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Abstract: Radars in the W-band are being integrated into car bumpers for functionalities such as
adaptive cruise control, collision avoidance, or lane-keeping. These Advanced Driving Assistance
Systems (ADAS) enhance traffic security in coordination with Intelligent Transport Systems (ITS).
This paper analyzes the attenuation effect that car bumpers cause on the signals passing through
them. Using the free-space transmission technique inside an anechoic chamber, we measured the
attenuation caused by car bumper samples with different material compositions. The results show
level drops lower than 1.25 dB in all the samples analyzed. The signal attenuation triggered by
the bumpers decreases with the frequency, with differences ranging from 0.55 dB to 0.86 dB when
comparing the end frequencies within the radar band. Among the analyzed bumper samples, those
with a thicker varnish layer or with talc in the composition seem to attenuate more. We also provide
an estimation of the measurement uncertainty for the validation of the obtained results. Uncertainty
analysis yields values below 0.21 dB with a 95% coverage interval in the measured frequency band.
When comparing the measured value with its uncertainty, i.e., the relative uncertainty, the lower the
frequency in the measured band, the more accurate the measurements seem to be.

Keywords: ADAS technologies; attenuation measurements; automotive radar; ITS technologies;
material characterization; radio propagation; wireless

1. Introduction

The automotive industry is evolving into increasingly autonomous-ready cars [1]. The
agents of change are active safety systems based on cameras, radars, LIDARs (Laser Imaging
Detection and Ranging) and ultrasonic sensors. They can detect people and objects in the
surroundings of the vehicle, allowing its central processing system to react accordingly [2].
The advantage of radar sensors, which makes them more important compared to other
systems, is their capability to operate under adverse weather conditions [3]. Furthermore,
they are more cost-effective than, for example, LIDAR systems [4]. In the future, the
integration of these on-board Advanced Driving Assistance Systems (ADAS) into a wide
network of Intelligent Transport Systems (ITS) [5] will increase the security of our roads
and streets. This will reduce the probability of traffic accidents and, consequently, minimize
the number of victims. Thus, ADAS represents the first link in the electronic security chain
configured by ITS, an advanced communication system that provides links and information
tools among vehicles, infrastructures and people [6].

Current automotive radar frequency bands range from 76 to 81 GHz [7-9], correspond-
ing to wavelengths between 3.94 and 3.70 mm. Formerly, frequencies ranging from 24 to
26 GHz were also considered, which were then repurposed for 5G mobile communications
at millimeter-wave frequencies [10]. Moving the radar to higher frequencies gives rise to
advantages such as larger bandwidths, better spatial resolution and reduced size.

Sensors 2023, 23, 8113. https://doi.org/10.3390/s23198113

https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s23198113
https://doi.org/10.3390/s23198113
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0003-1881-681X
https://orcid.org/0000-0002-8391-1947
https://orcid.org/0000-0003-4003-0098
https://doi.org/10.3390/s23198113
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s23198113?type=check_update&version=2

Sensors 2023, 23, 8113

20f16

Radar sensors can be mounted behind the emblem, the front grille, or integrated
behind or within the bumper and covered with a radome where necessary [11,12]. Placing
sensors behind the bumpers reduces the codependency in the design of both elements,
giving the designer more degrees of freedom. A more independent design of both the
radar and bumper allows more flexibility in the size of the radar equipment (including the
antennas) and improves the overall aesthetic of the bumper [12]. This is desirable due to
the increasing number of radars and other sensors that are mounted in various places all
around the vehicles. Nevertheless, the impact of transmitting an electromagnetic signal via
a bumper in the automotive radar frequency band must be analyzed, as has been carried
out in the past for radome emblems [13,14].

With that motivation, we performed a set of measurements to characterize the signal
attenuation caused by different samples of car bumpers. This paper is organized into
six sections. After this introduction, Section 2 provides an overview of the evolution of
automotive radar. In Section 3, we provide a summary of common car bumper materials,
paints and finishes, and we introduce the specific characteristics of the bumper samples
we have analyzed. Then, in Section 4, the experimental setup and the measurement
procedures are described. The measurement results are discussed in Section 5, and finally,
we summarize the main conclusions in Section 6.

