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Hybrid Thin Film Antenna for
Automotive Radar at 79 GHz

Osama Khan, Johannes Meyer, Klaus Baur, and Christian Waldschmidt, Senior Member, IEEE

Abstract— A novel hybrid approach to designing multilayer
antennas for automotive radar using a thin single layer printed
circuit board and multilayer thin films is presented in this paper.
A new substrate integrated waveguide (SIW) slot fed stacked grid
antenna element is designed using this approach. The flexibility of
this approach in designing antenna arrays is shown by integrating
the same antenna element with three different feed networks
based on SIW, grounded coplanar waveguide (GCPW), and
microstrip (MS) transmission lines. The antenna is designed to
operate in the frequency band between 77 and 81 GHz for
automotive radar. Measurement results on 1 x 4 arrays show
an impedance matching bandwidth and a realized gain of 7.8%
(76.3-82.5 GHz) and 9.2 dBi, respectively, for SIW feed antenna,
11.3% (76.3-85.5 GHz) and 10.7 dBi, respectively, for GCPW feed
antenna, and 11.3% (75.7-84.8 GHz) and 12.1 dBi, respectively,
for MS feed antennas. The proposed antenna can be used for
medium- and short-range automotive radar applications.

Index Terms— Automotive radar, grid array antenna,
grounded coplanar waveguide (GCPW), microstrip (MS),
single-layer, substrate integrated waveguide (SIW), thin films,
wideband antenna array.

I. INTRODUCTION

ILLIMETER waves have received a lot of interest in

both the academic and research community recently.
Development of high precision manufacturing technologies,
coupled with regulations supporting the use of millimeter-
wave spectrum for commercial applications has enabled the
development of sensor and communication systems employing
millimeter waves. An important component of these systems,
the antenna has been the subject of many research investiga-
tions. Antenna designs for the 60 GHz unlicensed short-range
band [1]-[6] for point-to-point communication links, as well as
automotive radar at 24 [7] and 77 GHz bands [8]-[12] among
other applications have been extensively researched.

Cost effective antenna arrays with high gain and large band-
width are the preferred choice for many millimeter-wave appli-
cations. Hence, considerable effort has been made to increase
the antenna gain and impedance matching bandwidth without
substantially increasing manufacturing costs and complexity.
Single layer printed circuit board (PCB) antenna designs are
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the simplest to manufacture. However, integrating the feed
network and radiating elements on a single layer generally
requires a compromise between radiation and power distrib-
ution properties. Increasing substrate thickness, or employing
a lower dielectric permittivity substrate enables a wideband
antenna operation. This comes, however, at the expense of
increased substrate waves and losses in the feed network [13].
Single layer designs have employed parasitic elements and
innovative radiating elements [14] to increase the impedance
matching bandwidth.

Multilayer antenna designs provide greater flexibility
and improved performance in terms of antenna element
and feed network design. Using vertically stacked mul-
tiple antenna or impedance matching elements, increased
impedance matching bandwidth can be achieved. For example,
stacked antennas [15] and multilayer slot backed antennas [16]
make use of staggered resonances of individual elements to
increase the overall impedance matching bandwidth. Separate
layers for feed networks and radiating elements allow optimal
choice of substrate material and thickness for each purpose
independently. Additionally, complex feed networks can be
implemented, especially for large arrays, when multilayer
antenna designs are used.

Conventional multilayer PCB technology [17]-[19], as well
as low-temperature cofired ceramic [20] technology have
been used to realize many multilayer antenna designs. These
are complex to manufacture and come with increased costs.
Recently, there have been multilayer designs where the
individual layers are manufactured using single layer PCB
technology and then stacked together using alignment pins
and screws [21]. Such multilayer antenna designs are cost-
effective as they can be manufactured using single layer
manufacturing techniques. Tolerances in PCB alignment or air
gaps between the layers can, however, result in performance
degradation. Alignment pins and screws required in such
designs are also not suitable for robust large-scale manufac-
ture. Another approach uses conductive bonding films with
apertures for stacking multiple substrate layers [22], [23].
While this approach is low cost, it also suffers from PCB
alignment issues for large-scale manufacturing.

