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ABSTRACT Automotive radar is one of the enabling technologies for advanced driver assistance sys-
tems (ADAS) and subsequently fully autonomous vehicles. Along with determining the range and velocity of
targets with fairly high resolution, autonomous vehicles navigating complex urban environments need radar
sensors with high azimuth and elevation resolution. Size and cost constraints limit the physical number
of antennas that can be used to achieve high resolution direction-of-arrival (DoA) estimation. Multiple-
input/multiple-output (MIMO) schemes achieve larger virtual arrays using fewer physical antennas than
would be needed for a single-input/multiple-output (SIMO) system. This paper presents a high-fidelity
physics simulation of a 77GHz, frequency-modulated continuous-waveform (FMCW)-based 128 channel
(8 transmitters (Tx), 16 receivers (Rx)) MIMO radar sensor. The 77GHz synthetic radar returns from full
scale traffic scenes are obtained using a high-fidelity physics, shooting and bouncing ray electromagnetics
solver. A fast Fourier transform (FFT) based signal processing scheme is used across slow-time (chirp)
and space (channel) to obtain range-Doppler and DoA maps, respectively. Detection and angular separation
performance comparisons of 16, 64 and 128 channel MIMO radar sensors are made for two complex driving
scenarios.

INDEX TERMS Automotive radar, antenna, MIMO, FMCW, simulation, DoA.

I. INTRODUCTION
Advanced driver assistance systems (ADAS) have turned
today’s vehicles into mobile computing and sensing hubs that
will ultimately, autonomously navigate roads as self driving
cars. One of the main demands of autonomous operation is
that the vehicle under consideration must have situational
awareness. Here, we define the host vehicle that is tasked
with perceiving the environment using the on-board sensors
as the ego vehicle. Specifically, the ego vehicle must be able
to detect the presence, distance, speed and direction of arrival
of multiple actors in the driving scenario. This is achieved
using different sensing technologies such as light detection
and ranging (Lidar), range detection and ranging (radar),
visible spectrum cameras and ultrasonic proximity sensors
[1]–[4]. Radar is a versatile technology that can detect the
range, velocity and direction of arrival of multiple targets
simultaneously in poor lighting conditions and inclement
weather [5].
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FIGURE 1. Direction of arrival (DOA) estimation using the MIMO concept.
Using 3 Tx antennas and 4 Rx antennas, a 12 channel virtual array can be
realized for azimuth and elevation angle estimation.

Recent implementations of radar in the automotive indus-
try have been focused on the 77 GHz frequency band. Here,
radar is used for park-assist (PA), blind spot detection (BSD),
rear collision warning (RCW), cross traffic alert (CTA) and
adaptive cruise control (ACC), among others [6]. These dif-
ferent applications can be divided into long (ACC), medium
(CTA, RCWandBSD) and short (PA) range radar. In highway
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FIGURE 2. FFT based signal processing workflow for range, Doppler and angle. A range profile is obtained through a 1D IFFT along fast-time.
Range-Doppler and angle are obtained using FFTs along chirps (slow-time) and channels, respectively.

operation, long range radars are used to track the distance and
velocity of relatively few targets that have a smaller dynamic
range in radar cross section (RCS) [7]. Urban environments
present unique challenges to radar sensor operation. Here,
the sensor must detect, track and classify multiple, crowded
targets with relatively slow speeds and high dynamic ranges
in RCS. Specifically, the RCS of a pedestrian can be 20 dB
less than that of a truck [7]. In addition to separating targets
in azimuth, targets must also be separated in elevation. This is
because the radar sensor will need to accurately determine the
position in elevation of targets such as small metallic pieces
on the ground, manholes or overpasses in order to avoid a
false detection [7], [8]. Medium and short range radars will
need to operate in complex electromagnetic environments for
fully autonomous vehicles (AV) to be realized.

To meet performance requirements, medium and short
range radar sensors must have a wide field of view cou-
pled with high range, azimuth, elevation and velocity reso-
lution. Using a frequency-modulated continuous-waveform
(FMCW) radar, the range resolution can be improved by
increasing the bandwidth B of the transmitted chirp. On the
other hand, the velocity resolution can be improved by
increasing the coherent processing interval (CPI) duration.
In order to determine the direction of arrival of a target in
azimuth or elevation, two or more channels are needed. The
angular resolution of the sensor can be improved by increas-
ing the number of channels. In a single-input/multiple-output
(SIMO) scheme, the number of channels can be increased by

addingmore receivers (Rx). Each of these additional receivers
will need a dedicated frequency mixer, amplifier and analog-
to-digital converter (ADC).

