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Abstract: This paper considers the non-line-of-sight (NLOS)
vehicle localization problem by using millimeter-wave (MMW)
automotive radar. Several preliminary attempts for NLOS vehicle
detection are carried out and achieve good results. Firstly, an
electromagnetic (EM) wave NLOS multipath propagation model
for vehicle scene is established. Subsequently, with the help of
available multipath echoes, a complete NLOS vehicle localiza-
tion algorithm is proposed. Finally, simulation and experimental
results validate the effectiveness of the established EM wave
propagation model and the proposed NLOS vehicle localization
algorithm.
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1. Introduction

Recently, with the rapid development of the intelligent
vehicle industry, its safety has attracted extensive atten-
tion. In order to improve the safety of pedestrians and
drivers, a variety of new sensing technologies have been
applied to the environmental perception of intelligent
vehicles. Among them, radar is becoming one of the
effective means of vehicle environmental perception with
its excellent performance. At present, common automo-
tive radar systems are utilized to improve vehicle safety
by detecting or predicting the motion state of the vehi-
cles in line-of-sight (LOS) areas [1,2]. However, in prac-
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tice, there are often multiple vehicles in series. The exist-
ing technology is basically unable to predict the decelera-
tion/braking actions of non-LOS (NLOS) vehicles [3—6].
In this case, driving safety is mainly affected by the
response speed of the vehicle directly ahead to the sud-
den braking, deceleration, and other operations of the pre-
ceding vehicle. If the vehicle has the ability to detect both
LOS vehicles and NLOS vehicles, the risk of serial colli-
sions will be greatly reduced. In recent years, the prob-
lem of NLOS target detection based on automotive radar
has gradually attracted the attention of the public.

In order to realize the effective detection of vehicles in
NLOS area by automotive radar, scholars have proposed
a variety of detection schemes to deal with different
application scenarios. Johansson et al. [7] set the applica-
tion scenario as an urban road environment, so that based
on the wall reflection path of electromagnetic waves, the
X-band radar system could realize the detection of NLOS
moving vehicles in the corner. However, this method
requires a suitable wall as a reflective surface at the road
intersection, which obviously does not have a broad
application prospect. Solomitckii et al. [8—10] proposed
to install a reflector at the corner of the road to realize the
detection of NLOS approaching vehicles at road intersec-
tions by millimeter-wave (MMW) automotive radar.
Although this method can provide a stable reflection path
for NLOS vehicle detection, it increases the construction
cost of the road. Zhang et al. [11—13] proposed a multi-
point vehicle positioning technology through MMW
transmission. This technology uses the multipath reflec-
tion from the target vehicle to the sensing vehicle, so that
the sensing vehicle can quickly capture the shape and
position information of the NLOS target vehicle with the
help of multipath reflection. This method can obtain the
position of NLOS vehicle, but the signals of radar vehi-
cle and NLOS vehicle are cooperative, and the detection
method of NLOS vehicles has not been verified in the
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experimental data.

In addition, Aladsani et al. [14] realized the high-preci-
sion positioning of short-range NLOS pedestrians and
vehicles by comprehensively using MMW radar imaging
technology and mobile communication technology.
Scheiner et al. [15] proposed an NLOS target detection
and tracking method based on artificial neural network,
and verified the effectiveness of the algorithm in the
actual road environment by using vehicle Doppler radar.

From the published literature, in order to realize the
detection of NLOS moving vehicles by on-board radars,
the existing schemes need either to detect the presence of
appropriate walls as reflectors in the scene, or to manu-
ally install reflectors and other equipment, which is obvi-
ously not conducive to the real-time detection of NLOS
moving vehicles by on-board radars. Therefore, this paper
proposes an NLOS target localization via MMW automo-
tive radar, which uses the ground reflection path of elec-
tromagnetic (EM) wave as the detection path of NLOS
front-front vehicle. This scheme does not need to install
reflectors and is not limited by scene buildings. It can
realize the rapid and stable detection of NLOS vehicles in
different scenarios.