2. Automotive Radar and Autonomous Vehicle

Automotive radar has experienced a major evolution over the last decades as an
essential part of the improvement of road safety systems [15], in the trend of increasing
the importance of automotive electronics, in general, and ADAS, in particular. From the
first road tests in the early seventies, radar-based safety systems have moved from luxury
status to manufacturing in series for family vehicles due to the mass production of sensors.

The first frequencies used for automotive radar were around 10 and 16 GHz [16].
However, the antennas had to be large to fulfill the requirement of narrow beam widths.
After that, many other different frequencies were tested as follows [17,18]: 35 GHz (selected
due to the low atmospheric attenuation), 47 GHz, 60 GHz (especially in Japan) and 94 GHz
(as there was military technology previously developed for this band, which reduces the
cost of new designs or applications). Finally, the main emphasis was placed on the 24 GHz
band, due to the low cost of sensors, and on the 77 GHz band, because of the reduced
antenna size and larger bandwidth [16]. This last parameter becomes relevant when the
number of sensors increases as more complex modulation schemes can be used to avoid
mutual interference and ensure the coexistence of the different systems and vehicles.

The earlier designs were based on Gunn oscillators, Schottky diodes, waveguides
and horn antennas. Due to the arrival of GaAs Monolithic Microwave Integrated Circuits
(MMICs) that can be integrated with microstrip antennas, more compact and lighter systems
were possible [19]. SiGe MMICs allow multiple channels to be integrated into the same
circuit, resulting in the incorporation of MIMO capabilities. Specifically, automotive radars
have special requirements compared to other mm-wave transceivers, like supporting full-
duplex operations in the same frequency band or fast chirping in a broad bandwidth [20].

With the improvements in automotive radar technology, the market of ADAS has
continuously grown during the last ten years [16], automating an increasing number of
driving tasks. The first application of automotive radar was the detection of vulnerable road
users in blind spots. After that, the collision warning systems were followed by distance
control and lane change assistance (in combination with image processing systems). In
the currently used frequency band, the lowest frequencies (76-77 GHz) are intended for
the so-called Long Range Radar (LRR), and the higher frequencies (77-81 GHz) for Short
Range Radar (SRR) systems [21]. The LRR band is typically used to develop sensors for
adaptive cruise control and collision detection systems, with typical operation ranges of up
to 250 m. SRR sensors, on the other hand, are most often used for applications requiring
high resolution, such as pedestrian or blind spot detection and lane change assistance.
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The requirements established for the automotive radar in the early research projects
were 100 m range and 2.5° and 3.5° for azimuth and elevation beam widths, respec-
tively [17]. The currently recommended characteristics for automotive radar in the 77 GHz
band include:

e  Measurement ranges up to 50 m, 100 m or 250 m (depending on the application, as
stated in the introduction);
Bandwidths up to 1 or 4 GHz (for high-resolution applications);
Maximum effective isotropic radiated power between 33 and 55 dBm;
Antenna 3dB-beamwidths (3dB-BW) defined in Table 1 [7,22].

Table 1. 3dB-beamwidths for automotive radar antennas.

Azimuth Elevation
Type of Radar 3dB-BW 3dB-BW

Tx Rx Tx Rx

Radar A.
Automotive radar. 5° 5° 3° 3°
Front applications (250 m).
Radar B.
Automotive high-resolution radar. 12.5° 13.5° 5.5° 5.5°
Front applications (100 m).
Radar C.
Automotive high-resolution radar. 12.5° 16° 5.5° 5.5°
Corner applications (100 m).
Radar D.
Automotive high-resolution radar. 16° 16° 5.5° 5.5°
(100 m).
Radar E.
Automotive high-resolution radar.
Very short range
applications (50 m).

27° 27° 5.5° 5.5°

As observed in Table 1, the industry establishes differences between front and corner
applications. Front applications comprise functionalities such as adaptive cruise control,
and corner applications consist of those like blind spot detection.

For example, current commercial frontal radars manufactured by Bosch work in the
range from 76 to 77 GHz, with detection ranges up to 302 m (depending on the model)
and MIMO capabilities [23]. Bosch corner radars also work in the same frequency range
with detection distances up to 160 m [24]. Similar ranges are available in Aptiv’s Gen7
radar family [25]. On its part, Valeo has the MB79, a multi-beam radar sensor working at
79 GHz [26]. In addition, Continental manufactures the SSR520 operating in the frequency
range from 76 to 77 GHz, with a detection range of 100 m. In the same frequency band,
Continental also offers several LLR radars operating at distances up to 300 m [27]. Probably,
the radar from ZF Friedrichshafen is the one on the market with the largest detection range:
350 m [28].

