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ABSTRACT This paper focuses on estimating the angle and size of different-sized targets using a radar
system that estimates the angles of trucks, vehicles, bicycles, and pedestrians. The problem is that the
presence of a sidelobe from the larger target degrades the accuracy of estimating the angle and size of
the smaller target in multiple target detection. In this paper, a novel scheme, called antenna element space
interference cancelling (AIC), is proposed for reducing the influence of the sidelobe. The performance of
the proposed AIC radar system was evaluated through both computer simulations and experiments. The
simulation results show that the proposed AIC radar system can estimate the angles of smaller targets within
a 1-degree error, and the size estimation error is 1 dB. The experimental results also show that the proposed
AIC radar is effective in detecting smaller targets that cannot be detected with traditional methods due to the
sidelobes of larger targets.

INDEX TERMS FMCW radar, millimeter-wave, antenna element space interference cancelling, MIMO,
sidelobe influence, angle estimation, size estimation.

I. INTRODUCTION
With the continuous growth of vehicle ownership, road traffic
safety and collision avoidance have become more important.
Recently, frequency-modulated continuous wave (FMCW)
radar systems using themillimeter-wave frequency band have
been widely used in autonomous driving systems or advanced
driver assistant systems (ADASs) [1]. Compared with camera
sensors, millimeter-wave radars can be smaller in size, sim-
pler in structure, lower in cost [2], and more robust to weather
[3] and curved roads [4]. Four basic pieces of information:
range, velocity, angle, and size, are necessary for radar target
recognition/imaging. Many studies have been carried out to
improve the resolution and accuracy of the estimation of this
information, such as structure enhancement for radar imple-
mentation [5]–[8], multiple-input multiple-output (MIMO)
radar [9]–[12], virtual antennas [13], andmultiple signal clas-
sification (MUSIC) algorithms [14]. In practical automotive
radar systems, multiple target imaging capabilities are essen-
tial. Cluster recognition [15]–[17] and human/pedestrian
detection are required [18], [19].
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In multiple target imaging, the presence of sidelobes and
grating lobes affects the accuracy of the estimations of the
angle and size. In particular, the influence of sidelobes is
high when the targets are of different sizes. We focus on
estimating the angle and size of different-sized targets using a
system that estimates the angles among trucks, vehicles, bicy-
cles, and pedestrians. In particular, the radar cross-sectional
areas (RCSs) of pedestrians are quite smaller than those of
vehicles or cars. Thus, the presence of sidelobes for a large
target, such as a car or a truck, degrades the accuracy of
estimating the angle and size of the small target. We call the
influence of the sidelobes antenna element space interference.
For sidelobe suppression, one of themethods is to increase the
sampling number. In two-dimensional range-velocity FFT in
the millimeter-wave automotive FMCW radars [3], it is easy
to increase the sampling number by modifying the software
settings for the chirp signal. However, in angle estimation,
a higher sampling number requires more physical receiv-
ing antennas and more radio frequency (RF) circuits. Thus,
we need a signal processing method to solve this sidelobe
influence in the millimeter-wave automotive FMCW radars.
Some studies have reduced the grating-lobe interference
[20]–[22]. They can also be applied to sidelobe suppression.
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Moreover, artificial intelligence (AI) has also been inves-
tigated for use in target recognition [23]–[26]. However,
the complexity of these methods is too high. For road traffic,
a simpler method is needed.

A novel simple cancellation scheme, called antenna ele-
ment space interference cancelling (AIC), has been proposed
for reducing the influence of sidelobes, reported in [28]
as an extended summary. AIC is a successive interference
cancellation (SIC)-like interference cancellation scheme. SIC
is a cancellation technique widely used for wireless data
transmission [29], [30]. It decodes the stronger signal first,
then subtracts the decoded stronger signal from the received
signal, and finally decodes the remaining signal as the weaker
signal. In radio astronomy, there is a famous cancellation
scheme called the CLEAN algorithm, which was proposed
by Jan Högbom in 1974 [31]. CLEAN has been further
developed to use for de-nosing [32], [33], reflection cancel-
lation [34] and sidelobe suppression [35], [36] in various
kinds of radars. However, the cancellation is usually exe-
cuted in the dirty beam map, which can be regarded as the
spatial spectrum. Its computational complexity depends on
the sampling number of the spatial spectrum. To ensure the
angle estimation accuracy, every sampling point of the spatial
spectrum requires to execute a subtraction. This processing
makes the cancellation scheme complex. A more suitable and
simpler cancellation scheme for the millimeter-wave automo-
tive FMCW radar is required.