The rest of this paper is organized as follows. In Sec-
tion 2, the front-front vehicle signal propagation model is
presented. Then, the signal processing method, which
includes signal pretreatment, target detection, and target
localization is presented in Section 3. In Section 4, the
EM simulation and experimental data are used to vali-
date the effectiveness of the proposed signal propagation
model and the signal processing algorithm. Section 5
summarizes this paper.

2. Signal model
2.1 Signal model construction

Consider an NLOS front-front vehicle detection scenario,
consisting of MMW automotive radar, front vehicle and
front-front vehicle, as shown in Fig. 1(a). It is clearly
seen that the front vehicle is in LOS area of the radar, and
there is a direct propagation path from the radar to the
front vehicle. While the front-front vehicle is located at
the NLOS area of the radar, so there is no direct propaga-
tion path from the radar to the front-front vehicle. How-
ever, it is found that in the presence of specular reflec-
tion, the echo signal of the reflection path can be utilized
to detect the hidden front-front vehicle. That is to say, the
multipath propagation of EM wave can be used to realize
the detection of front-front vehicle.

In this paper, for ease of understanding, we define
these two paths as Path 1 and Path 2. Specifically, for
Path 1, which can be regarded as an LOS path, the EM
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wave propagates along the path O—B—0, and the front
vehicle can be detected by Path 1. In addition, we also
explore the EM wave propagate along the path
0O—-A—P—-A—0 (Path 2), which can be exploited to detect
the front-front vehicle, as shown in Fig. 1(b).

(b) Model graph (Side view)

: Path 2.

: Path 1;

Fig. 1 Schematic diagram of NLOS signal propagation model

Assume that the centroids of the three vehicles are on
the same straight line, and a single input multiple output
(SIMO) MMW radar system is employed. Specifically,
“0” is marked as the origin position, Q receivers R,
R,,---,Ry are placed along a line with the interelement
spacing A/2, where A denotes the wavelength and
Vr, VM, Vr Tepresent the motion speeds of the radar vehicle,
the front vehicle and the front-front vehicle respectively.
The coordinates of the gth receiver is denoted as
(qu:)’R,,)-

Let s(#) denote the linear frequency modulated conti-
nuous wave transmitted signal, which has a form as

$u(0) = Ao exp(i2m fot + jur)u(t) ©))
where n(n=1,2,---,N) denotes the nth period, A,
denotes the signal amplitude, f, represents the carrier fre-
quency, u = B/T is the frequency modulation rate, while
B denotes the signal bandwidth, and T is the sweep time
of each period, u(r) denotes the rectangle function and
can be expressed as

| 1L, m=-DT <t<nT
) = { 0, others ’

2

Based on the above propagation model of EM wave,
the received echo signal y(#) can be denoted by

y(O) = ot —1)e¥ +oust—1)e” + £ (3)

where o and o, represents the reflection coefficient of
the front vehicle and the front-front vehicle respectively.
¢, and ¢, denote the domain phase shift of the front vehi-
cle and the front-front vehicle respectively. £(7) is the
superposition of the background noise and the environ-
ment interference. 7, and 7, is the time delay related to
the propagation path p, and p,. The calculation equa-
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tions of 7, and 7, are described as

P1
T =—
C

4

P2 “)
Ty = —
C

where c represents the speed of light.
2.2 Influencing factors of the system

In practical application, the height from the ground and
the horizontal inclination of the antenna directly affect
the strength of the NLOS echo signal, and then affect the
detection performance of the NLOS target. Therefore,
Wavefarer software is used to analyze the optimal height
from the ground and horizontal inclination of the antenna
respectively.

The experimental scenario is shown in Fig. 2. Herein,
the carrier frequency of the radar is 77 GHz, the initial
coordinate of the MMW radar is located at (0 m, 0 m),
the initial distance between the front vehicle and the
MMW radar is 10 m, and the initial distance between the
front vehicle and the front-front vehicle is 5 m. The
velocity of the MMW radar vehicle and the front-front
vehicle is 3 m/s, and the front vehicle is stationary. The
initial heights of the MMW radar, the front vehicle, and
the front-front vehicle are all 0.35 m, and the initial incli-
nation angle of the MMW radar is 0°. Analyze the influ-
ence of antenna horizontal inclination and radar place-
ment height on the front-front vehicle.

