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Abstract. Hidden integration of 79 GHz sensors behind plas- both theoretical investigations and from previous experience
tic and painted fascia represents a challenging task since bothith 76 GHz radar systems, operation of these sensors be-
electromagnetic and car body design constraints have to bkind painted, plastic fascia will lead to performance degrada-
met. This paper compares different possibilities for low-costtion if no optimization of the stratified radome structures is
integration of radar sensors. Based on a model for stratiperformed. In the millimetre wave regime, the electromag-
fied media, a study of the most important parameters such asetic field propagates quasi-optically, which results in high
bandwidth, angle and tolerances is shown. Our results sugreflection and loss factors for obstacles or media in the line-
gest that for plastic fascia, the requirements of future radaof-sight. This is the case if the radar sensor is to be integrated
sensors can be met with low-cost matching. Even with metalin the bumper or behind other fascia of the car.
lic paints, the requirements imposed by modern 79 GHz radar The performance degradation is due to the reflections be-
sensors can be met under certain conditions. tween the bumper and the sensor. The bumper consists gen-
erally of a substrate and some layers of paint. This pa-
per shows a detailed analysis of important electromagnetic
radome properties like bandwidth, angle and tolerances for
substrate only and painted substrates. Additionally, the cost
Automotive radar systems, first introduced on the customelo_f integration should b_e ata minimum, hen<_:e th|s_ paper con-
market in the late 1990s, show a steady trend from COm_S|ders low-cost matching possibilities for hidden integration
fort (Advanced Driver Assistance, short ADAS) to safety of radar sensors.
oriented vehicle functions (Active Safety, short AS). Radar-
based systems tend to address scenarios of growing com» pMathematical model
plexity, targeting urban or city traffic rather than highway
scenarios, which were the main application in recent yearsThe electromagnetic theory of the fields in stratified me-
Resolution in range, azimuth angle and target velocity is thedia can be derived from the plane wave assumption and
key feature to deal with demanding scenarios of high com-the boundary conditions of electromagnetic waves (time-
plexity and high dynamicsRasshofer2007). In the Euro-  harmonic conventior/®’). In Kurt Altenburg (1953 this
pean Union, a new frequency band from 77 to 81 GHz — thetheory is derived. It can be found today in many books for op-
79 GHz band — has been allocated to enable future ADAS andics, electromagnetics or microwave theare¢ht 2009. In
AS systems replacing the previously used 24 GHz ultrawidethe case of perpendicular incidence of a TE-wave (derivation
band radar sensors. To start the development of 79 GHz banfdr TM-waves accordingly) forward- and backward waves
technology, the European funded project “Radar on Chip forare defined, which summarize all waves in the same direc-
Cars" (short RoCC) started in fall 200B¢CC 2009. tion (important difference to other approaches). The com-
Integration of 79 GHz sensors into modern cars representglete derivation can be found idecht (2005 and a sum-
a challenging task since electromagnetic and car body demary of it in Fitzek and Rasshofg2009. For each layer
sign constraints have to be met simultaneously. This prob+ with the material parameters as the index of refraction
lem is even more evident when more than one sensor hag; = w/con; respectively),d; as the thickness, and; as
to be integrated, because hidden integration of the sensotthie wave impedance of the semi-infinite layer the following
behind a plastic bumper is often required. As is clear fromcharateristic matrix can be derived.
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The amplitude transmission- and reflection factors of the
layeri embedded between semi-infinite layersl andi +1  Fig 1. (a) substrate material of bumper (no matching)) sub-

are defined as strate with additional matching layec-1) substrate with integrated
; ; ; ; matching layer (thickness optimizatior(:-2) substrate with inte-
,— Zivamygtmyp—Zis1Zi—1my — Zi—1My, 3) grated matching layer (rib profile).
B Zi+1m"11+ m‘iz+ Zi+1Zi—1m§1+ Zi—1iﬂ§2
2Ziv1 . . .
1= 4) can be performed where the thickness and relative permit-

