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Abstract— A method exploiting the movement of the vehicle
to boost the cross-range resolution of automotive radar by
forming a larger virtual array is proposed. Initial simulated
results show that the proposed method with the traditional Digital
beamforming (DBF) algorithm can separate targets that cannot
be otherwise recognized by the traditional MIMO approach.
Furthermore, the proposed approach does not require prior
knowledge of the number of targets, and can solve the MUSIC
rank deficiency problem because of its larger virtual planar
antenna.

Keywords — MIMO array, high resolution, multiple signal
classification (MUSIC), automotive radar.

I. INTRODUCTION

Important requirements for automotive radar are high
resolution in range, Doppler and angle [1], low hardware
cost, and small size. With the advent of high-bandwidth and
high-frequency FMCW radar, the resolution of range and
velocity increased dramatically. To obtain high cross-range
resolution in angle, large aperture antenna arrays are usually
implemented via phased array [2], synthetic aperture radar
(SAR) [3], or multiple-input-multiple-output (MIMO) array
techniques [4]. Phased arrays typically use numerous antennas
to form a large aperture having a narrow beamwidth.
However,they are usually not an economical option for civilian
applications. The SAR techniques form a large effective (i.e.,
virtual) aperture array by moving a small antenna or array
which reduce the number of antennas required for imaging,
thus providing a cost-effective solution for high-resolution
imaging applications but work efficiently only for side-looking
applications. MIMO radar technology exploits spatial diversity
of transmit and receive antenna arrays, which has received
considerable attention from automotive radar manufacturers.
This can achieve a high angular resolution with relatively small
numbers of antennas. For that ability, it has been exploited in
the current-generation automotive radar for advanced driver
assistance systems (ADAS), as well as in next-generation
high-resolution imaging radar for autonomous driving.

However, the practical implementation on vehicles requires
limited size of the radar to be feasible, hence limiting
the number of MIMO antennas. In automotive MIMO
radar with a virtual uniform linear array (ULA), angle
finding can be done with digital beamforming (DBF)
[5] by performing FFTs on snapshots taken across the
array elements. However, DBF is not a high-resolution
angle-finding method. Higher angular resolution can be
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achieved with Minimum Variance Distortionless Response
(MVDR) [6], subspace-based methods, such as multiple signal
classification (MUSIC) and estimation of signal parameters
via rational invariance techniques (ESPRIT) [7], sparse
sensing-based methods [8], using the movement of radar
[9], and the iterative adaptive approach (IAA) [10]. Those
are proposed to break the Rayleigh limits under current
configuration by signal processing or information theory.
The performance of subspace-based angle-finding methods
relies on accurate estimation of the array covariance matrix
with multiple snapshots, which is challenging in highly
nonstationary automotive radar scenarios. In such a context,
spatial smoothing [11] is applied for introducing virtual
snapshots for array covariance-matrix estimation. While sparse
sensing-based methods and IAA angle estimates are based
on a single snapshot, which is important for snapshot-limited
automotive radar, they have a much higher computational cost,
limiting their real-time use.

In this article, rather than focusing on those high-resolution
angle finding methods, an approach based on the combination
of SAR and MIMO technology is proposed. By adding the
movement of the radar together with the spatial diversity of the
transmit and receive antenna, a robust method to increase the
virtual antenna to boost the angular resolution for side-looking
automotive MIMO radar is developed. The proposed method
can separate close targets that are overlapped in traditional
MIMO approaches using DBF technique. Additionally, the
proposed method can solve MUSIC rank deficiency problem
and its difficulties to obtain the prior number of targets.

The rest of the article is organized as follows. In Section
II, the formation of virtual aperture array of MIMO antenna is
analyzed, and the geometry relationship of the radar movement
is demonstrated using the 2 x 2 MIMO ULA. The simulation
results and some analysis of the effects of different parameters
such as vehicle velocity and acceleration are provided in
Section III. Finally, conclusions are drawn in Section IV.

II. PROPOSED METHOD
A. Proposed formation of Virtual Antenna

In automotive MIMO radar with M transmit and M,
receive antennas, a virtual ULA of MM, elements can be
synthesized with inter-element spacing equal to d.

Here, a generic 1-D MIMO array placed on the y direction
is considered, with the x-axis pointing toward the illuminated
scene and assuming no movement in the z axis. The radar
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where the MIMO array is installed is moving along the y axis,
with objects located in the far-field of the MIMO array.