Our proposed AIC scheme executes the cancellation
scheme in the antenna element space, which is one step before
the spatial spectrum. The computational complexity of AIC
depends on the number of antenna elements. Due to the size of
the radar and the cost of the RF circuit, the number of antenna
elements used in general millimeter-wave automotive FMCW
radars is limited to only 8 - 12, even when considering
MIMO radar; this makes the computational complexity for
the cancellation in the antenna element space lower than
that in the spatial spectrum. In FMCW radars, it is easy
to obtain a received signal vector (a plane wave reflected
from targets) from the peak detected by two-dimensional
range-velocity FFT [3]. Thus, a nearly perfect replica sig-
nal reflected from the larger target can be generated. First,
the proposed AIC radar system estimates the angle and size
of the larger target. Second, the proposed system generates a
replica signal vector at the estimated angle of the larger target.
Third, the proposed system subtracts the replica signal vector
from the original received signal vector (cancels the replica
in the antenna element space). Finally, the proposed system
estimates the angle and size of the smaller target from the
remaining signal vector. Thus, we demonstrate and validate
in this paper that the smaller target can be estimated more
accurately by cancelling the interference of the larger target.
CLEAN and our proposed AIC schemes are similar to each
other because they are both based on successive cancella-
tion processing. However, as mentioned above, the proposed
method is more suitable and has more natural processing
for the recent millimeter-wave automotive FMCW radar. In

this paper, we investigate the performance of the proposed
AIC radar system through both computer simulations and
experiments.

The rest of this paper is organized as follows. In section
II, the structure of our proposed AIC radar system is pre-
sented. The performance of the proposed AIC radar system
is evaluated by computer simulations and experiments. The
simulation results are given in section III. The experimental
results are shown in section IV. In section V, the conclusions
of this paper are given.

II. PROPOSED AIC RADAR SYSTEM
Figure 1 illustrates the system structure of the proposed
AIC radar system. The proposed system is planned to be
introduced into vehicles as a vehicle-borne radar application
for detecting different-sized targets simultaneously, such as
pedestrians, bicycles, vehicles and trucks, as shown in Fig. 2.

FIGURE 1. System structure of the proposed AIC radar system.

Basically, the radar system transmits radio waves, and
then, the array antennas receive the reflected waves from the
targets. In this paper, the use of a MIMO radar that has two
transmitting antennas and four receiving antennas is assumed.

In this case, the received signals can be understood as
the received signals from eight-element receiving antennas.
The detection of ranges, velocities, sizes, and angles can be
realized with digital signal processing. In detail, the received
signals are transformed to the frequency domain signals
using a two-dimensional fast Fourier transform (FFT). This is
called the range-velocity FFT, which is used to detect ranges
and velocities. For angle estimation, we use a beam-forming
technique (angle FFT). Most targets can be distinguished by
the two-dimensional range-velocity FFT. However, some tar-
gets in the same range-velocity bin can only be distinguished
by angle FFT; for example, the targets are set at symmetrical
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FIGURE 2. Vehicle-borne radar application for detecting pedestrians,
bicycles, vehicles and trucks.

angles in a row. In the conventional system, all the angles
of the targets in the same range-velocity bin are estimated
at once. However, when the targets are of different sizes,
the sidelobes of the larger target degrade the accuracy of
estimating the angle and size of the smaller target. Thus,
we add the proposed AIC scheme to the radar system.