N i i T
Zigamy tmyp+ Ziv1 Zi-imay + Zi-1ma; tivity for the matching layer are optimized. This approach
With these equations, the transmission and reflection factoP€91€CtS the roughness of the material and assumes a non-

can be derived using the loads and the characteristic matri'agnetic, plane material. _
M. For a multilayer media, the characteristic media matrices  FOr the additional matching layer, the bumper materials
have to be multiplied in the right order. (substrate or paint) amgot changed. On the other hand, for

an integrated matching layer, the thickness of the substrate

material is changed according to the thickness of this layer.
3 Theory and practice of matching This results in a decreased thickness for the substrate mate-

rial of the bumper. With this integrated matching the inte-
The theory of matching is well known from transmission line grated structure and the thickness optimization can be mod-
theory. The aim is always to get a high transmission next toeled. For the latter the relative permittivity is fixed to one,
a low reflection (power matching). The losses in the materialwhereas it is a degree of freedom for the integrated structure.
can't be compensated, which results in a decreased transmis-
sion. For semi-infinite layers, the methods shown here car8.1 Integrated matching structure
be used as well. Nevertheless, for mm-wave applications
the constraints of matching should be carefully consideredlhe integrated matching structure is a structured dielectric
(e.g.Fitzek and Rasshofe2009. (e.g. rib profile) and can be any structure which fullfills the

For a bumper consistent of one layer of substrate and sevdomogeneity limit ofp < /4 with p as the cell size in the

eral layers of paint, there exists different options for match-direction of propagation, in order to avoid parasitic scattering
ing. One is to optimize the thickness of the substrate. Foreffects. For easy integration the rib profile is one possibility.
a homogeneous material this results in a thickness of mul-There exists several methods to calculate the relative permit-
tiple of half-wavelengths. For stratified media, the solution tivity of such structuresRiber, 2003. Here a method based
can be found with minimization of the reflection coefficient ©n transmission line models is used in which the resulting
through the mathematical model. This matching has only onde€lative permittivity is described as the mean of the relative
degree of freedom — the decreased thickness of the substratbaracteristic impedanceg'(= \/’&Z: with u, =1) of free

have a desired thickness and relative permittivity, hence hagpstrate can be reached.

two degrees of freedom. One could also consider artificial
structures or even metamaterials as an additional matching tharZ gypstratet frib Z( -2
layer, but as mentioned above, low-cost matching is the fofr = ( )
cus in this paper, hence these options are not considered.

The third matching option is a combination of these two If the thickness of the ribs{,) are predefined due to man-
matching methods. Therefore, a structure (e.g. rib profile) isufacturing constraints, one can easily calculate the thickness
assembled into the subtrate material of the bumper. Becausef the barsfa) to reach the desired value fgras calculated
the overall thickness stays constant, this matching methodby the optimization algorithm.
has only two degrees of freedom (depth and relative permit- Figure2 shows the dependency of the relative permittivity
tivity of the integrated structure). Figufledepicts the differ-  versus the ratio of bars to ribs with constant rib thickness.
ent possibilities. For all matching methods the mathematicalt can be seen that the variation in relative permittivity for
model can be used to calculate the optimal values for the dean increased bar thickness (resulting in highevalues) is
sired matching. Therefore, an optimization algorithm basedower, than for smaller values of the bar thickness. This will
on a direct search method is used. Two different simulationde an important design possibility later on.