The position of the i-th transmit antenna at time ¢ is
Tz;(t) = (xri(t),yri(t),0). It is worth mentioning that ¢
in this article refers to slow time, which equals to ¢ = m¢t,,,
where t,, is the chirp duration. The position of the j-th receive
antenna at time ¢ is Rx;(t) = (zr(t), yri(t),0). The position
of a target in the field of view is T, = (2o, Yo, 0). The range
between the target and ¢-th transmit antenna and j-th receive
antenna at time ¢ would be D; ;(t), as in equation (1)

D; (1) = [Tx;(t) = To| + [Rx;(t) — To| (1)

A property of the virtual uniform linear array is that the range
differences between targets and different receiver antenna pairs
will be approximately equal to a constant with respect to the
direction of arrival, and the distance between different receive
antennas is d, which is equal to d = 2. The range differences
are shown as in equations (2-3)

5

D; j(t) — D; j4+1(t) = dsinb 2)

Di+1}j (t) — Di’j(t) ~ M,dsin0 3)

where 6 is the angle of incidence. Thus the M. M; virtual
linear array can be formed.

With the movement of radar over time, the additional
virtual antenna can be formed by

D; j(t1) — D; j(to) = Dj j(to) — Di jy1(to) )

where the (j + 1)-th receive antenna can be generated with the
movement of the radar.
To calculate (4), the time step ¢; can be found as in (5)

d
2Mttmvr

with v, the radar speed, and || the rounding operation.

t1 = to + L Jtm (5)

B. The geometry relationship of the radar movement

Using 2 transmit and 2 receive antenna MIMO array as an
example shown in Fig.1 with solid line, the virtual aperture
array can be formed with 4 antennas with phase relationships
as shown in Table 1.

R,(,) 4 Re()  Txy) Tx, (1)

Fig. 1. The geometrical configuration of MIMO approach, where the black
solid line shows the MIMO antennas at time tg and the red dotted line shows
the antennas moved after time ¢

Table 1. The phase relationship of different 2 x 2 MIMO antenna pairs

Phases 0 dsinf 2dsind 3dsind
Tx Rx pairs Dl,l(to) D172(t0) D2,1(t0) Dzyg(to)
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In Fig. 1, after moving from ¢y to t;, the transmit and
receive antenna in black solid line marked with Rxs and
Tx,, represented as Do o, will arrive at the positions marked
with the red dotted lines. If the time step satisfies (4), the
phase differences between the two antenna pair at time ¢y and
t; will be the same as the different adjacent antenna pairs,
for example Dj 1 and D» o, at time 3. So by moving with
different multiples of ¢; according to (5), the virtual aperture
of 2 x 2 MIMO can be expanded as shown in Table 2. In
this way, the MIMO virtual aperture array is expanded three
times, and this can be further expanded more times with the
same approach.

Table 2. The phase relationship of additional antenna pairs generated by radar
movement

Phases —3dsinf —2dsinf —dsinf
Tx Rx pairs D1,1(3t1) D1’1(2t1) qul(tl)
Phases 4dsinf 5dsind 6dsind
Tx Rx pairs Dgﬁz(tl) D2,2(2t1) D2’2(3t1)

III. SIMULATION RESULTS AND DISCUSSION
A. Simulation parameters

Our simulated test is based on 22 MIMO as discussed in
section IL.A. All the simulation are performed in MATLAB,
and some of the key parameters are shown in Table 3. To test
the performance of the proposed idea, using the method of
expanding the aperture shown in IL.B, the virtual aperture is
expanded to 22+ 6. The MIMO antenna on the side-looking
radar was located at the coordinate center, with targets placed
at the same range bin of 10 meters to meet the Fraunhofer
distance [12] and ensure targets are in the far-field.

Table 3. The chosen parameters for the simulation test

Parameters Value
Central Frequency (GHz) 77

r Slope (MHz/us) 87.89
Sampling Rate (Msps) 150
Bandwidth (MHz) 150

Modulation TDMA

B. Simulation result

To evaluate the performance of the proposed method,
several different tests are performed, including two targets,
four targets for the rank deficiency problem of MUSIC, the
influence of different parameters in (4), and some discussion
on robustness to uncertain estimations, detailed as follows.