Since most targets can be distinguished by the
two-dimensional range-velocity FFT, we detected the angles
of arrival from two different-sized targets in the same range.
Figure 3 shows a received plain-wave sample. The received
signal vector in the FFT bin of the γ -th peak can be defined
as

x(kRγ , kVγ ) = h1a(θ1)+ h2a(θ2)+ n (1)

where kR and kV are indexes of the range and velocity bins,
respectively. For simplicity, the subscript γ is omitted in
the definitions hereafter. x(kRγ , kVγ ) = [x1, x2, · · · , xN ]T ,
whereN is the number of receiving antennas and (·)T denotes
the transpose operator. h1 and h2 are the coefficients of two
incident waves, which can be defined as complex numbers,

hi = Ai exp(jφi) (i = 1, 2) (2)

where j denotes an imaginary unit; Ai is the amplitude, which
is proportional to the RCS of the target; and φi represents the
phase of the received signal. |h1|

|h2|
is their amplitude ratio, and

|h1| > |h2| is assumed.
θ1 and θ2 are the angles of the two incident waves. a(·) is

a steering vector. n denotes a noise vector. For a plane wave,
the steering vector for the i-th incident wave is given by

a(θi) =
[
ej

2π
λ
d1 sin θi , ej

2π
λ
d2 sin θi , · · · , ej

2π
λ
dN sin θi

]T
(3)

FIGURE 3. A received plain-wave sample of MIMO radar when detecting
two different-sized targets.

where λ is the wavelength and dm(m = 1, 2, · · · ,N ) denotes
the location of the m-th antenna element.
The coefficient, h1, can be estimated as

h′1 =
1
N
aH (θ ′1)x(kRγ , kVγ ) (4)

where (·)H represents the conjugate transpose of a complex
matrix. θ ′1 is the angle of the larger target estimated by the
beamformer method as [37], [38]

PBF (θ ) =
aH (θ )Rxxa(θ)
aH (θ )a(θ )

(5)

where a(θ ) is a steering vector for an arbitrary angle, θ . Rxx is
the correlation matrix of the signal vector x(kRγ , kVγ ), which
is given by

Rxx = x(kRγ , kVγ )xH (kRγ , kVγ ). (6)

Thus, the signal vector after AIC, x̂(kRγ , kVγ ), is given by

x̂(kRγ , kVγ ) = x(kRγ , kVγ )− h′1a(θ
′

1). (7)

The AIC scheme can be summarized as follows:
1) estimate the angle of the larger target,
2) estimate the coefficient of the larger target and create a

replica signal of the larger target,
3) cancel the larger target signal by using the replica from

the original received signal vector, and
4) estimate the angle of the smaller target.
If the radar receives more than two waves, the system

iterates the above scheme, which can be called the successive
AIC scheme. For each iteration, a threshold of the received
radio wave power is used to determine the presences of tar-
gets. The AIC scheme is iterated until no targets are detected.

III. SIMULATION RESULTS
We analyze the estimation performance of the proposed
AIC radar system through computer simulations. Three
different-sized targets are assumed to be used in the simula-
tion, and the RCSs of these targets are set as 2.37 dBSm, 14.4
dBSm, and 20.3 dBSm, which can be regarded as pedestrians,
vehicles, and trucks, respectively. The operating frequency
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is set to 77 GHz, corresponding to a wavelength of approx-
imately 4 mm. This causes the angle and size estimation
performances to be seriously affected by the setting angles,
amplitude ratios, and phases. We first present some represen-
tative cases of the angle and size estimations to confirm these
influences.

FIGURE 4. Simulation result of the proposed AIC radar when detecting a
pedestrian (left, RCS is 2.37 dBSm) and a vehicle (right, RCS is 14.4 dBSm)
at ±18.43◦ true angles without phase difference.

Figure 4 depicts the simulation result of the proposed AIC
radar system when detecting a pedestrian (left) and a vehicle
(right). The true angles are set as±18.43◦. The true amplitude
ratio between the smaller target and the larger target is 2.37−
14.4 = −12.03 dB, which is a metric for size estimation.