Due to the space and cost constraints of automotive radar,
SIMO schemes are seldom used for high angular resolution
radar. Instead of a single transmitter Tx used in SIMO sys-
tems, multiple-input/multiple-output (MIMO) radar systems
improve hardware efficiency by using multiple Tx elements.
By judiciously spacing the elements, larger virtual arrays can
be achieved using a smaller number of physical channels.
Fig. 1 shows the MIMO concept.

The MIMO radar concept has been extensively inves-
tigated [7], [9]–[18]. MIMO radar with co-located anten-
nas was investigated in [10]. On the other hand MIMO
radars with widely separated antennas were investigated
in [17]. Various works involving the building and testing
of automotive radar systems have been presented in the
literature [5], [7], [19]–[23]. A 77 GHz MIMO automotive
radar was built and tested in [7]. While building and test-
ing radar sensors is valuable, it can be cost and time pro-
hibitive to build certain test cases that may be of interest
to system designers. It has been estimated that 8.8 billion
test-driving miles will be needed before autonomous vehicles
are deemed safe for mainstream deployment [24]. Simulation
has emerged as a practical, relatively inexpensive and safe
approach for ADAS sensor validation [25]–[30].

In this paper, we present a high-fidelity physics based
simulation of a 128 channel MIMO radar sensor for 77 GHz
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FIGURE 3. Simulation setup for validating the range, Doppler and angle
estimation of the post processing technique used in this work. Each steel
plate has a radar cross section of 10m2 at 77 GHz.

automotive radar. The synthetic radar sensor consists
of 8 transmitter (Tx) and 16 receiver (Rx) elements. The
radar signal is a frequency-modulated continuous-waveform
(FMCW). Channel orthogonality is achieved through time
domain multiplexing (TDM-MIMO). In TDM-MIMO, a sin-
gle Tx antenna transmits while all the other Tx antennas are
turned off. Doppler and angle processing of the scattered
fields received by each of the Rx antennas is done using a
fast Fourier transform (FFT) based scheme.

In order to test the performance of the MIMO sensor, the
post processing algorithms need to be fed with synthetic radar
returns obtained from electromagnetics simulations of full
scale traffic scenes. The large electrical size of full scale traf-
fic scenes makes it difficult to conduct simulations using the
traditional full-wave electromagnetics solvers. Specifically,
a single traffic scene can be billions of cubic wavelengths in
size at 77GHz. This presents high computational andmemory
demands that are further increased by using MIMO sensors
since individual Tx /Rx channels would need to be simu-
lated. Therefore, electromagnetic simulations of full scale
traffic scenes have been limited to low fidelity, analytical
or system level models that treat targets as point scatterers
and not distributed targets [27]–[33]. Such models typically
neglect crucial wave propagation and multi-path interaction
between accurate target shapes. In this work, the synthetic
radar returns of full traffic scenes are obtained using Ansys’

FIGURE 4. Range profile, range-Doppler map and range-angle map for
the 3 steel-plate arrangement shown in Fig. 3 (128 channel MIMO array).

High Frequency Structure Simulator (HFSS) Shooting and
Bouncing Rays solver (SBR+), a high-fidelity physics based
ray tracing electromagnetics solver.

This paper is organized as follows: section II focuses
on MIMO direction of arrival estimation theory and the
FFT based signal processing scheme employed in this work.
Section III presents the HFSS SBR+ simulation setup and a
test case scenario used to validate the proposed simulation
and post processing workflow. In section IV, two full scale
traffic scenes of complex road scenarios are simulated to
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FIGURE 5. Range-angle maps for 16, 64 and 128 channels for the 3 steel-plate arrangement shown in Fig.3. The box shaped markers show the actual
locations (range and angle) of the targets. Increasing the number of channels improves the DoA estimation resolution.

obtain range, velocity and angle of arrival of targets in the
scene. For each of the scenes, the angle of arrival maps
for 16, 64 and 128 channels are compared to determine the
separability of targets for each case.

This paper has two main contributions. Here, we demon-
strate how synthetic radar returns from aMIMO sensor can be
extracted from a high-fidelity physics, full-scale electromag-
netic simulation of traffic scenes for 77 GHz radar. To the
authors’ best knowledge, this is the first high-fidelity physics
simulation demonstration of its kind. Secondly, we show
how a simple, computationally efficient FFT scheme can be
used to obtain range, Doppler and angle information from
frequency domain synthetic radar returns. Theworkflow from
this paper can be used to predict the performance of physical
radar sensors in real world applications.

