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Abstract

In this paper, we study the integration effects of a
2D MIMO RADAR antenna for automotive applications,
placed behind a painted bumper. First, a 3Tx-4Rx 2D-
MIMO RADAR antenna system is designed, where the in-
dividual Tx/Rx antenna is a seven-element series-fed modi-
fied binomial array configuration having side-lobe level less
than 16 dB and 800 azimuth field-of-view (FoV). Then the
2D MIMO RADAR antenna is placed behind a simplified
curved bumper having two paint layers, and the antenna-
painted bumper integration effects are studied via the S-
parameter response and antenna array ambiguity function
(AAAF) model. Both the AAAF and S-parameter analy-
sis provide key insights into the comparative performance
of 1D and 2D MIMO RADARs integrated with bumpers,
which can help determine possible corrective measures in
real-time applications.

1 Introduction

Autonomous vehicles have gained tremendous attention
these days and with this surge, various technologies have
also come to the fore that caters to the demand for active
safety and to avoid human errors while driving. Advanced
driver assistance system (ADAS) is one such technology
that facilitates a wide range of functionalities such as adap-
tive cruise control (ACC), parking assistance, blind spot de-
tection, surrounding view, pedestrian detection, etc. As the
degree of automation has reached levels 4 and 5 [1], sit-
uational sensing is an utmost priority, necessitating sensor
technologies [2] with high-resolution mapping. Generally,
this high-resolution sensing is achieved by using various
sensors such as LIDAR, camera, ultrasonic SONAR, and
automotive RADAR. The optical sensors such as LIDAR
and camera provide high angular resolution and visual rep-
resentation of the target respectively but fail in low light
conditions and face high attenuation in bad weather condi-
tions such as rain, fog, dust, snow, etc [3]. The SONAR sen-
sor is suitable for low-speed and short-range target avoid-
ance, however, its spatial resolution and maximum range
are restricted for dynamic driving conditions and at the
same time get attenuated in adverse weather conditions. On
the other hand, RADAR is one of the most efficient sen-
sors among others which is unaffected by weather condi-

tions and independent of lighting conditions. Moreover,
accurate velocity estimation and moving target detection
using the Doppler effect are the key differentiators of the
RADAR from other sensors. Therefore, RADAR is the
most decorated sensor for an autonomous vehicle. How-
ever, the angular resolution of the conventional RADAR is
less compared to optical sensors and it is inversely propor-
tional to the antenna size. Here, the MIMO technology in
the RADAR system provides a degree of freedom to im-
prove the angular resolution without increasing the physical
antenna aperture.

The MIMO technique increases the RADAR angular res-
olution by introducing the formation of a virtual array of
receiver antenna that contains more number of antenna el-
ements and a larger virtual aperture than the physical an-
tenna through the use of waveform diversity (i.e., trans-
mitting orthogonal waveform from transmitter antennas)
[4]. MIMO RADAR comes in three different configura-
tions such as long-range, medium-range, and short-range
RADAR based on maximum attainable range and field-of-
view (FoV) and is widely used in the 77 GHz band. Never-
theless, the practical problem arises when these RADARs
are mounted behind a bumper of an autonomous vehi-
cle having six-to-seven layers of paint material [5]. This
painted bumper introduces additional loss in the transmis-
sion/reception and affects the direction-of-arrival (DoA) es-
timation and RADAR resolution.

In this paper, we use the antenna array ambiguity function
(AAAF) model and the S-parameter response to provide in-
tuition into the effect of an antenna-painted bumper inte-
grated system. Initially, the paper provides insight on 1D
and 2D MIMO RADAR antenna design and studies the an-
gular resolution provided by the antenna configurations. All
the designs and simulations in this manuscript are carried
out using CST Microwave Studio.

2 1D and 2D MIMO RADAR Antenna De-
sign

The schematic of 2Tx-4Rx 1D and 3Tx-4Rx 2D MIMO
RADAR antenna are shown in Fig. 1 and Fig. 2 respec-
tively. The antennas are designed at 77 GHz automotive
RADAR operating band on a 0.25 mm thick Roger 5880LZ



Figure 1. Schematic of 2Tx-4Rx 1D MIMO RADAR
antenna. Individual antenna dimension in mm: l1 =
1.35,w1 = 1.6, l2 = 1.35,w2 = 1.185, l3 = 1.36,w3 =
0.553, l4 = 1.39,w4 = 0.185, lg = 1.085,wg = 0.03,dxt1 =
3.9,dyr1 = 2,L1 = 22.7,W1 = 27.

material (εr = 2, tanδ = 0.0021). The individual antenna
element of these two MIMO configurations is a modified
binomial tapered series-fed array [6], where the design pa-
rameters are listed in Fig. 1 and 2. It can be seen that the
Tx2 in Fig. 2 is extended by dtz = 1.5λ0 (λ0 is the free
space wavelength at 77 GHz frequency) distance towards
the z-direction to get a 2D MIMO antenna design. It is also
taken care that the extension made in Tx2 maintains the 77
GHz resonance as shown in the S-parameter curve in Fig.
3(a). Fig. 3(b) shows the 3D-radiation pattern of the show-
ing 11.5 dBi broadside gain having sidelobe level (SLL)
less than 16 dB and 800 FoV.

