First published in:

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 8, 2009

771
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Millimeter-Wave Automotive Radar Sensors
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Abstract—An antenna concept for compact millimeter-wave
radar sensors that desire a fan-beam radiation pattern is pro-
posed. It combines an end-fire antenna on a ceramic substrate
with a cylindrical parabolic reflector that can be integrated in
the sensor’s metal housing. The concept allows a direct intercon-
nection from the active components to the antenna in a flip-chip
attachment. It is validated with a 77-GHz Yagi-Uda antenna
on a 127-pum thick Alumina substrate by measurements with
a probe-based measurement setup. The measured return loss,
gain, and radiation patterns of the antenna without and with the
reflector are given.

Index Terms—End-fire antennas, millimeter-wave antennas,
millimeter-wave radar, radar antennas, reflector antennas.

1. INTRODUCTION

HE use of radar sensors for driver assistance systems

has become widespread in the last years [1]. By now,
the focus in the development of automotive radar sensors
mainly lies in the allocated frequency bands at 7677 GHz for
long-range radar (LRR) [2] and 77-81 GHz for short-range
radar (SRR) [3]. To achieve a high angular resolution, digital
beamforming (DBF) concepts are expected to be used in future
systems [1], [4], [S]. These require a fan-beam radiation pattern
with a narrow beam in the elevation plane and a wider beam in
the azimuth plane.

While at the moment millimeter-wave radars are only used
in high-class and in some middle-class vehicles, the aim is to
produce cost-efficient sensors that could even be used in com-
pact cars. To achieve this goal, the size and the cost of these
sensors have to be further reduced while maintaining high per-
formance. The antenna concept used usually plays an important
role regarding both cost and size of the sensor. If columns of
patches are used as transmit and receive antennas [1], a large
substrate area has to be used to realize the effective antenna area
needed for the narrow beam in the elevation plane. To achieve
a cheaper sensor, it would be desirable to minimize the sub-
strate area needed for the antenna and to use only one substrate
for the antenna and the other RF circuitry. The use of a cylin-
drical lens for beam-shaping and to reduce the size of the patch
columns has been proposed [6], but this would lead to the un-
wanted side-effect of an increased installation depth.
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Fig. 1. Radar antenna concept with end-fire antennas and a cylindrical para-
bolic reflector.

As a lot of progress has been achieved in the realization of
highly integrated RF circuits [7], and even in the integration of
digital and baseband circuitry into small modules, it can be ex-
pected that these devices will further be miniaturized. In that
case, an antenna concept that needs a smaller substrate area and
that allows a direct connection from the active components to
the antenna while maintaining a small installation depth is de-
sired.

II. PROPOSED ANTENNA CONCEPT

A. Overall Layout

To achieve the desired properties, we propose an antenna con-
cept that combines an end-fire antenna and a cylindrical para-
bolic reflector, as shown in Fig. 1. The end-fire antenna is re-
alized on a RF substrate, and its main lobe points to the side
of the sensor’s metal housing, in which a cylindrical parabolic
reflector is directly integrated. It reflects the radiation to the de-
sired direction perpendicular to the circuit board and, at the same
time, focuses the beam in the elevation plane.

The antenna substrate is used as the RF board at the same
time, and all monolithic microwave integrated circuits (MMICs)
can be attached to the substrate in a flip-chip interconnect. This
way, a short and low-loss path for the millimeter-wave signal is
guaranteed. The RF substrate is directly attached to the printed
circuit board (PCB), and the low frequency and dc interconnects
can be realized by bond wires. For the different receive and
transmit antennas, either a single antenna or an antenna array
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Fig. 2. Cross section of the cylindrical parabolic reflector.

can be used depending on the desired azimuth beamwidth. Gen-
erally, the PCB is populated with circuit elements on both sides,
so it makes sense to position it at about half the height of the
reflector. This configuration can be achieved by choosing the
adequate focal distance for the reflector.

The proposed antenna concept could also be realized in a dif-
ferent circuit layout. A possibility is a configuration with a mul-
tilayer substrate like LTCC or LCP, in which the MMICs are
integrated in a cavity and the antenna is positioned at the sub-
strate edge, or even a monolithic antenna integration.

B. Cylindrical Parabolic Reflector

The reflector’s surface contour can descriptively be derived
by means of Fig. 2. The antenna’s phase center is positioned in
the origin of the coordinate system at the point O. The contour
of the reflector with the focal length F{ is shaped in a way that
all reflected waves interfere coherently in direction of the y-axis.
The point P(z,y) describes the shape of the contour.