In this paper, a new approach to designing multilayer
antennas on single layer PCBs is shown. The approach makes
use of thin films that house the complete antenna element on
them. Using thin films instead of multilayer PCBs provides the
flexibility and performance of multilayer antennas without the
requirements or costs of thick substrates or complex multilayer
feed networks. Additionally, for automotive radar applications,
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Fig. 1. Cross section of the hybrid multilayer antenna.

this approach eases the manufacturing of sensors, since active
elements such as monolithic microwave integrated circuit
packages can be placed on the PCB top layer using conven-
tional techniques [24]. Using the thin-film approach, a novel
stacked grid antenna element for automotive radar frequency
range of 77-81 GHz is presented here. The flexibility of this
approach is shown by designing different transmission line
feed networks using the same radiating element. The structure
of this paper is as follows. In Section II, the structure and
manufacturing aspects are described for a hybrid multilayer
antenna based on thin films and single layer PCBs. The stacked
grid element design is studied and developed in Section III.
The effect of positioning tolerance on the antenna perfor-
mance is also simulated. Section IV describes the feed net-
work designs based on substrate integrated waveguide (SIW),
grounded coplanar waveguide (GCPW), and microstrip (MS)
transmission lines. Measurement results are presented and
discussed in Section V and a conclusion is given in Section VI.

II. HYBRID MULTILAYER ANTENNA

A hybrid multilayer antenna layer stackup is shown
in Fig. 1. It consists of a large single layer PCB with a
smaller thin film attached to it. The thin film itself consists
of two substrate layers. In an array design, multiple thin films
are attached to the PCB. Both the PCB and thin films are
manufactured separately, and they are attached together as
the last manufacturing step. The feed network is present on
the single layer PCB, while the antenna element is designed
on each thin film. A thin single layer PCB with a substrate
thickness of hpcp = 127 um is used, which corresponds to
0.03 g, where A is the free space wavelength at 77 GHz.
Rogers RO3003 is used as the PCB substrate, with €, pcg = 3.
A low-loss feed network is designed on the PCB. The feed
network on the PCB includes coupling structures to the thin
film. Since the thin film is attached to the PCB as a separate
step, electrical coupling structures, such as wires or vias, are
not a mechanically suitable option to couple the energy. Hence,
slots are used as coupling structures. The radiating elements
are located on a multilayer thin-film structure. The thin film
is constructed using Rogers Ultralam 3850 liquid crystalline
polymer laminates and bondply with €.tr = 3.0 to form
a three metallic (or a two substrate) layer structure with a
substrate thickness of =Atr = 127 um each. The parasitic and
primary radiating elements are located on the top (layer 3) and
middle (layer 2) metallic layer of the thin film, respectively.
The bottom metallic layer (layer 1) is etched off except for
alignment structures that facilitate the placement of the thin
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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. The radiating properties of the antenna are thus
determined by the thin-film substrate layers, which enables
independent design of the feed network and radiating element.

The thin film is attached to the PCB at the radiating position
to realize the antenna. The positioning of the thin film needs
to be accurate to achieve the required coupling between the
slot and radiating elements. Thin-film positioning is achieved
using a die bonder [25]. An epoxy-based nonconductive paste
adhesive [26] with a thickness of about 10 um is first
deposited by the integrated dispenser of the die bonder at
the position where the thin film will be placed. Alignment
structures on the bottom layer of the thin film as mentioned
earlier, as well as similar structures on the PCB enable an
automatic accurate positioning using the pick and place head
and integrated camera of the die bonder. A high positioning
accuracy of =7 um in the x- and y-axes can be achieved using
this process.

III. SINGLE ELEMENT DESIGN

The grid array antenna, introduced by Kraus [27] as a wire
antenna has been investigated as an MS-based antenna for
millimeter-wave antennas [5], [7], [28]—[30]. In all its manifes-
tations until now, the antenna has consisted of many rectangu-
lar grid elements that form either a linear or a rectangular array
antenna. In this paper, a radiating element based on a double
grid element is studied, and using parasitic elements, a new
stacked grid antenna configuration is described. Stacking para-
sitic elements on top of radiating elements has been classically
used for MS patch antennas [31]. An additional resonance is
achieved due to the parasitic stacked element. This improves
the impedance bandwidth of the antenna.

Due to its orientation in a possible implementation in auto-
motive radar, the stacked grid element is characterized as ver-
tically polarized. Antennas with different linear polarizations,
such as vertical, horizontal, or 45° tilted polarization have been
used for commercial automotive radar. Antenna polarization is
chosen due to different considerations, with signal interference
between multiple sensors being an important one. A main
argument for the use of 45° tilted polarization is that it reduces
signal interference from other automotive radar [32]. However,
this is not an efficient way of reducing interference, since
both radars can have the same tilted polarization and still have
interference. A better approach is to use digital beamforming
techniques to dynamically reduce interference [33].