Movement direction
<—
t-fro ront ( « E}i
ehicle vehicl icle

3 m/s |<5_m>| Static |<10_m,| 3 ms

Fig.2 Simulation diagram of NLOS front vehicle detection

(1) Case 1: Different horizontal angles of the antenna

Under the original parameters, the horizontal inclina-
tion of the antenna is set to 0°, 5°, 10°, and 15°, respec-
tively, and the range profiles of the echo data in the corre-
sponding inclination frame is obtained as shown in Fig. 3.

It can be seen from Fig. 3 that with the increase of the
horizontal inclination angle of the antenna, the echo
energy of the preceding vehicle shows a trend of increas-
ing first and then weakening, and the optimal horizontal
inclination angle of the antenna is 5°.

(i1) Case 2: Different placement heights of radar

Set the horizontal inclination of the antenna to 5°, and
adjust the radar heights to 0.15 m, 0.25 m, and 0.35 m,
respectively. The range profiles of the echo data in the
frame is obtained as shown in Fig. 4.
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Fig. 3 Range profiles of the different antenna horizontal inclina-
tion
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Fig. 4 Range profiles of the different placement heights of radar

It can be seen from Fig. 4 that as the height of the radar
from the ground increases, the echo energy of the front-
front vehicle also shows a trend of increasing first and
then decreasing, and the optimal height of the antenna
from the ground is 0.25 m.

Based on the above Wavefarer simulation results, it
can be seen that the placement position of the MMW
radar directly affects the strength of the echo signal of the
front-front vehicle. Only by adjusting the height from the
ground of the radar and the horizontal inclination of the
antenna according to the application scenario of the sys-
tem, can the effective detection of the front-front vehicle
be realized.
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3. The proposed algorithm

In this section, we propose a signal processing method for
front-front vehicle detection by exploiting MMW auto-
motive radar. And the signal processing method contains
three steps: signal pretreatment, target detection, target
localization.

3.1 Signal pretreatment

Assume that the original echo signal Y, for the gth
(g=1,2,---,0) receiver is expressed as

YE‘i:[Yl’Y2v"',Y,',"',YM]€CMXN (5)

where ¥; € C™V is the ith echo signal, M is the number
of echo samples, and N is the number of sampling points
of echo signal.

In the front-front vehicle detection system, both the
radar system and the front-front vehicle are in motion
state. Therefore, in order to reduce the difficulty of echo
signal processing, we divide the original echo signals into
groups by period T, which is less than the range resolu-
tion of the radar. Under this condition, the radar system in
period T is approximately stationary. According to the
above grouping method, the grouping results of the echo
signals are as follows:

Y{Eq:[Y;,Y;,M,Y;,-u,Y,’,]ECPXN 6)

where Y, € C™" is the new kth echo signal, and
P = M/T is the number of groups of echo signal.

Based on the echo signals after grouping, the target
range profile can be obtained through fast Fourier trans-
form (FFT). For the pth group of echo signal, the corre-
sponding range profile can be expressed as

Xp:[xl,xz,..-,xk,...’xT]echN (7)

where x;, € C™" is the target range profile of the kth echo
signal in group p.

To remove the influence of the front vehicle and the
environmental interference existed in (3), singular value
decomposition (SVD) is employed [16,17]. The SVD
process of the pth group of range profile is expressed as

{X,, - Usv"

— & ®)
E - dlag(alsaZ3”' ’a/rvoso"” ’O)

where U is a unitary matrix of order 7 X T, X' is a diago-
nal matrix of order 7 XN, and V is a unitary matrix of
order NXN. « is the singular value of X, and the value
of « reflects the energy intensity of each sub-signal in
signal X,. At this time, the range profiles of the front-
front vehicle X, front- ront €an be obtained according to the
magnitude of the singular value «.