The condition that all reflected waves interfere coherently in
direction of the y-axis is

OP + PQ = F. 6]

To derive the shape of the contour as a Cartesian function, the
segments O P and P(Q can be expressed as

OP = /22 + 42 )

and as
PQ = —y. 3)

With (2) and (3) following from (1)

Va2 +y? —y=F
2 +y* = (Fy +y)*
w2 =F? 4+ 2Fyy

and thus the function for the contour of the cylindrical parabolic
reflector as

2 2
z° — Fy

SF, “4)

y:

III. PROTOTYPE DESIGN

To demonstrate the functionality of the concept, a 77-GHz
prototype has been designed that consists of a Yagi-Uda antenna
on an Alumina substrate, a FR4 substrate, and a reflector.

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 8, 2009

A. Yagi-Uda Antenna

Planar Yagi-Uda antennas printed on a high-permittivity sub-
strate were already proposed in 1975 as a way to realize low-cost
planar antenna arrays [8]. By using a high-permittivity sub-
strate, the antenna will be extremely compact in terms of free-
space wavelengths, and thus an array with a spacing of A\g/2 is
achievable. Itoh et al. published works on a Quasi-Yagi antenna
printed on a high-permittivity substrate fed by a microstrip line
[9] and also by a coplanar waveguide (CPW) [10]. Other works
on planar Yagi-Uda antennas with simplified feeding structures
are [11] and [12]. Neculoiu et al. proposed membrane-supported
Yagi-Uda antenna structures on silicon and gallium arsenide
semiconductors in the V- and W-band [13], [14]. However, as
the semiconductors are generally poor antenna substrates, mi-
cromachining technology has to be used to gain sufficient an-
tenna efficiency. This, in fact, enlarges the antenna dimensions
since antennas on a thin membrane have to be designed consid-
ering the free-space wavelength.

As we designed the antenna for the mere purpose of proving
our concept, we adopted the basic design of [10] and [13]. We
chose Alumina as antenna substrate because of its properties
as a high-permittivity and low-loss substrate and its ability to
be processed in thin film technology. The antenna is a planar
structure that uses only one metal layer. This enables it to be
interconnected to an integrated circuit (IC) via solder balls in
a flip-chip attachment. To allow measurement with a coplanar
microwave probe, the antenna has been combined with a CPW
to coplanar stripline (CPS) balun [15] that could be omitted in
a differential circuit. The substrate thickness was chosen to the
smallest thickness available (127 pm). Yet, this substrate thick-
ness already posed quite a challenge regarding substrate waves.
Compared to the works mentioned, the substrate is thicker in
terms of wavelengths.

The finally realized Yagi-Uda antenna has three elements, as
shown in Fig. 3. The feed element is a folded dipole that is used
to get a better matching to the 150 €2 CPS line. The impedance
of a single dipole on an Alumina substrate would only be about
40 2, while the folded dipole has a four-times-larger impedance.
The length of the folded dipole is 0.775 mm. At a distance of
0.5 mm in front of the folded dipole, a director with a length
of 0.6 mm is used. The described balun is directly integrated
into the 0.85-mm-long reflector. We noticed an improved an-
tenna performance using a finite reflector length compared to a
truncated ground plane that is used in the works mentioned. All
dimensions were optimized to get a suitable pattern and a max-
imum front-to-back ratio. The distance of the director to the sub-
strate edge was a crucial point in the design, as substrate waves
are generated in some cases that cause a radiation to the back-
side.

B. Reflector

Extensive simulations have been done to find adequate di-
mensions for the reflector. The focal length Fjy has especially
been optimized regarding the following criteria:

» amaximum reflector height of 25 mm to guarantee a small

installation depth of the sensor;
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Fig. 3. Yagi-Uda antenna.

(b) Lateral view

Fig. 4. Manufactured reflector with attached FR4 substrate and antenna.

* a half-power beamwidth (HPBW) in the elevation plane of
10° at the most;
* a configuration that allows the placement of electric de-
vices on both sides of the PCB
The best result has been achieved with a focal length of
14 mm. A reflector with these dimensions has been manufac-
tured by wire eroding out of an aluminum block, as shown
in Fig. 4. On the reflector, a 5.373-mm-thick metal block is
used as a spacer on which the 1.5-mm-thick FR4 substrate
is attached. The spacing between the FR4 substrate and the
reflector could be used for the placement of electric devices
in the final sensor. The antenna substrate is attached to the
FR4 substrate by an adhesive foil and is positioned in a way
that it extends 3 mm beyond the edge of the FR4 substrate to
guarantee ideal radiation surroundings for the antenna.