®)

tpar+ trib

Adv. Radio Sci., 8, 4954, 2010 www.adv-radio-sci.net/8/49/2010/



F. Fitzek et al.: Automotive radome design 51

22 T T T T T 0

relative permittivity
e o)
L L

max. reflection / dB

._.
»
T
L

1.2F B +8r:2.6
-50r & =3.0]
— permittivity dependency of rib profile ; ; ) ; -
1 05 1 15 5 25 3 0.3 0.35 0.4 0.45 0.5 0.55 0.6
: bar thickness / rib thickness : thickness of matching layer / mm
(a) Optimization for a frequency
Fig. 2. Permittivity dependency of rib profile. 0 ‘ =
——& = 1.
-t =24
4 Comparison of matching layers P *Si:“’
m
For the comparison of these different approaches the opti- E
mization algorithm is visualized by graphs with all possible 2 0 —
degrees of freedom. This means that for all possible thick- t;:;’ ] W
ness of matching layer, all possible relative permittivities % \ »Szz‘:":'l";
are shown. Obviously this can not be done for really all pos- W’O"&'""
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sibilities, so discrete values are chosen in stepsbfdr the RS 000""'
. e SR >
relative permittivity. s
This is done for one frequencl = 78.5 GHz and for the

considered bandwidtB = 76— 81 GHz. For the bandwidth KE 035~ 04 045 03 0.55 06

. . . - thickness of matching layer / mm
the maximum reflection (meaning the worst case) within the (b) Optimization for a bandwidth
band is considered for the evaluation. The best solution of
the bandwidth analysis is taken for an angle variation in therig. 3. Frequency and bandwidth analysis.
range of+40 deg. With the more exact solutios) (stepsize
0.01) of the algorithm a tolerance analysis is shown with vari-
ations ofc =+0.1mm. For the additional matching layer for one frequency { = 78.5 GHz). Considering the maxi-
the variation affects only the thickness of this layer. For themum reflection within the bandB(= 76— 81 GHz) the im-
thickness optimization (integrated matching layer) the varia-provement is about 10 dB, resulting in a maximum reflec-
tion only affects the thickness of the subtrate material of thetion of —17 dB. This is achieved for a relative permittivity of
bumper. The variation of the integrated structure (integratect, = 2.4 and a thickness af = 0.47 mm.
matching layer) affects on the one hand the thickness of the The angular dependency is depicted in Hg. Here
substrate material and on the other hand in our case the thickhe optimal values for the relative permittivity and thick-

ness of the bars. ness combination from the bandwidth analysis are used to
B _ show the behaviour. The combination mentioned before also
4.1 Additional matching layer for substrate gives the best result for the angular dependency. Hence, the

. ) maximum reflection coefficient within an angle ##0 deg
The results for an additional matching layer for the subtrates «ii| pelow —10dB. In Fig.4b the reflection is shown

material of the bumper (no paint considered yet) are depicteq, o frequency. The maximum reflection coefficient of about

in Fig. 3a and b. In these figures the first (+), best (diamond) _17 4B can be seen at the edges of the band (76/81 GHz) as
and last (x) graph are always highlighted to see the influence g cyjated before. Next to that the tolerance analysis for a
of increasing relative permittivity. The substrate material has, 4riation ofe — +0.1 mm is shown. The maximum reflec-

a relative permittivity in the range af ; =2.86—0.06 and 5 is below—12 dB.

a thickness of about; = 3 mm. Considering low-cost mate-

rials the relative permittivity for the matching layer is varied 4.2 Integrated matching layer for substrate

betweere, =1 (initial condition) ands, = 3. It can be seen

that for a relative permittivity of, = 2.6 and a thickness of The results for an integrated matching layer for the sub-
d =0.43 mm the reflection can be decreased by about 45 dBrate material of the bumper (again no paint considered) are

www.adv-radio-sci.net/8/49/2010/ Adv. Radio Sci., 8, 882010
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Fig. 4. Angular and tolerance analysis.

depicted in Figha and b. This is done for the same material
like before. The only difference is the above mentioned re-
duction of the substrate material. In the figusgs= 1 shows

the results for a thickness optimization, because only the
thickness of the matching layer is varied. This results in a de-
creased thickness of the subtrate material of the bumper. The
initial condition is represented by the relative permittivity of
& = 2.8, which is nearly the same as the substrate material
itself. The optimal solution for one frequency and for the
bandwidth iss, = 1.1 with a thickness off =0.74 mm. The
maximum reflection within the band is abou21 dB, 4 dB
lower than that of the additional matching layer. The angular
dependency is depicted in Fi§. The solution of the band-
width analysis shows no improvement concerning the maxi-
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mum reflection within the angular range. Nevertheless for aFig- 6. Angular analysis.