Generally speaking, the range profile of the front vehi-
cle is the feature subspace corresponding to the largest
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singular value @, and the range profile of the front-front
vehicle is the feature subspace corresponding to the
remaining singular values. Therefore, the range profile of
the front vehicle is

Xp, Front — Ua’l VH (9)
And the range profile of the front-front vehicle is
Xp,me-from = Xp - UCL’IVH. (10)

Therefore, by performing SVD processing on the origi-
nal range profile, the range profile of the front vehicle
X, rone and the front-front vehicle X, ron-sone Can be
obtained respectively.

Note that the range profile after SVD has problems
with spectrum expansion and noise interference. There-
fore, the Gaussian Laplace (LoG) method [18,19] is used
to denoising and sharpening the range profile of the front
vehicle and the front-front vehicle. Define the LoG func-
tion as

1 X2 +y? X2 +y?
2 _

VG(x,y)——W(l— 7 )-exp( rE (11)
where x,y are the horizontal and vertical coordinates of
matrix X, fron- font> and ¢ is the Gaussian standard devia-
tion. The LoG process of X, pront - front 1S €Xpressed as

Zp,Front - front = VZG : Re(Xp,Front- from)+
JVZG ' Im(XpA,From - front) (12)

where Re(-) and Im(-) represent the real and imaginary
parts of X, pront - front» TESPECtively.

Otherwise, based on the range profiles after LoG, the
front-front vehicle Doppler profile can be obtained
through moving targets detection (MTD) [20,21]. In other
words, FFT is performed on each column of matrix
Z , vront - frone t0 get the front-front vehicle Doppler profile.
In this way, the front-front vehicle Doppler profile of the
pth group of echo signal is expressed as

Hp,Frum-frum = [hl’ hZ’ T hk’ Tt hT] € CTXN (13)

where h, € C™" is the front-front vehicle Doppler pro-
file of the kth echo signal in group p.

3.2 Target detection

In order to achieve the accuracy of front-front vehicle
range, we accumulate the front-front vehicle range pro-
file of every T period by using the noncoherent integra-
tion method. And the calculation formula of Z , rron - front 15
expressed as

T
Fp,Fronl- front — Z lZp,Front- fmnt[k]l € CIXN' (14)
k=1

For the accumulated front-front vehicle range profile,
the cell-averaging constant false alarm rate (CA-CFAR)
is used to obtain the target range [22,23]. And the CA-
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CFAR detection threshold of the pth group front-front
vehicle range can be calculated by the following equa-
tion:

TH, = (P ™" =1) > fron-ron®) (15
k=1

where Py, is the constant false alarm probability, and n
denotes the number of the reference range cells around
the tested cell £}, Front - front -

Herein, the judge process for the kth cell with respect
to the pth accumulated front-front vehicle range profile is
expressed as

f 5 (k) _ { 1’ fp,From-from(k) > THk
p,Front - front -

0, others (16)

Repeat the processing for the whole range cells, the
front-front vehicle range peaks of the pth group of accu-
mulated front-front vehicle range profile. And the front-
front vehicle range / corresponds to the position informa-
tion of the measured peak.

3.3 Target localization

Although the aforementioned processing can obtain the
range information of the front-front vehicle, it still cannot
realize the front-front vehicle localization due to the lack
of the target’s azimuth information. Therefore, the multi-
channel phase comparison method is used to determine
the target’s azimuth [24—26]. And the phase comparison
method exploits the phase difference between any two
different channels to achieve the target’s azimuth infor-
mation, so the MMW radar system requires at least two
antennas.

Taking the case of R, and R,.; as an example, and the
schematic diagram of the phase comparison method is
shown in Fig. 5.

Ay
Target

IR. m+1

Fig.5 Schematic diagram of phase comparison method

Assume that the propagation paths of the echo signals
to the two antennas are Iz, and /.. Then the phase dif-
ference between these two antennas can be calculated as

0= g~ o) = Zdsing  (17)
where ¢ is the azimuth angle of the NLOS target, and d
is the spacing of these two antennas.