Though the antenna type and arrangement for 1D and 2D
MIMO RADAR configurations are looking similar, the off-
set design of Tx2 in Fig. 2 creates the actual difference be-
tween 1D and 2D MIMO by providing an additional degree
of freedom in elevation plane resolution. More studies on
1D MIMO RADAR antenna and bumper integration effects
are provided in our earlier works [7], [8]. Now, the antenna
arrangement for the proposed 1D and 2D MIMO RADAR
antennas can be expressed as (1) and (2) respectively,

x−direction : Mt = [0,λ0],Mr = [3λ0,3.5λ0,4λ0,4.5λ0]
(1)

(x,z)−plane : Mt = [(0,0),(2λ0,1.565λ0),(4λ0,0)],
Mr = [(6λ0,0),(6.5λ0,0),(7λ0,0),(7.5λ0,0)]

(2)

Here Mt and Mr are the position vectors of transmitter and
receiver arrays. The antenna arrangement for (1) provides a
1D virtual aperture dx = 5.5λ0. According to the Rayleigh
criterion [9], the angular resolution provided by 1D MIMO
RADAR in azimuth is ∆ϕx = 1.22λ0/dx = 12.70. On the

Figure 2. Schematic of 3Tx-4Rx 2D MIMO RADAR
antenna. Individual antenna dimension in mm: l1 =
1.35,w1 = 1.6, l2 = 1.35,w2 = 1.185, l3 = 1.36,w3 =
0.553, l4 = 1.39,w4 = 0.185, lg = 1.085,wg = 0.03,dxt2 =
16,dzt = 6.1,dyr2 = 2,L2 = 30.14,W2 = 37.3.

Figure 3. (a) Variation of S-parameter over frequency for
all antenna elements and (b) 3D radiation pattern at 77 GHz
of Tx2 showing gain of 2D MIMO RADAR antenna con-
figuration shown in Fig. 1.

other hand, 2D MIMO RADAR generates a 2D virtual ar-
ray [10] along xz−plane. The schematic of 2D virtual ar-
ray representation is discussed in [11]. The 2D virtual
array, due to the proposed 2D MIMO RADAR antenna,
generates array sparsity [12] with 8 elements having az-
imuth aperture dx = 11.5λ0 along with an elevation aperture
dy = 1.565λ0. Similarly, according to the Rayleigh criterion
the angular resolution provided by 2D MIMO RADAR in
azimuth and elevation are ∆ϕx = 1.22λ0/dx = 6.070 and
∆ϕx = 1.22λ0/dy = 44.80 respectively. The overall foot-
print (i.e. occupied area) of the 2D MIMO RADAR is
nearly 1.73 times the 1D MIMO RADAR. However, the
proposed 2D MIMO RADAR not only improves the az-
imuth resolution but also provides elevation resolution, un-
like the 1D MIMO RADAR.

.



Figure 4. Schematic of 2D MIMO RADAR antenna-
painted bumper integrated system.

3 Integration of 1D and 2D MIMO RADAR
antenna Behind a Painted Bumper

Next the MIMO RADAR is integrated with a simplified
curved bumper model having εr = 2 and tanδ = 0.01. The
physical dimension of the bumper is taken as 55× 60mm2

such that it can surround the proposed MIMO RADAR an-
tenna. As mentioned earlier, the automotive industries gen-
erally use six-to-seven layers of painted material for vehicle
aesthetics. Here, we have considered only two paint mate-
rials for the study purpose. A primer coat (εr = 9, tanδ =
0.06) and a base coat (εr = 9.99, tanδ = 0.907), having
thicknesses 4µm and 15µm respectively, are applied on the
bumper [13]. Fig. 4 shows the schematic of the antenna-
bumper integrated system. The bumper thickness is varied
from 2.75mm at the corner to 3mm at the center.