smaller range (e.gt30 deg) the maximum reflection would
be below—10dB. To cover the complete angular range one

ends up with another solutior, = 1.4, which reduces the that already in this stage the meaning of “optimal” is not dis-
maximum reflection below-10 dB, but increases the reflec- tinct. In the Sect4.3this will be discussed. Nevertheless we
tion for 0deg by about 2dB. Concerning only the angular have now two possible “optimal” solutions. The results of
dependency this would be the optimal solution. This showsthe tolerance analysis are shown in Fig.fore, = 1.4 and
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7b for e =1.1. Here the before mentioned coherence be-4.4 Integrated matching layer for substrate and paint
tween a higher permittivity and a smaller variation in relative

permittivity can be seen. The results for an integrated matching layer for the subtrate
material of the bumper with metallic paint (permittivity of
metallic paints, > 4 — condition depends on the substrate’s

_ . ) permittivity) are depicted in Fig9a and9b. The substrate
The analysis of the reflections coming from the bumper ,aieria) is the same as before but with a slightly decreased
shows that one optimal solution can not be defined with-yi-\ness ofs, = 2.7 mm. Again, the integrated matching
out knowing the sensor requirements. Nevertheless it i§ayer results in a reduction of the substrate material. In the
possible to define a cost function from sensor requwementsﬁguresgr _

X i : ; - =1 is coexistent for a thickness optimization and
which clearly defines the optimal solution. Together with .°_ 5 g represents the intial condition. The figures show that
the detailed analysis shown above the optimal parameters Cafie reflections are increased for the substrate material with

hence be calculated. Additionally, the evaluation shows that,4ajiic paint. The optimal solution for one frequency and
the integrated matching layer is superior over the additionak, ihe handwidth i, = 1 with a thickness of = 0.81 mnt.

matching layer concerning maximum reflection within the tha maximum reflection within the band is abou10 dB.
bandwidth. Because this is a strong requirement for futurer,o angular dependency is depicted in Fg.for the best
radar sensors, the evaluation is focused on integrated matchy| tions of the bandwidth analysis. The maximum reflec-
ing layers in the following section. tion within an angular range a£40deg is about-4.5dB.
This can be optimized with a relative permittivity gf=1.6
below —6 dB, but with higher reflections within the band.

4.3 Discussion of substrate materials

Iror paints withe, < 4 the optimal solution differs.

www.adv-radio-sci.net/8/49/2010/ Adv. Radio Sci., 8, 89-2010
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5 Conclusions

——e =1.0
2F £ =16 This paper compares different possibilities for low-cost in-
—e, =28 tegration of radar sensors for the 79 GHz band. The as-

- 1_%

angle / deg
(a) Angular dependency analysis

sumptions of the model described are a plane wave incident
on a non-magnetic, plane material without roughness. It is
shown for plastic fascia, that the bandwidth requirements
B =76—81 GHz, the angular requirementgl0 deg and tol-
erance influences = 0.1 mm can be met coexistently with
low-cost matching. This can be realized using a rib profile
(integrated matching layer).

For painted fascia the bandwidth requirement can be met
with a maximum reflection of below10 dB. The thickness
optimization (integrated matching layer) delivers the best
solution considering the mentioned realization possibilities.

0 ‘ ‘ ‘ Because the angular dependency and the tolerance analysis
—o=-0.Imm are based on this evaluation, they suffer from the requirement
igjgllmmm, of 5 GHz bandwidth. Nevertheless the maximum reflection
can be reduced below10 dB under certain conditions. The
af 1 optimisation of the angular dependency and the tolerance in-
fluence is considered for future work. An overall optimal
solution can be found knowing the detailed requirements of
future radar sensors.

reflection / dB
[=))
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