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Abstract—The high-resolution automotive radar is a key com-
ponent in autonomous driving sensing suite. Vibration of the host
vehicle degrades the automotive radar performance in terms of
the maximal detection range and probability of false alarm. This
work analyzes the effect of the vehicle vibration on the automotive
multiple-input-multiple-output (MIMO) radar and proposes a
method for its mitigation. The performance of the proposed
approach is evaluated using collected radar measurements and
measured vibration. It is shown that the proposed approach
succeeds in vibration effect mitigation even with vibration model
mismatch.

I. INTRODUCTION

The automotive radar, along with cameras and lidars, is a
key sensor enabling autonomous driving. Automotive radar is
required to provide reliable information about the host vehicle
surrounding and to report any object above the road surface
obstructing the vehicle’s motion. Moreover, automotive radar
is required to provide imaging-like detail of the obstacle shape
and therefore, has to posses high resolution in range, Doppler,
azimuth and elevation.

The host vehicle mechanical vibration, induced by the en-
gine operation and vehicle’s interaction with the road surface,
displace the radar position and as a result, shifts the radar
echo phase [1]. The phase variation spread the returned energy
across adjacent Doppler bins and reduce the energy at the
Doppler bin that corresponds to the target’s velocity. Resulting
in probability of detection reduction. In addition, the phase
vibration increase sidelobes in the Doppler domain and as a
result degrade Doppler resolution and generate false alarms.

This work analyzes the host vehicle vibration effects on
the automotive radar performance and proposes an approach
for its mitigation. The vibration effect strongly depends on
the radar frequency and integration duration. The proposed
approach suggests first to estimate the vibration model from
target detections. Next, the estimated model of the vibration is
projected to all radar beams directions. Finally, the vibration
effects are mitigated from the radar echoes and target detection
is performed again.

The main novelty of this work is in a vibration mitigation
approach that does not require auxiliary accelerometers mea-
surements. This work adopts the simplified harmonic model
in [1], and further demonstrates robustness to the vibrations
modeling mismatch.

Performance of the proposed vibration mitigation approach
is evaluated via simulations and by using accelerometer mea-
surements of vehicle vibration and recorded radar echoes. In

Fig. 1: Typical installation of the forward-looking automotive
radar

both tested scenarios, it is demonstrated that the proposed
approach can mitigate vehicle vibration effects on the radar
echoes and improve radar detection performance.

The rest of this paper is organized as follows. The ve-
hicle vibration model is presented in Section II. Section III
demonstrates the vehicle vibration effect on the radar echoes.
Section IV describes the proposed approach for vehicle vi-
bration mitigation. The performance of the proposed vibration
mitigation approach is evaluated in Section V via simulations
and recorded radar measurements. The conclusions are sum-
marized in Section VI

II. VEHICLE VIBRATION MODEL

The mechanical vehicle vibration was modeled in [1] as the
following one-dimensional oscillatory motion along axis y in
Fig. 1:

x(t) =0,
y(t) = Avip sin(27 fuint + ©uiv) » )]
z(t)=0,

where A,;, is the vibration amplitude, f,;; is the vibration
frequency and ¢, is the phase. This model can be generalized



to any direction of vibration by axis rotation. For simplicity,
this work assumes that the boresight of the automotive radar,
mounted on the vehicle platform, and the vibration direction
are aligned with the y axis.

III. EFFECT OF VEHICLE VIBRATION ON RADAR ECHO

The displacement of the radar antenna along the y axis due
to the host vehicle vibration effeets the range between the
radar and the target as follows:

Rtarget = RO + DOt + Rvib(t)

2
= RO + DOt + Am’b Sin(Qﬂ—fvibt + (Pvib) 9 ( )

where Ry is the distance between the radar and the target,
Dy is the target radial velocity and R,; is the antenna
displacement due to the vehicle vibration. Since the vibration
amplitude is significantly smaller than the range resolution,
Ay <€ AR, the vibration effect on the range estimation is
negligible.

For a linear frequency modulation (LFM) automotive radar
with conventional processing in Fig. 2 [2]-[4], the transmitted
signal (chirp) is:

S7a(t) = Apge™ot 3)

where « is the chirp slope and A, is the amplitude of the
transmitted signal. A series of transmitted chirps are reflected
back from the target and processed according to the processing
flow in Fig. 2, where the received echoes are first down-
converted (de-chirped), sampled and applied a fast Fourier
transform (FFT):

sgn] = Age*mifatn 4)

where fg = % is the target Doppler frequency shift, n is

the chirp index, A is the signal wavelength, ¢, is the nth
chirp duration and Ap is the amplitude of the received radar
echo. In the digital beamforming block in Fig. 2, the azimuth
and elevation angles, 6,.,6.;, of all range-spectrum peaks
are obtained. The output of the beamformer is denoted as
Sbeam; [I, 1], where 4 is the beam index and [ is the range index.
Next the Doppler-FFT is performed:

SR [k] = FFT{SbeamI [n]} = FFT{AbeamI 627ijdt"}
= Abeaml(s[k - fd] )

where I is the beam index of the target direction and ¢ is the
Kronecker delta function. The signal energy is accumulated to
a single Doppler bin:

®)

max Srlk] = max | Abeam; 0[k — fa]| = Abeam; - (6)

Notice that in the conventional processing flow of the automo-
tive LFM radars, beamforming is performed only for peaks in
the range-Doppler map [4]. The proposed vibration mitigation
approach is directional, and thus, it is performed at the beam
dimension after beamforming. Therefore, it is proposed to
perform the beamforming for all peaks in the range spectrum,
before Doppler-FFT.
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Fig. 2: Signal processing flow at the automotive LFM radar.

Considering the vibration model in (2), the radar echo is
phase-shifted according to the range displacement in (2), and
the radar echo after the range-FFT in (4) can be written as:

i Apib g . .
Sviv|n) :AReZTrJ(fdtn+ K Sin(27 fuiptnt@uin)) (7

The output of the Doppler-FFT in the presence of vibration
is:
Sm'b[k] = FFT{Svib[n]} =

A’U

FFT{Ae2ﬂj(fdtn+ yib Sin(277f'uibtn+89vib))} ) ®)

Notice that in the presence of vibration, the range-Doppler
spectrum in (8) is not a ¢ function. The energy is spread across
multiple frequencies resulting in the energy loss in the target
range-Doppler cell:

ml?x ‘Smb[k]‘ < AbeamI 9

This energy spread, as a result of the host vehicle vibration, de-
grades the signal-to-noise ratio (SNR) and therefore degrades
the probability of detection. Moreover, energy spread across
Doppler bins increases probability of false alarms. Notice that
the vibration effect on the radar echo in the range-Doppler
map increases as the signal wavelength decreases.

IV. VIBRATION MITIGATION

The proposed method for vehicle vibration effect mitigation
is summarized in Fig. 3. This approach consists of (a) vibration
phase estimation, (b) cancellation of the estimated vibration
effect, and (c) target corrected detection.
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Fig. 3: Vibration mitigation process.

A. Vibration Estimation

The phase of s, in (7) is:

s D)
plnl = tan T}

10
Amib ( )

27T(fdtn + SiIl(Qﬂ'f’uibtn + ‘P’uib)) s
where the target Doppler, fg, is defined by the relative motion
between the target and the host vehicle. The proposed method
considers detections from M stationary (zero-Doppler) objects
(e.g. road clutter) to estimate the vibration phase in the
received radar echo as follows:
ym[n] :me[n] _27Tfhtn ) (11)

where f, = % is the host vehicle Doppler, V}, is the host
vehicle radial velocity and m is the detection index.

The estimation of the global vibration effect in (1) on the
radar echo can be obtained from multiple spatially-distributed
detections of stationary objects, as follows:

N
. 1 .
Jglob 1] = Vi ; Uglob,, (1] (12)
where for the mth detection:
“ m [TV
Jon,, [n] = Yl , (13)

cos(0,z,, ) cos(bey,,)

where 0, and 0., are the estimated azimuth and elevation
angles of the mth detection.

B. Vibration Cancellation

First, the vibration estimation is projected to all beam-
directions in the range-chirp-beam maps:

Ybeam, [12] = Jgtob|12] €08(baz, ) cos(Oer,) , Vi , (14)

where 0, and 6, are the azimuth and elevation angles of the
ith beam. Next, the vibration effects are canceled by correcting
each chirp phase:

Sbeam; [, 1] = Soeam, [k, nle Pemsl?l i (15)

Notice that this stage requires the range-chirp-beam map.
Therefore, the conventional automotive radar signal processing
flow is modified and the order of the beamformer and the
Doppler FFT is switched. The corrected detection is performed
on the corrected data Speam, [k, n] in (15), where the vibration
effect is mitigated. Notice that the proposed vibration effect
mitigation process can be extended to non stationary targets
using an iterative process.

V. PERFORMANCE EVALUATION

Performance of the proposed vibration mitigation method
is evaluated in this section. Both simulated and measured
vibration are first used to evaluate their effect on the recorded
radar echoes, and next, the capability of the proposed vibration
mitigation approach is evaluated. The radar echoes from a
point-target (corner reflector) were collected using the 77GHz
automotive radar [4].

A. Vibration Simulation

First, the vibration in (1) with amplitude of 1mm and
frequency of 50Hz is simulated. Fig. 4 shows the Doppler
spectrum of the recorded radar echoes with and without the
simulated vibration. Notice that the vibration spreads the
Doppler spectrum. Phase estimation of the radar echoes and
the corresponding estimation error are shown in Fig. 5.

Next, the proposed vibration mitigation approach is applied
on the recorded radar echo with simulated vibration. The
signal at the output of the vibration mitigation process is
shown in Fig. 6. Notice that the vibration effect is completely
mitigated in this scenario.