The S-parameter response for the 2D MIMO RADAR an-
tenna without and with the painted bumper is computed
to observe the effect of integration. Fig. 5 shows the S-
parameter response for Tx1 of 2D MIMO along with the
mutual coupling effect with other antennas. Note that, S-
parameter response for only one antenna is considered here
to provide clarity in the response and similar effects are
also observed in the S-parameter response of other anten-
nas in the proposed 2D MIMO RADAR antenna configu-
ration. The antenna without any integration shows perfect
|S11| response at 77 GHz and the minimum mutual cou-
pling between the other antennas is below −30 dB (see Fig.
5(a)). Fig. 5(b) shows the S-parameter response when only
bumper material is placed above the antenna, which shows
a deviation in the |S11| curve and an increase in the mini-
mum mutual coupling near −30 dB. The antenna with the
painted bumper in Fig. 5(c) and (d) shows a further in-
crease in minimum mutual coupling above −30 dB with
the deviated |S11| response from the 77 GHz operating fre-
quency. This variation in the S-parameter response is due to
the multi-path reflections of radiated electromagnetic waves
between the antenna and bumper. This reduces the antenna
impedance matching at the desired operating frequency and
eventually reduces the maximum power transfer to the an-
tenna element and affect antenna radiation efficiency.

In addition, for a RADAR problem, an unambiguous esti-
mation of direction-of-arrival (DoA) is the fundamental re-
quirement. Ambiguity in DoA estimation, due to the pres-
ence of a painted bumper, may lead to the miss of target po-
sition and consequently lead to detrimental effects. There-

(a) (b)
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Figure 5. Variation of S-parameters with frequency for
Tx1-antenna of the proposed 2D-MIMO RADAR antenna
(Fig. 2) (a)without bumper, (b) with bumper, (c)with
bumper+ primer coat, and (d)with bumper+ primer coat+
base coat.

fore, to study the effect of the integrated bumper-MIMO
RADAR systems, here the AAAF is used which provides
information on ambiguity in DoA and angular resolution.
Mathematically, AAAF χ(ψi,ψ j) can be represented as (3)
[14]

χ(ψi,ψ j) =
|Y H(ψi).Y (ψ j)|

||Y (ψi)||.||Y (ψ j)||
(3)

Where Y represents virtual array steering vector, (.)H rep-
resents the Hermitian operator, ||.|| represents the norm op-
erator and 0 ≤ ψi,ψ j ≤ 2π . More details about AAAF and
relevant mathematical formulation to compute are provided
in [8], [14]. The computed AAAF plot for both 1D and
2D MIMO RADAR antenna is shown in Fig. 6 for vari-
ous combinations of the antenna and pained bumper; where
all the left-side plots such as (a1), (b1), (c1), and (d1) be-
long to 1D and right-side plots such as (a2), (b2), (c2), and
(d2) belong to 2D MIMO. The diagonal length and width
of the AAAF plot signifies the FoV and angular resolution
of the MIMO RADAR antenna. From the very initial ob-
servation, it can be seen in Fig. 6 that the thinner diagonal
width of AAAF plots for the proposed 2D MIMO compared
to the 1D MIMO. This signifies the improved angular res-
olution of the proposed 2D MIMO antenna configuration
compared to 1D, which is consistent with the discussion on
angular resolution in section II. In addition, the key obser-
vation can be drawn from Fig. 6 that standalone antennas
exhibit a clean AAAF plot (see Fig. 6(a)). Whereas the
AAAF plots start to degrade in presence of a bumper (see
Fig. 6(b)) and gradually the worst AAAF plot can be seen
when two paint layers are added to the bumper. It clearly
shows the deterioration in angular resolution, reduction in
FoV, and ambiguity in DoA when the antenna is integrated
behind the painted bumper compared to antenna without in-
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Figure 6. AAAF plots for 1D (left) and 2D (right) MIMO
RADAR antennas of Fig. 1 and 2 respectively for var-
ious integration conditions at 77 GHz: (a) antenna with-
out bumper, (b) antenna with bumper only, (c) antenna with
bumper+ primer coat, and (d) antenna with bumper+ primer
coat+ base coat.

tegration (Fig. 6(a)). It can be inferred from this study that
the use of additional paint layers may further deteriorate the
RADAR performance. A study on the effect of change in
the material property (dielectric constant) of a bumper on
the 1D MIMO RADAR antenna is provided in our earlier
work [8].

4 Conclusion

This paper first discusses the design of a 1D and 2D MIMO
RADAR antenna having 2Tx-4Rx and 3Tx-4Rx configu-

rations respectively. It is observed that the proposed 2D
MIMO RADAR provided better angular resolution in az-
imuth compared to the 1D counterpart. Furthermore, the
2D MIMO RADAR antenna is placed behind a painted
curved bumper, and performance metrics like AAAF and
antenna S-parameters are studied. It is observed that the
bumper with paint material inflicts ambiguity in DoA, af-
fects angular resolution, and alters the antenna S-parameter
response over the unmounted antenna. Such studies are po-
tentially helpful to automotive industries to obtain more in-
sights about integrated antenna performance and to provide
better solutions with high system efficiency during real-
time operation.
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