3. Car Bumpers Characteristics

Most modern bumpers are produced using polymer materials with different fillers
(mainly carbon black and talc). E. B. Mano et al. [29] performed thermal analyses on
recycled bumper materials to gain insight into the most commonly used polymer materials.
Their research found that most car bumpers are made of a blend of polymers consisting of
a large amount of polypropylene (PP) and smaller amounts of high-density polyethylene
(HDPE) and ethylene propylene diene methylene (EPDM).

Besides the material that composes the bumper, the covering paint may also play an
important role in radar signal propagation. As discussed by Caddy [30], most modern
car paints contain acrylic and/or alkyne resins and cross-linking agents like amino resins,
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urethanes or styrene. Most car paints are applied in multiple layers. Usually, a layer of
primer is followed by a few layers of base coat [31]. This is confirmed in the information
provided by the company that supplied the bumper test samples we analyzed. Thus, the
car bumper has a layered structure, as shown in Figure 1.

Varnish layer

Base Iaxer Primer
—

Polymer substrate

Figure 1. Layer distribution schema of car bumpers.

The bumper samples used in this work were kindly provided by an automotive
sector company, supplying external components and modules to major car manufacturers.
Table 2 provides information on some characteristics of the five samples that were analyzed
(labeled as samples A, B, C, D and E). Most of the samples were made of a copolymer of
polypropylene (PP) and polyethylene PE, except for sample E, which also contained 10%
of talc. Samples C, D and E were painted with a primer layer, a base layer and a layer
of colored varnish. Sample A was unpainted, and sample B was painted with a layer of
primer, two base layers and a layer of varnish.

All samples had a thickness of around 4 mm, and the manufacturer provided elements
as flat as possible, cut from the most uniform section of the bumper design. They were
parts of the current pieces and thus their shapes depend on the car model project. Figure 2
shows some of the samples used.

Figure 2. Front- and backsides of bumper samples D (down) and E (up).
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Table 2. Composition of the car bumper samples analyzed.

Tvpe of Primer Base Varnish Sample Size
Sample Plastic Type P Color Thickness  Thickness  Thickness W (cm) x L
Paint
(um) (um) (um) (cm)
A PP and PE No paint FXT - - - 21.9 x 29.8
copolymer
B PP and PE Three layer N9 blanc nacre 2-3 27-29 35-37 21.9 x 30.4
copolymer
C PP and PE Double layer 9V noir pearl black 2-3 12-14 31-33 23.3 x 30.5
copolymer
D PP and PE Double layer ~ VH rouge elixir 2-3 19-21 39-41 21.6 x 29.9
copolymer
PPand PE Double layer F4 artense grey 2-3 12-14 41-43 21 x 31

copolymer + talc

4. Experimental Setup and Procedure

This section begins with a description of the equipment and other resources constitut-
ing the measurement setup used in the characterization of the bumper samples. Then, we
explain the equipment configuration and the procedure followed in the measurements.

4.1. Measurement Setup

Figure 3 shows a diagram of the measurement setup. The measurement equipment is
highlighted in orange and the antennas are represented by yellow triangles. The green lines
correspond to the Ethernet cables, and the yellow lines depict coaxial cables. The anechoic
chamber is sketched in blue, and the holder with the material is visible as a purple line
between the two antennas. The measurement equipment is connected via a network switch
to a laptop to enable remote control.

Laptop

Network

switch

&

Standard
gain horn

analyzer

Multiplier ] Sl
J generator

]

I
Sample Anechoic
holder  chamber

Figure 3. Diagram of the measurement setup.

We used a Rohde & Schwarz SMB100A microwave signal generator to create the
transmitted signal at an intermediate frequency. This signal feeds a Rohde & Schwarz
SMZ110 frequency multiplier whose output is in the desired radar frequency range. As the
frequency multiplier can be connected to the signal generator via the USB, both devices can
be configured as one single device. This indicates that we can directly switch the signal
generator to the frequency we need at the output of the multiplier.