It can be found by (17) that the core of the front-front
vehicle azimuth solution is to obtain the phase informa-
tion of the front-front vehicle corresponding to these two
antennas. Based on the Doppler profile H, ront- front €
C™" and the ranges [, we can obtain the phase informa-
tion ¢ of the front-front vehicle at range . Then, for any
two adjacent antennas R, and R,, the phase difference
can be calculated as

2n
¢w,m = lyl’w - l;bm = F (lR.w - lR,m )_ﬁ) (l 8)

where f; is the carrier frequency of MMW radar.
By this time, according to (18), the front-front vehicle
azimuth angle ¢ is given by

/l¢w,m )

Y= arcsm( ed

(19)
Combine the range [ from section B and the azimuth
angle ¢, and the coordinates of the front-front vehicle can

be calculated as
{oiae @0)

In practice, after these phase differences between dif-
ferent receivers, the mean value (c,,c,) is calculated to
improve the front-front vehicle coordinates estimation
accuracy.

However, due to the moving characteristics of the radar
and the front-front vehicle, the measured localization
coordinate of a certain target may consist of a bunch of
scattered points. Though all of these scattered points can
reflect the position of the certain target, its complex dis-
tribution also affects the description of the micro motion
of the target. Hence, in order to improve the detection
accuracy of the front-front vehicle position, density-based
spatial clustering of applications with noise (DBSCAN)
method is used to analyze the localization scattered points
[27-29]. And the cluster coordinate (¢,,¢,) is the final
localization of the front-front vehicle in each group.

Finally, repeating the detection and localization pro-
cessing for the whole range cells, the front vehicle and
the front-front vehicle coordinates of the P groups can be
obtained. In addition, according to the above data analy-
sis processing, every T period of echo signals is pro-
cessed to achieve the instantaneous localizations of the
front-front vehicle. The detailed operations of the pro-
posed algorithm is shown in Algorithm 1.
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Algorithm 1: Front-front vehicle detection and localiza-
tion algorithm

Input: Yg;
Output: (%,9);
forg=1,2,---,0 do
Obtain Y}, based on (6);
end
for p=1,2,---,P do
forg=1,2,---,0 do
Obtain X, , based on (7);
Obtain X, rrone a0d X, - Front- o based on (9)
and (10);
Compute Z,, - front - ront a0 F 5 - pront - rone Dased
on (12) and (14);
Obtain [ and ¢ based on (15) and (16);
end
forw=1:Q do
form=1:0Q and w+# m do
Compute ¢,,,, based on (18);
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end
end
Compute ¢ and (c,,c,) based on (19) and (20);
Obtain (¢,, &) by using DBSCAN.
end

4. Simulation and experimental results

In this section, several simulation results and experimen-
tal results are provided to validate the algorithm of the
front-front vehicle detection and localization.

4.1 Simulation results

To demonstrate the EM propagation process of the
MMW automotive radar to front-front vehicle, and verify
the correctness of the signal propagation model estab-
lished in Section 2, the Wavefarer software [30] is used
for simulation experiments. The simulation scenario of
the front-front vehicle signal propagation model is shown
in Fig. 6.

3m/s 0 m/s 3m/s
— P o — Area of NLOS
T e N ") )
ront-fro Front
R
l IF vehicle“H ‘ l 1 vehicle H’ (( (+ 0 ‘ ‘ adar } ’
\ \_———— ) % iy —— ™ o4 \_ )
; S5m ) 10 m I -
‘4—.| Static ‘—J‘ y
Area of NLOS T

e z

Fig. 6 Simulation model based on Wavefarer software

In this simulation experiment, the carrier frequency of
the MMW radar is 79 GHz, the bandwidth is 4 GHz, the
frequency modulates period is 80 ps and the sampling
interval is 10 ns. The initial coordinate of the MMW
radar is located at (0 m,0 m). Both the velocity of the
MMW radar and the front-front vehicle are 3 m/s, and the
front vehicle is stationary. The initial distance from the
front vehicle to the MMW radar and the front-front vehi-
cle are 10 m and 5 m, respectively. In addition, the
heights of the MMW radar, the front vehicle, and the
front-front vehicle are 0.25 m, and the horizontal inclina-
tion angle of the MMW radar is 5°.