II. MIMO THEORY AND SYNTHETIC RADAR RETURNS
POST PROCESSING
A. MIMO FOR DOA ESTIMATION
In order to determine the direction of arrival of a signal
using a single-input/multiple-output (SIMO) system, at least
two receiver antennas with a known physical separation
are needed. This physical separation of receivers creates an
angle-dependent phase shift between the signals received by
the two receivers. Figure 1 shows an incoming plane wave at
an angle θ . Each of the receiver antennas have a spacing of
d , therefore, a single wave-front has to travel an additional
physical distance of (n− 1)dsinθ to reach the nth as shown in
Fig. 1. Therefore, the signal at the receivers has a progressive
phase shift, φ of

φ =
2πdsinθ

λ
(1)

Here, λ is the free space wavelength. Therefore, the angle
of arrival is given by

θ = sin−1
(
φλ

2πd

)
(2)

The progressive phase shift φ can unambiguously be esti-
mated in the range of(−π toπ ) radians. Therefore, this means
that the field of view θFOV is given by

θFOV = ±sin−1
(
λ

2d

)
(3)

By using a spacing d = λ/2, a field of view θFOV =

±90◦ can be achieved. The angular resolution of the DoA
estimation θRES is given by

θRES =
λ

Ndcosθ
(4)

From (4), it can be seen that the angle of arrival estimation
resolution depends on the number of antenna elements N , the
distance between the elements d and the cosine of the angle
of arrival estimation. This means that the angular resolution
worsens as one moves from bore-sight (θ = 0◦). Assuming
bore-sight conditions and a spacing d = λ/2, the angular
resolution in radians is given by

θRES =
2
N

(5)

By increasing the number of Rx elements in a SIMO
scheme, the angular resolution can be improved. However,
this is not an efficient usage of hardware since each receiver
would need its own mixer, amplifier, filter and ADC. A more
efficient way is to use a MIMO scheme as shown in Fig. 1.
Here, we use MTx orthogonal waveforms from the phase
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FIGURE 6. Full-scale, high-fidelity physics traffic scene simulation of a MIMO radar sensor and the range-angle map for a 128 MIMO sensor.

FIGURE 7. Range-angle maps for 16, 64 and 128 channels for the scene shown in Fig.6. The box shaped markers show the actual locations (range and
angle) of the targets. Increasing the number of channels improves the DoA estimation resolution.

centers of MTx antennas. By judiciously spacing the Tx ele-
ments, a virtual array can be realized as shown in Fig. 1.
Here, usingMTx transmit antennas and NRx receive antennas,
a total ofMTxNRx virtual channels can be realized. Therefore,
in order to realizeMTxNRx channels, onlyMTx+NRx physical
channels are needed for a MIMO scheme. On the other hand,
a SIMO scheme would need 1+MTxNRx physical channels.

B. FFT BASED POST-PROCESSING FOR DOPPLER AND
DIRECTION OF ARRIVAL ESTIMATION
Doppler and angle of arrival were estimated using a FFT
scheme as shown in Fig. 2. Synthetic radar returns from

HFSS SBR+ simulations represent antenna-to-antenna (Tx
to Rx) coupling in the presence of scatterers. This coupling is
presented as the scattered-field S-parameters. Since the solver
used for this study is a frequency based solver, each chirp
is represented by complex voltage samples of the reflected
signals as shown in Fig. 2. A single range profile can be
obtained from one chirp by conducting an IFFT across the
fast time dimension. In order to obtain separation of targets
in Doppler, FFTs were conducted across all chirps in one
coherent processing interval (CPI) from a single channel.
To achieve this, range profiles from each chirp were loaded
into the rows of a Doppler matrix before a second FFT was
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TABLE 1. Radar parameters for simulation setup.

carried out along each column. A column in the Doppler
matrix represents a single range bin for all the chirps. The
second FFT is conducted across all the chirps for each range
bin as shown in Fig. 2. Direction of arrival (DoA) estimation
was conducted in a similar manner. An IFFT was conducted
on the synthetic radar returns of a single chirp from themiddle
of each channel’s CPI. This data was then passed into the rows
of a DoA matrix as was done for Doppler. Finally, a second
FFT was conducted along each column of this DoA matrix.
Each column represents a single range bin for all the channels.
Therefore, the second FFT is conducted for each range bin
across the channel space.