A Rohde & Schwarz FSW85 signal and spectrum analyzer, operating in the range from
2 Hz to 85 GHz, was the core equipment at the receiver side. Two directional standard
gain horn antennas with a gain of 20 dBi completed the setup at both the transmitter and
receiver ends.
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The antennas and the multiplier were placed inside an anechoic chamber [32], as
shown in Figure 4, while the rest of the equipment remained outside. The backside of
the antennas and the entire multiplier were covered with absorbers to avoid undesired
reflections. For clarity, the absorbing material around the antennas and the frequency
multiplier were removed when taking the pictures. The absorbers used in the chamber were
Eccosorb VHP-2 from Emerson & Cuming, which can be used at 3 GHz. The manufacturer
provided data up to 110 GHz, which is the attenuation in the automotive radar frequency
band of around —55 dB. The temperature during the measurements is always controlled to
be in the range of 21 £ 1 °C to limit its influence on the uncertainty of the measurements [33].

(b)

Figure 4. Setup inside the anechoic chamber: (a) without sample (view from the transmitter side);
(b) with sample (top view).

The sample holder consisted of a flat panel of wood with a rectangular hole in the
center, sizing 20.7 cm by 20.7 cm. The holder with the sample was placed halfway between
the two antennas, at a 53 cm distance from each other, meeting the far-field condition of
the antennas (15 cm at the highest frequency of the band under study, considering the size
of the antennas used. It reached both lateral walls, ceiling and floor of the chamber, thus
dividing the anechoic volume into two areas. The hole size was chosen so that the radius
of the area illuminated by the 3dB beam width of the antennas had its footprint inside the
bumper sample at the selected measurement distance. The center of the hole was aligned
with the antenna centers. The bumper samples were attached to the holder on the reception
side using four screws and two plastic bands (see Figure 5). For its part, the holder was
coated with an absorber on the transmitting side to ensure that the signal received was
only passing through the bumper sample. Under the absorber, a metallic film guarantees
maximum isolation between both sides of the setup, minimizing the transmission by areas
different from those corresponding to the samples under test.
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Figure 5. Sample holder, (a) receiving side, and (b) transmitting side.

4.2. Measurement Procedure

Measurements were performed in the range of 76 GHz to 81 GHz with frequency steps
of 1 GHz. First, we set one of the desired frequencies in the signal generator. Then, the same
frequency was tuned in the frequency analyzer that was configured in the zero-span mode.
Thus, the power level of a single frequency is measured in the time domain, allowing
for noise reduction when averaging all measurement points. For this purpose, up to
1001 measurement points were taken at each frequency. The resolution bandwidth was set
to 1 kHz. This procedure was repeated for each frequency spot.

The transmitting and receiving frequencies were synchronized by connecting both the
signal generator and the spectrum analyzer to the same Rubidium frequency standard. With
each frequency change, we provided the system with a warm-up time of several minutes
until a stable signal was received. Once the signal was stable, the free-space transmission
technique [34-37] was used to compute the attenuation. First, a reference measurement
was taken with the empty sample holder. Then, a bumper sample was mounted in the
holder to measure its effect on the propagated signal. Finally, the attenuation induced by
the bumper was computed at each frequency as follows:

Attenuation (dB) = Powerfree_space (dBm) — Powerpymper (ABm) @

The variable Powerfee_space represents the power received when there is no sample,
and Powerpymper averages the power received when the transmitted signal passes through
the bumper sample. Both quantities averaged 1001 samples taken at each frequency point.

5. Results and Discussion

The first measurements were taken with the samples as provided by the company,
i.e., with the actual curvature they had. Although they tried to provide the flatter samples
they could, it was almost impossible to find a perfectly flat section in a real-world modern
car bumper. For each type of composition (A, B, etc.), two samples were measured (A.1 and
A.2,B.1 and B.2, etc.), except for sample E, as only one piece was available. The measured
attenuation for each bumper sample is depicted in Figure 6. The horizontal axis represents
the frequency, and the vertical axis represents the attenuation in dB. Each colored line
depicts the results for a specific sample type. The same color but different line styles (solid
or dotted) were used for samples with the same composition. From the figure, we can
observe that samples of the same material present more differences in their attenuation
compared to others with different compositions. This could be associated with the air
gaps between the sample and the holder caused by the curvature that changes among
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the samples depending on how they are positioned. This seems to cause variability that

compromises the accuracy of the measurements.