Note that the spatial spectrum in the graph is normalized by
the larger target. The simulation in Fig. 4 does not consider
the phase, which means that the phases of those targets’
received signals are both 0 rad. We can see that the angle
of the right larger target can be estimated quite accurately as
+18.35◦ in this case. The angle estimation before AIC of the
left smaller target is also not bad at −17.9◦, but the received
power difference, which should be the same as the true ampli-
tude ratio, is estimated to be -8.6 dB with a 3 dB error. As we
mentioned, it is caused by interference from a sidelobe of the
larger target. After AIC, the angle of the smaller target can be
estimated to be −18.38◦, and the received power difference
becomes −12.4 dB.
Fig. 5 and Fig. 6 also show the simulation results when

detecting a pedestrian and a vehicle without a phase differ-
ence. In Fig. 5, the true angles are set as small angles, ±15◦.
Before AIC, the angle of the right larger target is estimated
quite accurately to be +15.46◦, but the left smaller target is
estimated to be −18.92◦ with a 3◦ error. The received power
difference is estimated to be −9.8 dB with a 2 dB error.
After AIC, the angle of the left smaller target is estimated
to be −15.32◦, and the received power difference becomes
−12.3 dB.

In Fig. 6, the true angles are set as large angles, ±32◦.
Before AIC, the angle of the right larger target is estimated
to be +32.23◦, and the left smaller target is estimated to

FIGURE 5. Simulation result of the proposed AIC radar system when
detecting a pedestrian (left, RCS is 2.37 dBSm) and a vehicle (right, RCS is
14.4 dBSm) at ±15◦ true angles without phase difference.

FIGURE 6. Simulation result of the proposed AIC radar system when
detecting a pedestrian (left, RCS is 2.37 dBSm) and a vehicle (right, RCS is
14.4 dBSm) at ±32◦ true angles without phase difference.

be −34.59◦ with a 2◦ error. The received power difference
is estimated to be −9.8 dB with an error of approximately
2 dB. After AIC, the errors can be reduced. The angle of the
left smaller target becomes −32.01◦, and the received power
difference expands to −12.3 dB.

Figure 7 presents the simulation result at true angles ±32◦

when detecting a pedestrian and a truck. Thus, the true
received power difference between the smaller target and the
larger target expands to 2.37 − 20.3 = −17.93 dB. Before
AIC, the angle of the larger target is estimated as +32.12◦,
but the angle of the smaller target is estimated to be +10.0◦

with quite a large error. We can see that because of the large
received power difference between the pedestrian and the
truck, the peak of the sidelobe from the larger target has been
selected to estimate the smaller target. After AIC, the angle
of the smaller target is modified to−32.01◦, and the received
power difference becomes −18.14 dB (true −17.93 dB).
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FIGURE 7. Simulation result of the proposed AIC radar system when
detecting a pedestrian (left, RCS is 2.37 dBSm) and a vehicle (right, RCS is
20.3 dBSm) at ±32◦ true angles without phase difference.

FIGURE 8. Simulation result of the proposed AIC radar system when
detecting a pedestrian (left, RCS is 2.37 dBSm) and a vehicle (right, RCS is
14.4 dBSm) at ±18.43◦ true angles with phases −8/9π rad and 0 rad.

To conclude, the accuracy of the angle estimation depends
on the true angles and the target size differences, and the error
can be reduced by the proposed AIC radar system.

Moreover, the phase difference also affects the angle esti-
mation performance. Figure 8 shows the worst case of the
simulation result when detecting pedestrians and vehicles at
true angles±18.43◦. The phases of the signals received from
the smaller target and the larger target are set as −8/9π rad
and 0 rad, respectively. Before AIC, the angle of the larger
target is estimated to be+18.52◦, but the angle of the smaller
target is estimated to be +43.35◦. We can see that there is
a concave shape around the true angle of the smaller target
because the received larger target signal by the sidelobe can-
cels the received smaller target signal by the mainlobe when
the phase difference is −8/9π rad. After AIC, the angle of
the smaller target is estimated to be−18.32◦, and the received
power difference becomes−11.9 dB (true −12.03 dB). Thus,
the proposed AIC scheme effectively reduces the influence of
the phase difference.