B. Measured Vibration

Fig. 7 shows the accelerometer-measured automotive radar
displacements along y axis due to the vehicle vibration, when
driving at the speed of 207 on a subtly uneven surface.

The collected measurements of the 77GHz automotive radar
are rangeshifted according to this displacement. Fig. 8 shows
the Doppler spectrum of the recorded radar signal with and
without vibration effects.

Notice, that the vibration effect introduces an additional
phase into the radar echoes, which is a function of the

wavelength, \:
2rAR

A
where AR is the range displacement due to vibration, and
A® is the additional vibration phase. Therefore, the signifi-
cance of the vibration effects on the radar echoes increases

Ad =

(16)
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Fig. 4: Doppler spectrum of recorded radar echo with and
without simulated vibration.
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Fig. 5: Simulated vibration phase and its estimation.
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Fig. 6: Doppler spectrum of recorded radar signal without
vibration and with mitigated vibration.
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Fig. 7: Accelerometer-measured displacement of the on-

vehicle mounted automotive radar due to vibration along y
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Fig. 8: Doppler spectrum of recorded radar signal with TOT of
36msec without vibration and with vibration effects at 77GHz
and extrapolated for 320 GHz.

with the increasing frequency (f = <£). The requirements
for higher angular resolution of automotive radars motivates
their implementation at a higher frequency, and thus, future
automotive radars are expected to operated at 320GHz [5]-
[7]. The Doppler spectrum of the radar echoes with vibration
at 320GHz is simulated in Fig. 8. Notice its increased spread
upon comparison with the Doppler spectrum of the radar at
77GHz.

Further, notice that the vibration effect on the radar echoes
depends on the time-on-target (TOT). Current automotive
radars consider TOT of 40msec, however, long coherent inte-
gration time is desirable for future automotive radars [8]-[10].
Radar measurements with longer TOT incorporate larger phase
change induced by the vibration. Fig. 9 shows the Doppler
spectrum of the automotive radar signal with and without
vibration when TOT is 110msec. By comparing the Doppler
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Fig. 9: Doppler spectrum of recorded radar signal with TOT
of 110msec without vibration and with vibration effects at

77GHz and extrapolated for 320 GHz.
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Fig. 10: Doppler resolution of the automotive radar with
vibration at the 3dB points of the Doppler spectrum main lobe
as a function of the TOT

spectrum in Fig. 9 with Fig. 8 a significant increase in the
Doppler spread sidelobe levels, is noticeable.

Operation of fast-LFM automotive radars in dense urban en-
vironment, which is characterized by multiple closely-spaced
distributed targets, strongly depends on the high-Doppler res-
olution. Fig. 10 shows the vibration effect on the Doppler
resolution of automotive radar, which is defined at the 3dB
points of the Doppler spectrum main lobe, as a function of
TOT. Notice the significant Doppler resolution loss of the
77GHz automotive radar with TOT beyond 300msec.

Fig. 11 shows the energy loss in the main peak of the radar
Doppler spectrum due to vibration effects, as a function of
TOT. This effect of the Doppler spectrum spread results in
lower SNR and degraded probability of detection.
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Fig. 11: Power of the Doppler spectrum main lobe in the

presence of vibration as a function of TOT.
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Fig. 12: Doppler spectrum of recorded radar signal at TOT of
110msec without vibration and with mitigated vibration.

C. Vibration Mitigation

The performance of the proposed vibration mitigation ap-
proach is evaluated in this subsection using radar measure-
ments at operation frequencies of 77GHz, and extrapolated
for 320GHz, with added displacement according to measured
vibration in Fig. 7 and TOT of 110msec. Fig. 12 shows
the Doppler spectrum of the radar echo with vibration when
using the proposed vibration mitigation approach. Comparison
between the Doppler spectrum in Fig. 12 with Fig. 9, demon-
strates that the proposed approach succeed to mitigate the
vibration effect on the radar echoes. Notice that the harmonic
model of vibration in (1) does not accurately represent mea-
sured vibration. However, the proposed approach succeed to
mitigate vibration effect on the radar echoes and thus provides
robustness to the model mismatch.

VI. CONCLUSIONS

Effects of vehicle vibration on the automotive radar echoes
were analyzed in this work. It was shown that vehicle vibration
spreads the radar echo Doppler spectrum, and results in
Doppler resolution loss and decreased signal-to-noise ratio. It



was also demonstrated that the vibration effects on the radar
echoes increase with increasing time-on-target and operation
frequency. Next, the vibration effects mitigation approach was
proposed and its performance was evaluated via simulations
and by using recorded vibration and radar measurements.
The capability of the proposed approach to mitigate the
vibration effects on the radar echoes was demonstrated and
its robustness was shown in a scenario with vibration model
mismatch./Where, the presented vehicle vibration model, a first
order sinusoidal model, did not match the recorded vibration.
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