1.8 -
sample A1 — — —sample A.2
16 sample B.1 — — —sample B.2
sample C.1 sample C.2
1.4+ sample D.1 — — —sample D.2
sample E
1.2
)
T 1
c
.9
< 08
>
c
L 06
<
0.4
0.2
0 1 1 1 1
76 77 78 79 80 81

Frequency (GHz)

Figure 6. Measured attenuation as a function of the frequency for the different bumper samples.

With the aim of isolating both effects, the curvature and the composition itself, we
flattened one sample of each bumper type and then repeated the measurements. The
measurement outcomes for the flat samples are shown in Figure 7. The results show a
decreasing trend of the attenuation with the frequency, with reductions between 0.55 dB
and 0.86 dB when comparing the end frequencies in the radar band. This result agrees with
the transmission measurements for painted polycarbonate samples described in [38] for

the same frequency band.

147
—sample A.2
12 —— sample B.1
' sample C.2
—sample D.2
TR —— sampl
— ple E
m
A=)
c 0.8}
Q
E
c 06
2
<
047
0.2} —
O 1 1 1 1
76 77 78 79 80

Frequency (GHz)

Figure 7. Measured attenuation as a function of the frequency for flat bumper samples.
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If we compare the results of the curved and flat samples, despite the differences, the trend
and order of magnitude are the same. Thus, the rest of the analysis focuses on the flat samples.

The maximum attenuation observed in the flat samples is 1.25 dB. Thus, the propa-
gated radar signal would suffer an additional attenuation lower than 2.50 dB when passing
through the bumpers (considering the out and back paths in the monostatic radar con-
figuration typical for these car devices). This is translated into a needed increase in the
transmitted power (by means of higher gain amplifiers and/or antennas) to maintain the
same detection range, or into a reduction in the detection range when maintaining the same
antennas and amplifiers.

The reduction in detection distance can be calculated using the radar range equation,
which relates the power delivered to the receiver with the transmitted power within a radar
system. Its simplest form for a monostatic radar is [39],

PG*No
p= =2 @)
(4m)°R
where
o P, is the received power;
e Dy is the transmitted power;
e  Gis the gain of the antenna (transmitting and receiving antenna is the same);
e Ais the wavelength;
e o is the radar cross-section of the target;
e Ris the distance between the radar and the target.

The power received at a distance reduced in R’ would be,

242
P/r _ P;G Ao . (3)
(4’ (R—R)
Then,
P R*
= @
PR
As in our case the power is reduced by 2.5 dB,
4
10log;y ————=2.5 (5)
10 R R’)4
R'=R (1-107") ©)

Then, the detection distance is reduced by 33.5 m for radars configured to work at
distances of 250 m. In the same way, those configured to 50 m and 100 m would suffer a
decrease of 6.7 m and 13.4 m in their range, respectively. However, as reported in Section 2,
commercial radars achieving detection distances of 300 m, or even more, have enough
transmission power to compensate for the attenuation caused by the bumpers, keeping the
range within requirements.

There are several factors that affect the attenuation of the car bumper, such as the
material and the thickness of the coating, and so on. In this work, the analysis of all of
them should be limited to the available samples; they come from real-world automotive
elements, not from a chemical company that could build samples with varied and specific
compositions, thickness and coatings. Taking into account these contour conditions, and as
shown in Figure 7, we can observe these factors affecting the attenuation. Thus, bumper
samples B.1 and C.2 show quite similar values. However, sample B.1 has two layers of base
and sample C.2 only has one, so the base thickness does not seem to clarify the attenuation
effect. This idea is reinforced by the performance of sample A.2, which is not painted and
shows similar or even higher attenuation values than those of the two samples mentioned
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earlier. This also occurs in the simulation results in [40], where the losses due to a non-
painted bumper can be higher than those of painted pieces. In that work, we can also see
values in the order of the ones we have measured. Reference [41] describes that the metallic
paint permittivity shows an imaginary part higher than that of the pearlescent paint, and
that both have higher values than solid paint. Hence, the paint composition could explain
why the attenuation of sample C.2 is almost the same as that of sample B.1, despite having
only one layer of base.