III. VALIDATION OF SIMULATION SETUP AND POST
PROCESSING
A. SIMULATION SETUP
The High Frequency Structure Simulator (HFSS) Shooting
and Bouncing Rays (SBR+) solver was used to simulate syn-
thetic radar returns for validation of the MIMO sensor. HFSS
SBR+ is an asymptotic, ray tracing electromagnetics solver
that efficiently solves electrically large problems. HFSS
SBR+ uses geometrical optics (GO) to launch rays from a
radiation source. These launched GO rays are vector-field
weighted by the radiation pattern or current distribution of
the source antenna [34]. HFSS SBR+ then uses physical
optics (PO) to ‘paint’ currents wherever GO rays hit a geom-
etry. Physical theory of diffraction (PTD) wedge corrections
and uniform theory of diffraction (UTD) rays are used to
account for additional phenomenology due to truncation of
PO currents at sharp discontinuities. Finally, HFSS SBR+
also corrects the PO current truncation at shadow boundaries
by including creeping wave (CW) physics. Therefore, using
GO, PO, UTD, PTD and CW, high-fidelity physics based
synthetic radar returns can be obtained [25], [26].

Using 8 Tx elements with a spacing of 8λ and 16 Rx
elements with spacing of λ/2, a 128 virtual channel sensor
was designed in SBR+. For each element of the array, the
beam-width was 120◦ and 10◦ in azimuth and elevation,
respectively. An FMCW waveform was used. Table 1 shows
the characteristics of the waveform. Since each of the Tx
channels are using an identical waveform, orthogonality of
Tx waveforms was achieved using a time domain multiplex-
ing (TDM) scheme.

FIGURE 8. Range profile, range-Doppler and rang-angle map for the
traffic scene shown in Fig. 6.

B. TEST CASE SCENARIO FOR VALIDATION
In order to validate the virtualMIMO array design, simulation
setup and the post processing scheme, three steel plates were
placed in front of the MIMO array as shown in Fig. 3. Each
of the 3 steel plates had a radar cross section (RCS) of 10m2

at 77 GHz. Two plates were placed at angles of 17.3◦ and
−33◦ at a radial velocity of 10m/s with respect to the radar
sensor. The third steel plate was placed at bore-sight with a
velocity of -5m/s. All three targets were placed at a range
of 15.3m with respect to the radar sensor. The radar platform
was stationary (0m/s). Since all the steel plates are at the same
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FIGURE 9. Full-scale scene of typical urban driving scenario. The targets in this scene are much closer in angle and range.

FIGURE 10. Range-angle maps for 16, 64 and 128 channels for the scene shown in Fig.9. The box shaped markers show the actual locations (range and
angle) of the targets. Increasing the number of channels improves the DoA estimation resolution.

range, only one target should be resolved in range at 15.3m.
On the other hand, only two targets should be resolved in
Doppler at -5m/s and 10m/s since two of the targets fall into
the same 10m/s velocity bin. Finally, a direction of arrival
estimation should resolve all the 3 targets in angle. Fig. 4
shows the range profile, range-Doppler and range-angle map
for the setup shown in Fig. 3. All three plots are consis-
tent with the expected results for the arrangement in Fig. 3.
In order to test the impact of channel number on the DoA
estimation resolution, the DoA estimation was done for 16,
64 and 128 channels. Fig. 5 shows the range-angle maps for
16, 64 and 128 channels. As expected from (5), increasing
the number of channels improves the resolution. Specifically,
by only using 16 channels and the FFT scheme used here, it is

difficult to differentiate between the peaks corresponding to
each plate.

IV. FULL SCALE TRAFFIC SCENE SIMULATION
In order to test the performance of the MIMO sensor in
typical traffic scenes, two full-scale scenes were created in
HFSS SBR+. Fig. 6 shows a full-scale model of a traffic
intersection. The ego vehicle is fitted with an 8 Tx and 16 Rx
MIMO sensor. Vehicle bodies were defined as perfect electri-
cal conducting bodies while the windows were defined as a
boundary condition that allows rays to be reflected, refracted
and transmitted at the air/glass interface (0.25in thick). The
road was modelled as an asphalt layered impedance boundary
condition. Finally, pedestrians weremodelled using the single
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material dry skinmodel [35], [36]. Here, the relative dielectric
constant and conductivity are εr = 6.6 and σ = 38.38 S/m,
respectively.