The antenna structure, based on the multilayer thin film
and PCB layer stackup described earlier, is shown in Fig. 2.
A layerwise geometry of this element with all geometrical
parameters is shown in Fig. 3. 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 sdf 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 the impedance bandwidth
of the coupling structure. The slot couples to the MS line
on the thin film layer 2. The MS line (with width ew and
length ¢l) feeds the double grid element in parallel. Due to
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Fig. 3. Top view of the stacked grid antenna geometry. (a) PCB top layer.

(b) Thin film layer 1. (¢) Thin film layer 2. (d) Thin film layer 3.

the coupling mechanism, the grid elements radiate in phase
without any additional line length [12]. On the thin film
layer 3, 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 1.

To help understand the impedance bandwidth improvements
of the proposed structure, the SIW slot double grid element
with parasitic elements (shown in Fig. 3) is compared with
the single MS fed grid element as well as the SIW slot fed
grid element without the parasitic elements. These antennas
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TABLE I

OPTIMIZED GEOMETRICAL PARAMETERS FOR A SINGLE
ELEMENT. ALL DIMENSIONS IN mm

sw sdt mdl | msd sl vp vd a
0.10 | 035 | 0.85 | 0.80 | 1.30 | 040 | 0.20 | 2.00
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Fig. 4. (a) SIW fed double grid antenna. (b) MS fed single grid antenna.
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Fig. 5. Comparison of Z,/Zjine for different grid element configurations.

are shown in Fig. 4. To this end, the real and imaginary
components of the ratio of input impedance Z;, to transmission
line impedance Zjjne is plotted for all three configurations
in Fig. 5. For the MS fed single grid element, three electrical
resonances at 61, 76, 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 (Zj,/Zjine) 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, 81, and 86 GHz. However,
due to high impedance ratio Re (Zj,/Zjine) of the first two
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Fig. 6. Electric field distribution for the stacked grid antenna. (a) E-field
TF layer 3. (b) E-field TF layer 2. (c) E-field TF layer 1.

resonances, it is also only matched to the third resonance.
Adding parasitic elements to the structure results in another
resonance at 77 GHz. Additionally, 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 (Zj,/Zjine) and Im (Zi, / Zjipe) remain
around 1 and 0, respectively, from 76 to 82 GHz for the
SIW slot fed double grid with parasitic element. This enables
a larger impedance matching bandwidth for this radiating
element.

The electric field distribution on different layers of the
stacked grid antenna is shown in Fig. 6. It can be seen that
the shorted SIW mode on the PCB in Fig. 6(c) 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. 6(b), the energy is then radiated. Energy is also
coupled to the parasitic elements in Fig. 6(c), located above
the radiating edges of the double grid element. These also
radiate and improve the impedance bandwidth, as described
earlier.

The reflection coefficient of the single antenna is shown
in Fig. 7. It can be seen that the reflection coefficient is lower
than —10 dB for a frequency range from 76 to 82 GHz. 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. 8. A broadside radiation pattern is
achieved, with cross-polarized radiation suppression of more
than 30 dB at 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.

Parameters that mainly determine the SIW coupling and
frequency response of the single element are varied and shown
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Fig. 8. Single element simulated far-field results. (a) Realized gain E-plane.
(b) Realized gain H-plane.

in Fig. 9. These include the length of the radiating edge of
the grid element Ir, the SIW coupling slot length s, and the
parasitic element length pl.

In Section III, it was mentioned that the thin film is placed
on the PCB using a die bonder [25] with very low positioning
error (£7 pum in the x- and y-axes). For series production
with high volume, standard surface-mount technology pick and
place machines are used for automotive radar PCB assembly.
Depending on the machines used, these errors can range
from £30 to £50 um in the x- and y-axes. The effect of
positioning tolerances on the coupling between the PCB and
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Reflection coefficient single element with thin-film positioning

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. 10. 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 76.6-81.5 GHz
over all values. Although far-field results are not shown,
they also vary negligibly from the nominal results due to
positioning errors.

IV. FEED NETWORK

To demonstrate the flexibility of array design using the
proposed antenna element, linear corporate feed networks
using three different transmission line types were designed.
The same thin-film antenna element was used to create the
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Fig. 11.  SIW feed network geometry and performance. (a) Geometry.