The slightly thicker varnish layer of bumper samples D.2 and E could explain the
higher attenuation than the others. Sample E has a similar behavior compared to sample
D.2 at lower frequencies, but it presents higher attenuation values in the upper part of
the analyzed frequency band. Bumper sample number E has a composition of 10% talc.
According to [42], the real part of the permittivity increases with the concentration of talc
in the substrate. However, the paint composition of sample E seems to compensate for this
effect and still presents the highest attenuation among the samples.

To validate the accuracy of the results obtained, one of the bumper samples (labeled as
D.2) was measured 10 times. Each of the measurement results is plotted in Figure 8, together
with their mean and median. The differences between the mean and the median values
were negligible, indicating that there were no anomalous results [43]. The confidence of the
experimental data was also supported by the statistical parameters of the measurement
errors at each frequency, which are summarized in Table 3.

141
1 7
12 2 8
' 3 —9
4 10
@ 1 ———5 = = mean
E’ 6 s median
o
= 0.8
S
c
2
< 06

0.4

0-2 1 1 1 1 1
76 77 78 79 80 81

Frequency (GHz)

Figure 8. Results of several measurements of sample D.2.

Table 3. Statistics of the measurement error.

Frequency Mean Error Median of the Variance of the Error
(GHz) (dB) Error (dB) (dB)
76 0.07 0.06 0.003
77 0.06 0.06 0.001
78 0.08 0.08 0.004
79 0.03 0.03 0.001
80 0.05 0.04 0.002

81 0.07 0.06 0.003
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The uncertainty of the measurements is defined in terms of the experimental standard
deviation, s, by (7).

_ /1 o 2
S _\/I\I—l (Ml Mmean) (7)

where N is the number of measurements performed, M; is each individual measurement
result and Myean is the mean of the 10 results.

If we apply a coverage factor of 1.96 (95% of the values falling in the interval [-1.96 s,
1.96 s]), we obtain the values shown in Figure 9.

0.22 . . . .

[ J
0.2 1

(
0.18F ®
0.16+ i

0.14} ® ]

Uncertainty around the mean (dB)

[ )
008 1 1 1 1
76 77 78 79 80 81

Frequency (GHz)

Figure 9. Uncertainty in dB derived from measurements of sample D.2, with a 95% coverage interval.

If we calculate the relative uncertainty, i.e., normalized by the mean value (Figure 10),
we can observe that, in general, it is more difficult to measure the attenuation with precision
as the frequency grows.

45 : - - -
40t ' ®
35¢ -
30t ® —
25+ :
20t -

® .
15F ® 4 .

Uncertainty around the mean (%)
o

10 1 1 1 1
76 77 78 79 80 81

Frequency (GHz)

Figure 10. Uncertainty in % derived from measurements of sample D.2, with a 95% coverage interval.
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These values of uncertainty agree with those reported in [44] for shielding effectiveness
measurements in textiles. The free-space transmission method was also used by these
researchers, but the equipment used was a vector network analyzer (VNA). In [45,46],
uncertainties for attenuation measurements with a spectrum analyzer in building materials
are estimated as 0.35 dB and 0.43 dB, respectively. Our uncertainty values are also acceptable
compared with other radio-electric measurements in free space. In [47], the uncertainty
budget reveals errors of around 40% when the field strength was measured with a spectrum
analyzer. Ref. [48] reports the uncertainty values of an antenna gain when measured
by different labs. Such uncertainty results are around 0.14 dB in best case scenarios.
In summary, the results are in good agreement with those previously published in the
literature for comparable experiments.

In addition to the measurements, there has been an attempt to model the attenuation
provided by the car bumpers using a multilayer transmission model, including various
layers related to the composition of the plastic support and the different superposed layers of
painting and varnishing with a variety of chemical compositions [41]. Although the theoretical
effort is indeed valuable, the accuracy of the results does not seem to be too confident, and the
measured attenuation figures recommend the consideration of something like a guard value
in the radio link budget when the transmitter is covered by the plastic bumper.

After discussing the main results obtained, the contents of this manuscript are com-
pared with those of other published works, which are summarized in Table 4.

Table 4. Comparison with previously published works.