Fig. 7 shows the range-angle maps for 16, 64 and 128 chan-
nels. The range profile, range-Doppler and range-angle maps
are shown in Fig. 8. Low fidelity physics simulation tech-
niques use point scatterer models to define the actors in a
scene [27]–[33], here we are using realistic, full-scale mod-
els of the actors to reveal the accurate distributed nature of
real world targets. From Fig. 8, it can be seen that little
information of the traffic scene can be deduced from the
range profile since some targets exist in the same range bin.
The targets can be further separated in Doppler and angle.
On the other hand, Fig. 7 shows that the angular resolution
improves as the number of channels increases. In Fig. 7, the
16-channel range-angle map shows the targets smeared out
in angle. This introduces ambiguity in the actual direction of
arrival of a target since it seems to be existing over multiple
angle bins. Such ambiguity can worsen when targets are at
the same range as shown in Fig. 5. On the other hand, the
radar returns of single targets are more localized in angle
when 64 and 128-channel sensors are used for the DoA
estimation. By inspecting the range-angle maps in Fig. 7,
it can be concluded that the 16 channel sensor could still be
used for DoA estimation in cases where the targets are widely
separated in range and/or angle.

The intersection shown in Fig. 6 is a fairly simple case for
DoA estimation. This is because each of the targets are widely
spaced in direction of arrival. Furthermore, each of the targets
have unobstructed paths between them and the ego vehicle.
These factors make it easier for the DoA estimation to isolate
the targets in angle. A more complex and critical driving
scenario that is representative of typical urban situations is
shown in Fig. 9. Here, the targets are close to each other both
in range and angle. Furthermore, soft targets like pedestrians
have fairly low radar cross section (RCS). This can make it
difficult to detect such targets when they are close to high
RCS targets such as vehicles. Specifically, the RCS of a
pedestrian and a truck can have a relative dynamic range of
20dB [7]. Since the targets are closer in range and angle, high
angle and range resolutions are needed to be able to isolate
the targets. Specifically, assuming a 3m-wide traffic lane,
determination of a clear path up to a range of 50m requires
a resolution of 3.5◦ [7]. From (5), a 16 channel sensor has
a resolution of 7◦ thus making it unfit for such a driving
scenario. On the other hand, 64 and 128 channel sensors
have resolutions of 1.8◦ and 0.9◦, respectively. Therefore, the
performance requirements should still be met by a 64 channel
sensor. Fig. 10 shows the range-angle maps obtained from
simulating 16, 64 and 128 channel sensors. The range pro-
file, range-Doppler and range-angle maps are for the traffic
scene in Fig. 9 are shown in Fig. 11. As shown in Fig. 10,
simulation can be used to confirm that a 64 channel sensor
meets performance requirements by still being able to resolve
the targets in angle. On the other hand, Fig. 10 shows that
a 16 channel sensor cannot be reliably used for this type of

FIGURE 11. Range profile, range-Doppler and rang-angle map for the
traffic scene shown in Fig. 9.

driving scenario. This should be compared to the intersection
in Fig. 6 where 16 channels were enough to separate the
sparsely spaced targets in angle.

V. CONCLUSION
Radar is one of the key sensor technologies for advanced
driver assistance systems (ADAS). Using radar, vehicles
can simultaneously determine the range, velocity and direc-
tion of arrival of multiple targets. For fully autonomous
vehicles to be realized, medium and short-range radars
will need to operate in crowded urban environments where
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high resolution in direction of arrival (DoA) estimation is
needed. In order to achieve high DoA resolution, the num-
ber of transmitter/receiver channels needs to be increased.
Multiple-input/multiple-output (MIMO) schemes are a hard-
ware efficient way of increasing the number of channels
in radar sensors. In this paper, we presented a 128 chan-
nel MIMO sensor for high resolution DoA estimation. Syn-
thetic radar returns for this MIMO sensor were obtained
using high-fidelity physics based electromagnetic simula-
tions of full-scale traffic scenes at 77 GHz. Doppler and
DoA were determined using a FFT post processing scheme.
DoA estimation using this MIMO sensor was conducted on
two full-scale traffic scenes. For each scene, comparisons
of performance for 16, 64 and 128 channels were made.
A minimum of 16 channels was found to be sufficient for
sparsely populated scenarios while 64 channels were nec-
essary for densely populated traffic scenarios. Results from
this study show how high-fidelity physics simulations can be
used to design and virtually test complex MIMO systems for
automotive radar.
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