The simulation results are shown in Fig. 7. In Fig. 7(a),
we give the range profile of the simulation data. It is clear
that there are two different trajectories: the left one is
more obvious and closer to the radar, while the other one
is shallower and slightly farther from the radar. This is
mainly because the left trajectory is the direct reflection
path (Path 1) of the front vehicle, and the right trajectory
is the bottom reflection path (Path 2) of the front-front
vehicle. In addition, the Doppler profile of the simulation

data is shown in Fig. 7(b). Note that the relative velocity
of the front vehicle is —3 m/s, and the relative velocity of
the front-front vehicle is 0 m/s, which is consistent with
the setting parameters of the simulation scenario.

0 pm
Front-front
10f8 vehicle
4
= 20
% " | Front Front-front
ﬁ-440 - vehicle
vehicle
0-@

0
0 20 40 60 80 100120140 -10 -5 0 5 10
Range/m Doppler veiocity/(m-s™")
(a) Range profile results (b) Doppler profile results

Fig. 7 Simulation results of the moving vehicle

Therefore, the simulation results (shown in Fig. 8) pre-
liminarily verify the correctness of the signal propaga-
tion model in Section 2. Then the feasibility of this sig-
nal propagation model in front-front vehicle detection
will be verified by experiments.
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Fig. 8 Photo of MMW automotive radar NLOS front-front vehicle detection experimental scenario

4.2 Experimental results

To further validate the NLOS signal propagation model
and the proposed algorithm, we perform several experi-
ments by using the AWR1642 MMW radar with one
transmitting antennas and four receiving antennas. The
detailed parameters of the MMW radar are listed in
Table 1.

Table 1 Parameters of MMW radar

Parameter Value
Carrier frequency fy/GHz 77
Bandwidth B/MHz 505

Inter-element spacing of receiving antenna d/mm 1.95

Sampling frequency/MHz 5

Pulse repetition time/ps 156

Frequency modulation slope/(MHz-usfl) 9.366
Sampling points 256

Range cell/m 0.314

The experimental scenario is shown in Fig. 8. Herein,
the height of the MMW radar system (H1) is 0.38 m, the
horizontal inclination angle of the MMW radar is 5°. The
height of the front vehicle chassis (H2) is 0.32 m, the
height of the front-front vehicle chassis (H3) is 0.18 m. In
the following, two experiments are carried out according
to the movement of the vehicles.

(i) Case 1: Three vehicles move regularly

In the first experiment, to test the validity of the signal
propagation model and the proposed algorithm. We set
the initial coordinate of the MMW radar is located at
(0 m,0 m), the initial distance between the front vehicle
and the MMW radar is 15 m, and the initial distance
between the front vehicle and the front-front vehicle is 20 m.
During the experiment, the front vehicle remains the sta-

tionary state, the MMW radar moves back and forth
within 3—15 m from (0 m,0 m), and the front-front vehi-
cle moves back and forth within 20—45 m from (0 m,
0 m). Then there are 19200 periods of echo signals col-
lected.

The range profile of channel-2 with respect to all peri-
ods of echo signals is shown in Fig. 9(a). It is can be seen
that there are two different trajectories, and the range tra-
jectory of the front vehicle is stronger than the front-front
vehicle. As a result, part of the range profile of the front-
front vehicle have not been revealed. Therefore, we give
the range profile of the 100th group of data (shown in
Fig. 9(b)). It is clearly found that, although the LOS
echoes (front vehicle) have strong energy, the NLOS
echoes (front-front vehicle) also have good energy distri-
bution.