IV. MEASUREMENT AND SIMULATION RESULTS

The measurements were done with a setup in which a
coplanar microwave probe is used to contact the antenna. As
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Fig. 5. Measured and simulated input return loss of the Yagi-Uda antenna
without and with the reflector.

the probe and the antenna under test (AUT) may not move, a re-
ceive antenna is rotated around the AUT in a distance of 60 cm
by two arms and two rotational stages to measure the radiation
pattern of the AUT. The setup is described in more detail in
[16]. In the setup, the main lobe of the single antenna pointed
to the angles § = 1 = 90°. Combined with the reflector, the
main lobe then pointed to the angles § = 1) = 0° of the setup.

A. Input Return Loss

The measured and simulated return loss curves of the antenna
itself and the antenna combined with the reflector are plotted
in Fig. 5. Comparing simulation and measurement of the an-
tenna itself, it can be observed that the resonance shifted to
higher frequencies and the bandwidth slightly decreased. This
can be explained by the inaccuracy of the substrate permittivity
(9.940.2) and the line-width tolerances of the thin film process.
A redesign seems necessary here. Additionally, changes can be
observed between the return loss of the antenna itself and of the
antenna with the reflector. Hence, the reflector should be con-
sidered during the final steps of the antenna design.

B. Gain and Radiation Patterns

1) Yagi-Uda Antenna: The measured and simulated radiation
patterns of the Yagi-Uda antenna at a frequency of 80 GHz are
plotted in Fig. 6. The plots show the agreement of measured
and simulated patterns and gain. Directivity can be observed
in both planes, and a measured gain of 5.4 dBi is achieved.
The front-to-back ratio could not be measured due to the con-
stricted measurement range. According to simulation results, it
is about 11 dB. The HPBW is 65° in the E-plane and 54° in the
H-plane. The strongest measured cross-polarization radiation is
about —10 dBi and is assumed to be generated by the balun. The
simulation shows a radiation efficiency of 84%.

2) Yagi-Uda Antenna and Cylindrical Parabolic Reflector:
Fig. 7 shows the measured and simulated radiation patterns of
the Yagi-Uda antenna combined with the cylindrical parabolic
reflector at 80 GHz. Clearly observable is the focusing in the
H-plane through the reflector. A measured gain of 15.8 dBi was
achieved, which is more than 10 dB higher than the gain of the
antenna itself. The simulation shows a radiation efficiency of

Authorized licensed use limited to: Karlsruhe Institute of Technology. Downloaded on January 27, 2010 at 08:54 from IEEE Xplore. Restrictions apply.



774

Gain in dBi
5°

-==-Co Pol.(Sim) | gg° 75° ---Co Pol.(Sim) | gg° 75°
——X Pol. (Meas.) ——X Pol. (Meas.)
---X Pol. (Sim.) H-plane |- --X Pol. (sim.) E-plane
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Fig. 7. Gain of the Yagi-Uda antenna with parabolic reflector.

72%, which means that the efficiency has decreased compared
to the antenna itself. The HPBW is 7° in the H-plane and 42° in
the E-plane. Sidelobes can be observed in the H-plane at about
25° and 45°. These arise from the fact that the reflector height
is limited to 25 mm; hence, some energy is radiated above the
reflector, and also some energy is scattered from the reflector
edge. To avoid these sidelobes, a slightly higher reflector would
have to be used. If, however, the front end is positioned in a way
that these sidelobes point to the sky, they should not be critical.

V. CONCLUSION

An antenna concept for millimeter-wave radar sensors that
desire a fan-beam radiation pattern has been proposed. The pro-
posed assembly reduces the antenna substrate area while main-
taining a small installation depth. Due to the fact that the an-
tennas and the active devices can be connected in a flip-chip
interconnect, a short and low-loss path for the millimeter-wave
signal is guaranteed. As the cylindrical parabolic reflector could
easily be integrated into the sensor’s metal housing, the concept
allows the realization of a cheaper and more compact sensor.
The concept has been validated by a 77-GHz prototype with
a reflector height of only 25 mm and a substrate area for the
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Yagi-Uda antenna below 2 mm?2. The reflector increased the an-
tenna’s gain from 5.4 to 15.8 dBi and reduced the HPBW in
the H-plane from 54° to 7°. To attain the desired HPBW in the
E-plane and the necessary gain for LRR sensors, planar antenna
arrays could be used to realize the different transmit and receive
antennas.
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