FIGURE 9. Standard error versus angle pair of the proposed AIC radar
system when detecting a pedestrian (left, RCS is 2.37 dBSm) and a vehicle
(right, RCS is 14.4 dBSm).

To confirm the general estimation performance, we simu-
late the proposed AIC radar estimation system 100 times at
each angle pair with random phases. The estimated targets are
also assumed to be a pedestrian and a vehicle. Figure 9 shows
the standard error of the angle estimation using the proposed
AIC radar system. The standard error is defined as

SE =

√
1
F
6F
f=1{(θ

′(f )
1 − θ1)

2 + (θ ′(f )2 − θ2)
2} (8)

where F is the number of simulations and θ1 and θ2 are the
true angles. θ ′(f )1 and θ ′(f )2 are the estimated results. Before
AIC, we can see that the standard error is high and varies by
the true angle pair. After AIC, the standard error decreases.
When the true angles are larger than±10◦, the standard error
becomes less than 1◦. When the true angles are smaller than
±10◦, the estimation performance degrades because of the
radar’s angle resolution.

Figure 10 gives the average received power difference
between the larger target and the smaller target. We can see

FIGURE 10. Average received power difference versus angle pair of the
proposed AIC radar system when detecting a pedestrian (left, RCS is
2.37 dBSm) and a vehicle (right, RCS is 14.4 dBSm).
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FIGURE 11. Experimental environment of estimating the angle and size of
two different-sized targets.

that after AIC, the power difference converges to −12 dB
(true amplitude ratio) when the true angles are larger
than ±10◦.

IV. EXPERIMENTAL RESULTS
Figure 11 shows the experimental environment. A TI-
manufactured FMCW radar system (AWR1443) is used as
the radar transceiver [39]. Its operating frequency is set to
77 GHz. The radar system uses two transmitting antennas
and four-element receiver antennas. With the MIMO scheme,
the receiver can be expanded to eight-element receiver anten-
nas. The number of samples per chirp is 256 in the experi-
ment. TI’s default setting is adapted for the calibration of the
MIMO radar system [40], [41]. Triangular pyramid reflectors
of different sizes are used as targets. Their side lengths are
5 cm, 6 cm, 10 cm and 14 cm. Therefore, the RCSs of
those targets are 2.37 dBSm, 5.53 dBSm, 14.4 dBSm, and
20.3 dBSm, as in the simulation in section III. The distance
between the radar transceiver and the center of the two targets
is set to 6 m. The distance between the two targets is 4 m.
Thus, the true angles of the targets are ±18.43◦. We change
the distance between the two targets to adjust the angles of
the targets.

Figure 12 depicts the experimental result of the proposed
AIC radar system when detecting the 5 cm and 10 cm trian-
gular pyramid reflectors as a pedestrian and a vehicle. Before
AIC, the angles of the larger and smaller targets are estimated
to be +18.06◦ and +44.60◦, respectively. The angle of the
smaller target cannot be estimated. After AIC, the angle of
the smaller target is modified to −16.89◦, and the received
power difference is −9 dB. When calculated with the RCSs,
the received power difference should be −12 dB, and the
estimated angle of the smaller target should be −18.43◦

These errors occur due to three reasons. First, the reflective
characteristics of the triangular pyramid reflectors vary with
angles. The given RCSs are calculated when targets are set at
0◦. Second, noise and discontinuity affect the performance of
the MIMO radar system. Third, waves reflected by the floor

FIGURE 12. Experimental result of the proposed AIC radar system when
detecting a 5 cm triangular pyramid reflector (left, RCS is 2.37 dBSm) and
a 10 cm triangular pyramid reflector (right, RCS is 14.4 dBSm) at ±18.43◦

true angles.

