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Abstract: Synthetic aperture radar (SAR) is a powerful tool for detecting and imaging targets in
enclosed environments, such as tunnels and underground garages. However, SAR performance is
degraded by multipath effects, which occur when electromagnetic waves are reflected by obstacles,
such as walls, and interfere with the direct signal. This results in the formation of multipath ghost
images, which obscure the true target and reduce the image quality. To overcome this challenge, we
propose a novel method based on multi-angle observation. This method exploits the fact that the
position of ghost images changes depending on the angle of the radar, while the position of the true
target remains stable. By collecting and processing multiple data sets from different angles, we can
eliminate the ghost images and enhance the target image. In addition, we introduce a center vector
distance algorithm to address the complexity and computational intensity of existing multipath
suppression algorithms. This algorithm, which defines the primary direction of multi-angle vectors
from stable scattering centers as the center vector, processes and synthesizes multiple data sets from
multi-angle observations. It calculates the distance of pixel intensity sequences in the composite data
image from the center vector. Pixels within a specified threshold are used for imaging, and the final
result is obtained. Simulation experiments and real SAR data from underground garages confirm the
effectiveness of this method in suppressing multipath ghost images.

Keywords: SAR; multi-angle observation; center vector; multipath ghost; enclosed space

1. Introduction

Synthetic aperture radar (SAR), an advanced remote sensing technology, is renowned
for its ability to generate high-resolution images and to operate in all weather and lighting
conditions, including day and night [1-3]. These capabilities lead to the application of SAR
in diverse fields such as earth sciences, agriculture, forestry, urban planning, environmental
monitoring, and military reconnaissance [4,5].

In enclosed spaces, walls, floors, ceilings, and other surrounding objects act as sources
of interference, causing multipath effects [6-8]. This causes ghost images to appear in
the imaging results. This affects target evaluation and reduces the performance and
effectiveness of radar detection systems [9,10]. For instance, errors in vehicle-mounted
radar can lead to incorrect target localization, increasing the risk of vehicle accidents. Given
these implications, the development of effective techniques for mitigating multipath effects
in enclosed spaces is crucial and has garnered considerable research interest [11,12].

In radar target detection systems, there are three primary methods for suppressing
multipath signals: neural network methods, compressed sensing methods, and traditional
signal processing methods. Neural network methods, renowned for their adaptability,
processing capability, and robustness, have been widely used in various industries. Their
application in SAR target detection and ghost image suppression has been thoroughly
investigated, with research mainly focusing on training networks to distinguish targets

Remote Sens. 2024, 16, 621. https:/ /doi.org/10.3390/rs16040621

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs16040621
https://doi.org/10.3390/rs16040621
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-3020-5715
https://orcid.org/0000-0001-7442-4605
https://orcid.org/0000-0003-4925-440X
https://doi.org/10.3390/rs16040621
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16040621?type=check_update&version=1

Remote Sens. 2024, 16, 621

20f 18

from clutter, suppress clutter, and extract targets [13-19]. However, these methods demand
significant data and parameter input and are characterized by high computational complex-
ity. Compressed sensing methods are revolutionizing image reconstruction by overcoming
the limitations of the traditional Nyquist sampling theorem [20-22]. In certain applications,
these methods not only reduce hardware complexity and cost but also increase resolution.
For example, they enable super-resolution imaging in sparse scenes and can be integrated
with other data processing techniques to augment overall system performance. However,
their effectiveness depends on a certain degree of sparsity in the data, which limits their
universal applicability.

Traditional signal processing methods to multipath suppression include techniques
such as sub-aperture fusion, weighting function, singular value decomposition (SVD), and
factor analysis (FA). The sub-aperture fusion method synthesizes coherent information
from multiple sub-aperture images and achieves higher resolution than single subaperture
imaging [23,24]. The method in [23] first correlates ghost images with target location,
sub-aperture position, and size, then employs a double-layer fusion approach to suppress
multipath ghost images, combining sub-apertures with full apertures and among them-
selves, followed by multiplicative and additive fusion. Although this approach diminishes
ghost image intensity and improves target representation, it requires careful considera-
tion of sub-aperture size and fusion proportion, which currently have no standardized
guidelines. The weighting function method adjusts weights based on target and scene
characteristics to suppress multipath signals [25,26]. While adaptive, it requires significant
effort to fine-tune the parameters of the weighting function. SVD reduces data dimensions
by extracting principal signal components [27-29], but its performance can be suboptimal
with irregular data distributions. Lastly, factor analysis effectively extracts latent factors, re-
vealing the intrinsic structure and patterns of the data [30-33]. However, this method relies
on assumptions about data independence and distribution, and inaccurate assumptions
can lead to uninterpretable or overlapping factors.