Reference Automotive Radar Sample Tvpe Antennas Measurement Measurement
Frequency Range pie Lyp Polarization Scenario Uncertainty
Painted Charalzfs_l:iezr;iilon Kit
[38] 76-81 GHz polycarbonate Not specified . Not specified
Optical free-space
samples
measurement
Samples with three Error bars in
kinds of paints Free space method graphs
[41] 2020 76-81 GHz . Horizontal Lab environment representing the
(shape and origin .
s Absorber in one wall standard
not specified) deviati
eviations
Actual bumper Free space method
[42] 2017 76-81 GHz P Not specified Lab environment Not specified
samples
No absorbers
Curved and fla Anechore chamber
Our study 76-81 GHz actual bumper Vertical Absorbers around the Yes
samples
sample

As the study in [38] is more focused on a methodology to determine the permittivity
than on the analysis of real samples, the measurement systems are focused on measuring
small parts of the sample for homogeneity. For this reason, the substrate used in this study
was not the same material as that used for the bumpers. Polycarbonate (PC) was chosen as
the substrate material instead of polypropylene (PP) for homogeneous reasons. Still on the
samples issue, the main difference of our study is that measurements were done in curved
and flattened bumper samples.

In [41], the measurements were performed in a lab environment with absorbers placed
only on the wall closest to the antennas to avoid reflections from metallic components.
The setup in [42] is also in a lab environment with no absorbers. We decided to use
the controlled environment of an anechoic chamber and to cover any element inside it
with absorbers. When testing the setup, we experimentally verified that, at the analyzed
frequency range, any surface becomes an important source of reflection, even the frequency
multipliers. This caused interferences in the received signal, thereby compromising the
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accuracy of the results. This is better explained in Figure 11, where the effects of measuring
two of our samples with and without absorbers around the pieces are presented. This
figure helps to support the importance of mitigating any possible source of diffraction
within the measurement setup. In addition, the use of absorbers also ensured that there
was no transmission around the bumper sample itself.

sample A.2 — — —sample A.2 w/o abs.

sample D.2 — — — sample D.2 w/o abs.
18 T T T T

1.6

1.4

1.2

1

0.8

Attenuation (dB)

0.6

0.4

0.2

0 1 1 1 1
76 77 78 79 80 81

Frequency (GHz)

Figure 11. Measured attenuation of bumper samples A.2 and D.2. Dotted lines represent attenuation
measurements without absorbers covering the multiplier and the back of the antennas, and the solid
lines represent the measurements after adding the absorbers.

The uncertainty study in [41] is limited to error bars in the graphs representing the
standard deviations for three individual measurements. However, no numerical results are
provided for a clear comparison with the measured values, and the confidence intervals are
not defined. The last difference between both studies is the polarization used in the antennas.

6. Conclusions

We measured the attenuation that different samples of car bumpers cause in the
propagation of the electromagnetic signals at the working frequency band of automotive
radar. These results are of interest in a time of strong development of ADAS, in which locally
gathered information could be shared in the future, integrated into the wide coverage and
rapidly developed ITS technology [5].

Curved and flat bumper samples were analyzed. In the curved samples, more vari-
ability was observed, probably due to the curvature itself and the air gaps between the
sample and its holder. Despite this, the attenuation trend and their orders of magnitude
were the same in both cases. We observed that the attenuation has a decreasing trend with
the frequency in all samples evaluated, with values below 1.25 dB in the whole band (or
1.44 dB if we consider the uncertainty) for the flat samples. Such values of attenuation
imply a reduction in the detection range of 6.7 m, 13.4 m and 33.5 m for radars configured
to range for detection distances of 50 m, 100 m and 250 m, respectively, if the penetration
losses could not be compensated by increasing the transmitted signal.

Samples with a thicker varnish layer led to higher attenuation values. Also, the paint
composition could explain the attenuation differences among the samples, due to the higher
imaginary part of the permittivity of paints that contain metallic particles.
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Measurement uncertainties are also good indicators of experimental confidence. The
uncertainty analysis showed an acceptable accuracy of the results of the flat samples. It was
limited to 0.21 dB with a 95% coverage interval in the measured frequency band. The lower
the frequency in the measured band, the more accurate the measurements seemed to be
(with uncertainties around 15% in the observed band). The values obtained for uncertainty
are in good agreement with other measurements of materials using the free space technique
and also with other radio-electric measurements in free space, as found in the literature.

In recent years, the use of automotive radar bands for communication with other
vehicles or infrastructure has been proposed [6]. The attenuation values provided in this
work would also be useful for implementing such joint communication radar systems, in
case the evolution of ITS leads to these frequencies.
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