1) Two targets

The two targets are placed at -7 and 8 degrees according to
the coordinate introduced in ITI-A. The result is shown in Fig.2,
in which the traditional MIMO approach plus DBF algorithm
cannot separate the closed targets. On the contrary, these can
be separated by the traditional MIMO approach plus MUSIC
algorithm and by our proposed method. The traditional MUSIC
estimated the angle as -7.4 and 7.6, while the proposed method
estimated -7.6 and 7.9.
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Fig. 2. The angle estimation of 2 closed targets for different methods

2) Four targets

The four targets are placed at +25 and +10 degrees,
while the other settings are the same as those in III-B1. The
MUSIC algorithm can only be performed when the number
of targets in a certain range bin is known and less than the
virtual array number My M,., 2*¥2, which is related to the rank
deficiency problem. From Fig. 3, it is shown that the proposed
method can solve the existing problem of MUSIC, and separate
the four targets successfully with -26.0, -10.0, 9.0 and 25.5,
respectively.
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Fig. 3. The angle estimation of 4 closed targets for different methods

IV. DISCUSSION
A. Effect of the different parameters

As seen in (5), the speed of radar and the chirp duration
will influence the accuracy of the time tag-t; in (4-), thus
affecting the coherency of the formed virtual aperture, as
shown in Fig.4. The coherency of the signal depends on
its time tag, where longer intervals of time tag mean more
accurate coherency. That happens in the lower speed and
shorter chirp duration, leading to higher angular estimation

451

performance, where the time tag will be more sensitive to the
uncertainty and performance will deteriorate quickly.

Inverse relation of time tag with chirp duration and speed

—— Chirp duration 3.33us
— Chirp duration 6.66us |

Chirp duration 9.99us
— Chirp duration 13.32us | |

8

time tag of radar movement

40 50
radar speed (km/h)

Fig. 4. The inverse relation between the time tag, ¢1 in equation (5), and
radar velocity for different chirp duration

In Fig.5, the influence of different combinations of radar
speed and chirp duration is demonstrated. For a better visual
comparison, all the results utilize the root mean square error
(RMSE) between the ground truth and the estimated angle in
(dB), as 20l0g10(Otruth — Ocstimated). The estimation results
of the proposed MUSIC are better than those of traditional
MUSIC. Additionally, the angular estimation for shorter chirp
duration yields higher performance, and so does lower speed,
as discussed with respect to Fig.4.

RMSE result

—6— 10km/h Proposed
—6— 30km/h Proposed

50km/h Proposed
—©— 70km/h Proposed
—&— 10km/h Traditional
—&— 30km/h Traditional

50km/h Traditional
—&— 90km/h Traditional

RMSE(dB)

6.67
Chirp Duration [us]

8.33 10.0 11.67 13.33

Fig. 5. The RMSE of the estimated angle as a function of radar speed and
chirp duration

B. Effect of uncertainty in parameters estimation

Typically, during the movement of radar, there are
two types of uncertainty: one comes from the velocity
measurement, another is the velocity fluctuation because
of the uneven ground. When the velocity is measured by
global positioning system (GPS), the mean and variance
of measurement error will typically be 3.6mm/s and
1.8mm?/s2, respectively, according to [13]. Considering the
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mechanical model of typical vehiclesthe force of the road on
a car will influence the acceleration directly. According to
the human comfort model [14], the maximum acceleration for
humans is 0.63m/s%.

0 (a) RMSE result distribution with radar speed
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Fig. 6. The RMSE of the estimated angle: (a)radar speed; (b)chirp duration

In Fig.6, measurement errors from -0.6 m/s to 0.6 m/s
are tested with different chirp duration and radar speed. The
results of the proposed method plus MUSIC are presented in
blue line with the result with no measurement error marked
with blue circle. The red circle marker is the corresponding
result of traditional MUSIC. It can be seen that the errors are
comparable. From Fig.6a, it appears that the higher speed is
more robust to measurement errors but yield higher error in
the angular estimates, while the lower speed is more sensitive
to measurement errors but yield better accuracy. Also, at a
shorter chirp duration the angle is estimated more precisely
but suffers from a larger variation of uncertainty error than
longer chirps. This is in line with the deduction in Fig.4. Note
that this test is more significant than the current GPS error,
hence the proposed method can be implemented with current
GPS.

RMSE result

—— Acceleration in cross direction
— Acceleration in forwarding direction

/

RMSE(dB)

2 1

The mean noise of accelation (m/sz)

0 1 2

Fig. 7. The RMSE of the estimated angle with different acceleration

A similar test is performed for the acceleration in x and
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y direction. The radar speed and the chirp duration are 10
km/h and 1.67 us, respectively. Results in Fig. 7 show that the
estimated angle is less sensitive to fluctuations in the forward
direction (here y direction), than the in the x, cross-forward
direction.

V. CONCLUSION

In this paper, a novel method combining SAR and
MIMO processing is proposed to boost angular resolution
in automotive radar. Initial simulation results show that the
proposed method can solve the issue of rank deficiency and
the requirement of prior knowledge of the number of targets of
MUSIC, considered as the benchmark for comparison. Future
work will focus on validation of the method on more realistic
simulations and experimental data.
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