mance for automotive radar application, as described in Section 1.2.2. Com-
paring the multilayer PCB antennas, there is a stark difference in the radiation
and aperture efficiency of the slot fed grid array antenna (25% and 7% respec-
tively) and the coaxial via fed grid array antenna (87% and 43% respectively).
Although the radiating apertures of both antennas are nearly identical, the via
fed array achieves a much higher radiation and aperture efficiency. The reason
for this a compact feed network realized completely on the bottom substrate
layer. The slot fed grid array antenna also has a portion of the feed network
below the radiating aperture. However, the longitudinal slot based multilayer
transition takes up significant area on the top substrate layer, and is also lossy.
This results in lower radiation and aperture efficiencies of the array.

Among the hybrid thin film based antennas, the ACSP antenna has the
smallest feed network size, and achieves the highest radiation and aperture ef-
ficiency (74% and 30% respectively). It is followed by the SGA with MS feed
(37.2% and 10.8% respectively) and GCPW feed (34.0% and 11.1% respec-
tively). The SGA with SIW feed achieved the lowest radiation and aperture
efficiency (19.1% and 4.7% respectively). The corporate feed implemented for
all thin film antennas, results in a larger feed network size with more losses,
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and hence a lower radiation and aperture efficiency.
It can be understood intuitively that multilayer PCB antennas are potentially

more radiation and aperture efficient than single layer hybrid antennas since
they allow the complete feed network to be implemented on a separate PCB
layer, thereby allowing the radiating elements to occupy the complete antenna
aperture on the top substrate layer. However, as seen in measurements, through
the use of compact power dividers, even thin film single PCB layer antennas
can approach the performance of multilayer PCB antennas. By implementing
centrally fed series arrays, radiation and aperture efficiencies can potentially
be improved even further.

5.1.5 Manufacturing simplicity and design robustness

For commercial automotive radar antennas, two important requirements, in
addition to the performance requirements, are manufacturing simplicity and
design robustness. In terms of the manufacturing process, multilayer PCB
antennas require two or more RF substrates to be stacked on top of each other.
Depending on the antenna design used, multilayer layer vias also need to be
realized on the PCB. Both of these steps can result in manufacturing tolerances,
such as layer or via misalignment. Simulative tolerance analysis was performed
for coaxial via fed and SIW slot fed grid array antennas in in Section 3.1.4 and
Section 3.2.4 respectively. The results show that the coaxial via fed result is
more robust to manufacturing tolerances than SIW slot fed grid array antenna.
This is due to the comparatively simpler design of the feed network.

It can be intuitively understood that for multilayer PCB structures with
multiple vias, the combined effect of layer and via misalignment can cause the
tolerance chain to grow very quickly, which can cause antenna designs to not
operate optimally. Additionally, misalignment in the buried substrate layers is
not visible on the top layer, hence locating and identifying such a misalignment
becomes difficult.

For the hybrid thin film antennas, the manufacturing process involves only
a single layer RF PCB. The thin films, produced separately only have etched
copper structures, do not incorporate vias, and are smaller in size. This makes
them simple to manufacture. When attached to the single layer PCB, the
feeding method is also based on slots and no galvanic contact is involved. The
main source of manufacturing tolerance is the thin film positioning on the
PCB. A tolerance analysis was performed for the ACSP and SGA antennas
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in Section 4.2.1 and Section 4.3.1 respectively. The results showed that even
with thin film positioning errors of ±100 µm simultaneously in both lateral
directions, the impedance matching and single element antenna performance
doe not get affected significantly. It can be said that overall manufacturing
simplicity and design robustness of hybrid thin film antennas is greater than
for multilayer PCB antennas.

5.1.6 Integration with EWLB package based radar transceivers

Due to the proliferation of the EWLB package technology in automotive radar
system design due to its favorable properties, antenna arrays that can be in-
tegrated with these packages easily are preferred in commercial applications.
As mentioned in Section 1.2.2, mostly the EWLB package is mounted on the
top RF layer of the radar PCB using SMT. Hence, the feed network for the
antenna originates on the top substrate layer. Among the multilayer PCB de-
signs presented, the via fed variable width grid array antenna design, despite
all its merits, cannot be integrated with the EWLB package on the top sub-
strate layer directly since its feed network originates on the bottom substrate
layer. Depending on whether the EWLB MMIC package is mounted on the
top or bottom layers of the radar PCB, additional via or slot based transitions
are required to connect it to the radar transceiver and the antenna. Such mea-
sures are expected to increase the losses in the feed network, and make the
design more sensitive to manufacturing tolerances. For all the other presented
designs, feed networks originate on the top substrate layer. Hence they can
be integrated with top layer mounted EWLB package based radar transceivers
without any changes.

5.2 Conclusion

Multilayer PCB antennas and hybrid thin film single layer PCB antennas differ
in construction and layer stack up, but achieve the goal of wideband antenna
performance. Both approaches have their benefits and disadvantages with re-
gards to automotive radar application. The main advantages of multilayer PCB
antennas are due to the possibility of burying the complete feed network below
the radiating aperture. With the correct feed network concept, this results
in a low loss feed network, whose radiation does not affect the antenna radi-
ation pattern. The antenna aperture can be completely be used by radiating
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elements, which increases the antenna radiation and aperture efficiency.
The disadvantages of multilayer PCB antennas, however, are due to their

manufacturing complexity and design robustness. Layer and via misalignment
can cause performance degradation, and buried substrate layers are difficult to
inspect during production. Additionally, low loss connection with EWLB radar
transceiver packages is a challenge.