FIGURE 13. Experimental result of the proposed AIC radar system when
detecting a 5 cm triangular pyramid reflector (left, RCS is 2.37 dBSm) and
a 14 cm triangular pyramid reflector (right, RCS is 20.3 dBSm) at ±18.43◦

true angles.

affect the received power because the range resolution of the
radar is approximately 50 cm. We confirm that the measured
received power difference is the same, −9 dB, when each
target is measured separately. Thus, this result is suitable.

Figure 13 depicts the experimental result of the proposed
AIC radar system when detecting the 5 cm and 14 cm tri-
angular pyramid reflectors as a pedestrian and a truck. We
can see that pedestrian detection is very difficult. Before AIC,
the angles of the larger and smaller targets are estimated to be
+17.73◦ and+42.89◦, respectively. The conventional system
also cannot detect the smaller target. After AIC, the angle of
the smaller target is modified to −18.64◦, and the received
power difference is −13 dB.
Figure 14 shows the experimental result of the proposed

AIC radar systemwhen detecting the 6 cm and 10 cm triangu-
lar pyramid reflectors as a bicycle and a vehicle, respectively.
We can see that the influence of the larger target is also small
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FIGURE 14. Experimental result of the proposed AIC radar system when
detecting a 6 cm triangular pyramid reflector (left, RCS is 5.53 dBSm) and
a 10 cm triangular pyramid reflector (right, RCS is 14.4 dBSm) at ±18.43◦

true angles.

FIGURE 15. Experimental result of the proposed AIC radar system when
detecting a 6 cm triangular pyramid reflector (left, RCS is 5.53 dBSm) and
a 14 cm triangular pyramid reflector (right, RCS is 20.3 dBSm) at ±18.43◦

true angles.

due to a small RCS difference. Before AIC, the angles of
the larger and smaller targets are estimated to be +18.51◦

and −17.91◦, respectively. The conventional system also
estimates the angle of the smaller target accurately. How-
ever, the received power difference is −5.9 dB with a 3 dB
error (expected received power difference: 5.53 − 14.4 =
−8.87 dB). After AIC, the angle of the smaller target is
estimated to be −18.42◦, and the received power difference
is modified to −8.4 dB.

Figure 15 presents the experimental result of the proposed
AIC radar system when detecting the 6 cm and 14 cm
triangular pyramid reflectors as a bicycle and a truck, respec-
tively. We can see that the bicycle detection becomes diffi-
cult contrary to the previous experimental result because the
RCS difference is larger than that of Figure 14. Before AIC,
the angles of the larger and smaller targets are estimated to be
+18.09◦ and+44.43◦, respectively. The conventional system
cannot detect the smaller target. After AIC, the angle of the

smaller target is modified to−18.35◦, and the received power
difference is −14.2 dB (expected received power difference:
5.53− 20.3 = −14.77 dB).
The above four cases are representatives to show that

the proposed AIC radar is effective in reducing the
influence of sidelobes. For the other angle pairs (e.g.,
±9.46,±26.56,±33.69), we also confirmed the good perfor-
mances of the AIC scheme. Furthermore, we succeeded in the
detection of three targets by the successive AIC scheme.

V. CONCLUSION
In this paper, we focus on estimating the angle and size of
two different-sized targets: a pedestrian and a vehicle. Due
to the influence of the sidelobes from the larger target, esti-
mating the angle and size of the smaller targets was difficult
with the conventional radar system. We proposed a novel
scheme called AIC for reducing the influence of sidelobes.
The performance of the proposed AIC radar system was eval-
uated through both computer simulations and experiments.
The simulation results show that the proposed AIC radar
system can estimate the angles of the targets within a 1-degree
error, and the size estimation error is also 1 dB when the
targets are set at distances longer than the radar resolution
limit (±10◦). The experimental results also show that the
proposed AIC radar system is effective in detecting smaller
targets that cannot be detected due to the sidelobes from
the larger target. Furthermore, a successive AIC scheme for
multiple targets (more than two) will be reported in the near
future.
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