x10*

Period
Period

—_
S v N B~ DO

250

0 8 162432404856
Range/m

0 8 16 24 32 40 48 56
Range/m

(a) The complete experimental data (b) The 100th group of data

Fig. 9 Range profiles for the first experiment

The range profiles of the front vehicle and the front-
front vehicle separated by SVD are shown in Fig. 10. It
can be found that the SVD algorithm can separate the
range profile of the front vehicle (shown in Fig. 10(a))
and the front-front vehicle (shown in Fig. 10(b)), but the
separated results have serious environment noise and
interference information, such as the residual range pro-
files of the front vehicle in the front-front vehicle (shown in
Fig. 10(b)). Otherwise, the separated target curves have
serious edge blur. Therefore, LoG algorithm was used in
denoising and sharpening the above range profiles, and
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the denoising and sharpening results of the 100th group
of data are shown in Fig. 11.
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Fig. 10 Range profiles of the 100th data
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Fig. 11 Denoising-sharpening results of the 100th group of data

0 8 16 24 32 40 48 56
Range/m

(a) The front vehicle

In Fig. 11, note that the LoG processing not only effec-
tively suppresses the background noise in the original
range profile (shown in Fig. 10), but also enhances the
trajectory of the front vehicle and the front-front vehicle
(shown in Fig. 11).

Then, CA-CFAR was used to detect the front vehicle
and the front-front vehicle, respectively. In actual experi-
ment, the CA-CFAR parameters like protection unit, refer-
ence unit and false alarm rate adjustment parameter of the
front vehicle are 20, 35, and 3.2. And the relevant param-
eters of the front-front vehicle are 5, 8, and 1.8. The
detection results of the 100th group of data by the above
parameters are shown in Fig. 12.

Mm [as)]

N T 00— T

< 3 Y 0
E 50 Ly E 50 L e -

£ 100 { £ 100 |
< [~

< 150 < 150

8 kS

= 200 | 5 200, |
Eosol v v Sosob . . . . . M
Z 0 8162432404856 Z 0 8 1624 32 40 48 56

Range/m
(a) Detection result of the (b) Detection result of the

front vehicle front-front vehicle
— : Threshold; — : Integration.

Range/m

Fig. 12 CA-CFAR detection results of the 100th group of data

In Fig. 12(a), it is clear that by setting appropriate CA-
CFAR parameters, the detection of the front vehicle can
be effectively realized (shown in Fig. 12(a)). However,
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due to the influence of the residual information of the
front vehicle (interference shown in Fig. 11(b)), the
detection result of the front-front vehicle may be contain-
ing some information of the front vehicle (shown in
Fig. 12(b)). At this time, the detection results of the front
vehicle can be used as a priori information to correct the
detection results of the front-front vehicle, so as to obtain
an accurate detection results of the front-front vehicle.

In the following data processing, the multi-channel
phase comparison method is used to determine the target’s
azimuth, the DBSCAN is used to analyze the localization
scattered points. And the target positioning results of the
90th, 100th, and 110th groups of data are shown in
Fig. 13.
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Fig. 13  Positioning results of the 90th, 100th, and 110th group of
data

In Fig. 13, it can be seen that the localizations of the
front vehicle and front-front vehicle are clearly presented.
The measured mean relatively velocity of the front vehi-
cle and the front-front vehicle is 3.1 m/s and 3.9375 m/s,
respectively. Otherwise, the front vehicle is moving close
to the MMW radar, while the front-front vehicle is mov-
ing far away from the MMW radar in these time from
90th to 110th, which is consistent with the actual trajec-
tory of the front and the front-front vehicle.

In Fig. 14, we give the positioning results of all experi-
mental data. Herein, the track of the front vehicle is
shown by the blue line, and the track of the front-front
vehicle is shown by the red line. From the moving curve,
note that the localization range of the front vehicle is
3.21-17.66 m, the localization range of the front-front
vehicle is 21.87—41.74 m. In addition, affected by the
residual signal of the front vehicle, a few positioning
results of the front-front vehicle appear in the positioning
area of the front vehicle. Fortunately, most of the front
vehicle and the front-front vehicle positions are rela-
tively accurate.
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Fig. 14 Positioning results of the first complete experimental data

(i1) Case 2: Three vehicles move irregularly

In the second experiment, to test the universality of the
signal propagation model and the proposed algorithm, it
is also set that the initial coordinate of the MMW radar
system is located at (0 m, 0 m), the initial distance
between the front vehicle and the MMW radar is 15 m,
and the initial distance between the front vehicle and the
front-front vehicle is 20 m. Different from the first exper-
iment, during the experiment, all of the MMW radar sys-
tem, the front vehicle and the front-front vehicle move
irregularly.