The proposed hybrid approach employing single layer PCBs and multilayer
thin films has its main advantages due to the relatively simple manufacturing.
Compared to single layer antennas, the only additional manufacturing toler-
ances are those due to the thin film positioning. The antenna concepts shown
in this work are robust to such tolerances in terms of performance.

The disadvantages of the presented hybrid thin film concepts are due to
the presence of the corporate feed network on the radiating aperture. Due
to its large space requirements, radiation and aperture efficiency are reduced.
The feed network radiation affects the antenna radiation pattern. Efficient
series feed networks with low loss and low radiation can improve the overall
performance of hybrid thin film antennas.
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The presented work investigates antenna concepts for wideband multilayer an-
tennas for automotive radar applications for the 76–81 GHz frequency range.
Based on requirements for such antenna arrays, two different approaches are
taken to design the antennas. These approaches differ in terms of the RF PCB
design. The first approach is to design conventional multilayer PCB antennas.
Two antennas are designed as examples of this approach. Both antenna designs
employ a variable width linear grid array antenna as the radiating element, but
have different feed networks. In the first design, a two substrate layer PCB is
used, the microstrip feed network originates on the bottom substrate layer, and
the antenna array is fed using multilayer vias. The array design is optimized to
achieve low side lobes. Measurement results on the manufactured array show
a wideband impedance and radiation performance with optimum gain.

The second antenna design employs a three substrate layer PCB. Its feed
network originates on the top layer, whereby the energy is transferred to the
bottom substrate layer through a novel multilayer SIW feed network. The grid
antenna array is fed using slots through the ground plane. Due to its overall
size, parasitic radiation, and substrate losses within the multilayer feed network,
this antenna design neither achieves the required gain nor the radiation pattern
for automotive radar applications.

The second approach to design multilayer antennas uses a single substrate
PCB, combined with multilayer thin films. This hybrid thin film approach is
presented as a novel alternative to design multilayer antennas. The complete
feed network is realized on the PCB, and multilayer thin films, attached to the
PCB, house the complete antenna element. After explaining manufacturing
details, two different antenna array designs are presented as examples of this
approach. The first design is a GCPW aperture coupled stacked patch antenna.
The GCPW corporate feed network is realized on the single layer PCB, and
each stacked patch element is realized on a two layer thin film. A novel sub-
array power divider is designed to make the array size compact. Measurements
on a manufactured array show wideband performance, both in terms of gain
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and radiation pattern. The operating frequency is shifted from the design
frequency due to thin film substrate dielectric modelling errors.

The second hybrid thin film design employs a novel antenna element, namely
a stacked double grid. Here as well, a two layer thin film is used to realize the
antenna element. The feed network is realized completely on the single layer
PCB. After describing the impedance and radiation properties of the antenna
element, corporate feed network based antenna array designs are presented
with three different transmission line types, namely the SIW, GCPW and MS.
Measurement results show sufficient wideband performance in terms of radia-
tion pattern for all three designs. MS and GCPW based arrays show sufficient
gain, however the SIW based array has low gain due to feed network losses.

A comparison, based on the investigated designs, shows the strengths and
weaknesses of each approach to design multilayer automotive radar antennas.
For most performance criteria, hybrid thin film designs provide similar per-
formance to multilayer PCB designs. Additionally, manufacturing simplicity,
design robustness and flexibility are strengths of hybrid thin film designs, which
make the approach suitable for future automotive radar applications.
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List of acronyms and abbreviations

ABS . . . . . . . . Anti-lock braking System

ACC . . . . . . . . Adaptive cruise control

ACSP . . . . . . . Aperture coupled stacked patch

ADAS . . . . . . . Advanced driver assistance system

ADC . . . . . . . . Analog to digital converter

AF . . . . . . . . . Array factor

AUT . . . . . . . . Antenna under test

CPW . . . . . . . . Coplanar waveguide

DAS . . . . . . . . Driver assistance system

DBF . . . . . . . . Digital beamforming

DSP . . . . . . . . Digital signal processing

ESC . . . . . . . . Electronic stability control

EWLB . . . . . . . Embedded Wafer Level Ball Grid Array

FMCW . . . . . . . Frequency modulated continuous wave

GCPW . . . . . . . Grounded coplanar waveguide

GSG . . . . . . . . Ground-signal-ground

LO . . . . . . . . . Local oscillator

LTCC . . . . . . . Low temperature co-fired ceramics
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MMIC . . . . . . . Monolithic microwave integrated circuit

MRR . . . . . . . . Medium range radar

MS . . . . . . . . . Microstrip

PCB . . . . . . . . Printed circuit board

PLL . . . . . . . . Phase-locked loop

RF . . . . . . . . . Radio frequency

S-Parameter . . . . Scattering parameter

SGA . . . . . . . . Stacked grid antenna

SIW . . . . . . . . Substrate integrated waveguide

SLL . . . . . . . . Side-lobe level

SMT . . . . . . . . Surface-mount technology

TE . . . . . . . . . Transverse electric

TF . . . . . . . . . Thin film

VNA . . . . . . . . Vector network analyzer
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