(b) Simulated performance.

antenna array using these feed networks. The feed networks
are designed on a single layer PCB and terminate in the SIW
that feeds the antenna element as described earlier. Optimized
geometrical parameters for the feed networks described in the
following are listed in Table II.

A. Substrate Integrated Waveguide Feed Network

A feed network based on SIW transmission line was
designed. A symmetric design is employed with a two equal
stage power division that results in four 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 [34] 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 the performance of the feed network are shown
in Fig. 11. The size of the SIW 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 ports 2 and 3 are shown, which show equal power
distribution for the operating frequency range.

B. Grounded Coplanar Waveguide Feed Network

The GCPW feed network was designed symmetrically with
two-stage power division that results in four outputs. The first
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TABLE II

OPTIMIZED GEOMETRICAL PARAMETERS FOR FEED
NETWORKS. ALL LENGTH DIMENSIONS IN mm

siwl a les Iti1 wtil wti2 2
9.05 | 20° 0.55 | 0.65 0.23 035 | 0.63
Ito2 | wto2 g wge | gepwl | wmt Imt
0.68 | 020 | 0.10 | 0.10 5.18 0.55 | 2.00
wmi | wti3 I3 Iti4 wtid wtod | msl
0.10 | 027 | 0.73 | 0.63 0.35 0.68 | 6.50

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 [35].
It is defined by the taper angle o and transition length les. The
total length of the feed network is given by gepwl = 5.18 mm.
The described feed network is designed and simulated.
Simulation results are shown in Fig. 12. Due to the symmetric
design transmission, coefficients only for output ports 2 and 3
are shown. It can be seen that a wideband performance 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.

C. Microstrip Feed Network

An MS power divider was also designed to feed the antenna
array. Like the SIW and GCPW feed networks, a symmetric
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Fig. 13. MS feed network geometry and performance. (a) Geometry.

(b) Simulated performance.

GCPW feed
network

Fig. 14.  Photographs of manufactured antennas.

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 MS line
is converted to SIW using the transition as shown in [36].
The taper length and width at SIW of this transition are
Imt and wmt, respectively. The total length of the power
divider is given by the length msl = 6.50 mm.
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The designed model and the simulation results of the power
divider are shown in Fig. 13. 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.

V. MEASUREMENT RESULTS AND DISCUSSION

The described antennas were manufactured and a subset is
shown in Fig. 14. The same thin-film element is used in all
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the antenna arrays. The MS, GCPW, and SIW feed networks
are also shown. Fig. 14 also shows two different transitions
preceding the antenna feed networks to enable reflection coef-
ficient and antenna pattern measurements, respectively. For the
reflection coefficient measurements, an on-wafer probe setup
was used. It consists of a vector network analyzer module
PNA-X N5242A-based system whose output is connected to
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TABLE IIT
COMPARISON OF THE PROPOSED DESIGN WITH REPORTED 60, 79, AND 95 GHz ANTENNAS

Ref. Frequency Type Number  Size Number of layers  Impedance  Gain Aperture Radiation
(GHz) of (mm3) bandwidth  (dBi) efficiency efficiency
elements (%) (%) (%)
[5] 60 Grid 4x15 15.0x15.0x0.6 3 9.6 17.7 59.9 n.a.
[9] 79 Grid 1x8 1.9%16.0x1.4 12 10.1 12.4 67.1 52.5
[10] 79 Slotted waveguide 4x4 10.8x7.0x0.1 1 10.7 11.0 19.1 38.0
[19] 95 Patch backed dielec. cube 4x4 30%x20%x2.6 3 7.7 18 n.a 38.0
[16] 60 Cavity backed patch 4x4 17.4x12.3x2.1 4 22.6 19.6 80 54.5
Our work 79 Stacked double grid (SIW)  1x4 174x123x0.1" 1™ 7.8 9.2 4.7 19.1
Our work 79 Stacked double grid (GCPW)  1x4 16.6x7.7x0.1" 1™ 11.3 10.7 11.1 34.0
Our work 79 Stacked double grid (MS) 1x4 16.6x10.9x0.1" 1™ 113 12.1 10.8 372

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

an on-wafer coplanar probe. In order to enable reflection
coefficient measurements with the wafer prober, the antenna
feed networks are preceded by coplanar MS transition. For the
radiation pattern measurements, a waveguide-based measure-
ment setup based on the HP 8360 Synthesized Sweepers [37]
and additional frequency extenders was used. A waveguide to
MS transition, based on [38] 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 transmis-
sion loss of 0.45 dB [39]. For each type of feed network,
samples with both types of transitions were manufactured.