Similarly, the range profile of channel-2 with respect to
all periods of echo signals are shown in Fig. 15(a). Note
that the range trajectory of the front vehicle and the front-
front vehicle can be seen clearly. However, there are
many weak interference signals on the right side of the
range profile plane. In order to clearly display the range
profile of the front vehicle, the front-front vehicle and the
interference, we give the range profile of the 100th group
of echo signal as shown in Fig. 15(b). It is clear that both
the front vehicle and the front-front vehicle have strong
energy distribution. However, the energy distribution of
the interference is also relatively strong, which directly
affects the positioning accuracy of the front vehicle and
the front-front vehicle.
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Fig. 15 Range profiles for the second experiment

Based on the proposed signal processing algorithm in
Section 3, the front vehicle and the front-front vehicle
position results of the 90th, 100th, and 110th groups of
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data are shown in Fig.16. Note that the localizations of
the front vehicle and the front-front vehicle are also
clearly presented. And the measured relatively velocity of
the front vehicle for the 90th and 100th group is 1.1 m/s,
for the 100th and 110th group is —0.25 m/s. The mea-
sured relatively velocity of the front-front vehicle for the
90th and 100th group is 0.295 m/s, for the 100th and
110th group is 0.15 m/s. It is explained that the front
vehicle moves back and forth relatively frequently, while
the movement of the front-front vehicle is relatively sta-
ble.
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Fig. 16 Positioning results of the 90th, 100th, and 110th group of
data

In Fig. 17, we also give the positioning results of the
whole experimental data, and the track of the front vehi-
cle is shown by the blue line, the localization range of the
front vehicle is 11.40—18.42 m. The track of the front-
front vehicle is shown by the red line, and the localiza-
tion range of the front-front vehicle is 28.21-37.96 m. In
addition, affected by the residual information and inter-
ference, a few positioning results of the front vehicle and
the front-front vehicle is error, but most of the front vehi-
cle and the front-front vehicle positions are relatively
accurate.
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Analyze the experimental results of Case 1 and Case 2,
it is can be seen that: (i) Both of the experiments have
achieved effective detection of the front vehicle (LOS tar-
get) and the front-front vehicle (NLOS target), and the
detection targets trajectory are basically consistent with
the set path, which verifies the correctness of the signal
propagation model; (i) No matter how the motion state
changes of the targets are measured (regular, irregular,
fast, slow, etc.), the system can accurately realize the
detection and localization of the targets, which verifies
the effectiveness of the data processing algorithm; (iii) In
this paper, the MMW automotive radar front-front vehi-
cle detection system is built, and the effective detection
range of the MMW radar system exceeds 40 m, the range
resolution reaches 0.314 m, this shows the potential prac-
tical prospects of the system.

5. Conclusions

This paper constructs an NLOS signal propagation model
based on MMW automotive radar, and proposes a front-
front vehicle localization method with SIMO MMW
radar. Based on the multipath propagation of EM wave,
all of the vehicles located on the LOS and NLOS area of
the radar can be detected. In summary, first of all, the
echo signals are grouped by period 7, and the range pro-
files are obtained by FFT. The SVD method is used to
separate the front vehicle and the front-front vehicle, and
the LoG method is used to denoise and sharpen the range
profiles of the targets. Secondly, by the noncoherent-inte-
gration method, the accumulated range profiles are con-
structed, and the CA-CFAR technique is used to extract
the range of the front vehicle or front-front vehicle.
Thirdly, MTD is used to obtain the phase information of
the vehicle, and according to the multi-channel phase
comparison method, the azimuthal angle of the vehicle is
calculated. Forthly, the DBSCAN method is used to
determine the target accuracy position coordinates.
Finally, several simulation and experimental results vali-
date the correctness of the signal propagation model and
the effectiveness of the proposed signal processing algo-
rithm.
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