A. Impedance Bandwidth and Broadside Gain

Fig. 15 shows the simulated and measured reflection coeffi-
cients and gains of the antenna arrays. Looking at the reflection
coefficients, it can be seen that there is good agreement
between the 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 simulated 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 MS 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 [40] and actual
loss tangent values at 77 GHz. Actual values extracted from
ring resonator measurements [41] show the loss tangent to
be 0.01. The simulated gain using the adjusted loss tangent
values is also plotted and they are much closer to the measured
gain values.

Maximum measured realized gains within the frequency
band 77-81 GHz occur at 80 GHz for all antennas. They are
9.2 dBi for the SIW feed antenna, 10.7 dBi for the GCPW feed
antenna, and 12.1 dBi for the MS feed antenna, respectively.
The difference in gain values between the feed networks can
be attributed to the difference in losses due to the different
sizes and transmission line modes of each feed network. The
SIW feed network suffers the largest loss, because its length
siwl is the largest. Even with a slightly shorter length of gepwl,
the GCPW feed network also suffers larger losses than the MS
feed network with length msl due to higher metallic losses
caused by the additional coplanar ground planes. 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.

B. Radiation Pattern

A 1 x 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 #fw = 3.80 mm. Including a 0.4 mm gap
between the thin films, we obtain an interelement distance
of 4.20 mm in the array. At the operating frequency of 77 GHz
(2o = 3.90 mm), this equals 1.07 Ag. Due to the distance and
the small number of elements in the array, higher sidelobes
are expected.

Simulated and measured radiation patterns of the antennas
are shown in Fig. 16. The results are shown for the frequencies
76, 79, and 81 GHz. A broadside main beam is measured in
both planes. For the H-plane, the measured results agree well
with the simulated values for the main beam and sidelobe
levels. A 3 dB gain beamwidth of about 40° is measured in
the H-plane, with a minimum sidelobe suppression of 18 dB
over the operating frequency range for all feed networks.
An exception to this is seen at 81 GHz, where sidelobes for
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the GCPW feed network-based array increase for negative
angles. For the E-plane, a 3 dB gain beamwidth of 12°
is measured, and the main beam corresponds well with the
simulated results for all feed networks. Higher sidelobes are
seen in general for the measured radiation pattern compared
with 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 sidelobes. Second, due to the feed
network radiation, which is present for MS and GCPW feed
networks, an additional radiation component 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.

C. Comparison and Discussion

Key design and performance data of some recently reported
millimeter-wave antennas at 60, 79, and 95 GHz are listed
in Table III. Generally, larger array designs in terms of
size and number of elements than the proposed design are
realized at these frequencies. Mostly, such designs also employ
multiple substrate layers. These are used to house the feed
network below the antenna aperture for high gain and aperture
efficiency [9] as well as stacked antenna elements to improve
impedance bandwidth [16]. The proposed designs generally
achieve lower gain and aperture efficiency due to a single
layer structure, similar to [10]. The use of two-layer thin films
allows a comparable impedance bandwidth to other designs,
except [16], which achieves a larger impedance bandwidth.
Although most multilayer designs employ SIW feed networks,
for a single layer design, with the proposed antenna element,
an MS feed network performed better than the SIW and
achieved the best overall performance of the three designs.

VI. CONCLUSION

A new hybrid approach to designing multilayer antennas on
single layer PCB in the millimeter-wave band for automotive
radar was shown. Using thin-film elements that house the
complete multilayer antenna structure, a new SIW slot fed
stacked double grid antenna element was described. Using the
thin-film antenna element, a 1 x 4 linear array was designed.
To demonstrate the flexibility of the thin-film approach, array
feed networks on the PCB were designed using SIW, GCPW,
and MS transmission lines, respectively. Among the array
antennas, the SIW feed antenna has an impedance bandwidth
of 7.8%, and the GCPW and MS feed antenna have impedance
bandwidth of 11.3%. A realized gain of 9.2 dBi for the SIW
feed antenna, 10.7 dBi for the GCPW feed antenna, and
12.1 dBi for the MS feed antenna was measured. For all
antennas, broadside radiation pattern with stable main beam
is measured. These antennas can be used for medium- and
short-range applications for automotive radar systems in the
77-81 GHz frequency band.
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