This paper introduces a multi-angle radar observation method to suppress multipath
effects in radar detection systems. The radar acquires echo data from diverse angles by
uniformly traversing its orbit. This data is then analyzed and synthesized using a center
vector distance algorithm characterized by simplicity and computational efficiency. The
effectiveness of this method in reducing multipath ghost images is validated through
simulation experiments and real data processing in an underground garage environment.

The structure of the paper is organized as follows: Section 2 details the multi-angle
observation model; Section 3 gives the multipath signal model and analyses multipath
ghost images; Section 4 presents the center vector distance algorithm; Section 5 pro-
vides validation of the method using simulation experiments and real data; and Section 6
offers conclusion.

2. Multi-Angle Observation Model

Figure 1 shows the multi-angle observation method used by a radar system as it moves
an orbit. On the left side of the figure, a small blue antenna (radar) is shown at various
points along the orbit, each point providing a unique observation angle towards the target.
This arrangement allows the radar to gather echo data from the same target at different
angles. The middle part of the figure illustrates the radar moving uniformly to the right
along the orbit within an environment bounded by walls. In this scenario, electromagnetic
waves undergo refraction, generating multipath effects between the targets and the walls
and between the targets. The radar collects echo data representing multiple angles as it
covers the entire orbit. The right section of the figure demonstrates the selective extraction
of specific angles from the overall data. It illustrates this selection by showing three angles:
Anglel, Angle2, and Angle3. This method is also applicable to situations with more than
three angles, this paper uses three angles as an example to analyze.

The geometric model of multi-angle radar observation is shown in Figure 2, where the
black bold rectangle on the X-axis represents the orbit of radar movement. A right-angled
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coordinate system is established with the center of the orbit as the origin, extending to the right
as the positive X-axis and upward as the positive Y-axis. The target location is marked by a
blue circle, and the radar antenna, pointed at the target, emits frequency modulated continuous
wave (FMCW) signals at regular intervals. Selected angles from the collected echo data, such
as Anglel, Angle2, and Angle3, are then processed through subsequent algorithmic steps.

Wall

Target 1

(0] /_'ﬂ. —— —— X

7 7 7 7 A £ YY- .. 77
R1 R2 Rn Radar orbit ===+ Radar orbit ====+-

—T=  R1 Angle of arrival Radar orbit division / ) Angle 1 Angle 2 Angle 3

~ T R2Angle of arrival

Figure 1. Schematic diagram of multi-angle observation. Different viewing angle of radar (left).
Closed space radar observation (middle). Different angle selection (right).
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Figure 2. Geometric model of radar multi-angle observation.

3. Multipath Signal Model

Consider the radar transmitting a frequency modulated continuous wave (FMCW)
signal S;(t), where K is the frequency modulation rate, f is the center frequency, and T, is
the pulse width. The radar receives the corresponding echo signal S, (t).

Si(t) = exp(jnKt* + j2mfet), t € [0, T, ] (1)
Phy,
ST = Y m-st(tw)-sm) @
u=1,2,3 ¢

In the equation, o; represents the complex scattering coefficient of the target, which
varies across different echo paths, denoted as i = 1,2,3,..., t represents fast time, T
represents slow time. Ph, denotes the propagation path of the electromagnetic wave.
Considering the signal attenuation during the electromagnetic wave propagation, this
paper focuses on the path up to the third-order, u = 1,2,3. Within these paths, Ph; is
the direct path, meaning the electromagnetic wave’s route to the target. Phy and Ph3 are
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the first and second-order multipath routes, respectively, representing the paths of the
electromagnetic waves after one or two reflections. The direct path is the primary route
for electromagnetic wave propagation, while the first and second-order multipaths are the
main causes of multipath effects.

3.1. Target and Walls Interaction

Millimeter wave radar emits electromagnetic waves in the high-frequency spectrum,
exhibiting propagation characteristics similar to light waves. Consequently, when investi-
gating the origins of multipath signals, the primary consideration is that they arise from
specular reflection [34]. The signal model shown in Figure 3 the radar R traversing a
rectangular orbit, marked in orange. The walls, labeled Wall 1, Wall 2, and Wall 3, are
characterized as smooth surfaces. Point P represents the target, while P1, P2, and P3 are
mirror points relative to the three walls. The lines connecting the radar R to each mirror
point intersect the walls at points B1, B2, and B3, where the electromagnetic waves undergo
refraction. The direct propagation paths of the electromagnetic waves are shown as purple
line segments, and the multipath propagation paths are highlighted in blue.

oP2

0

Figure 3. Signal model for generating multipath effects between target and walls.

The coordinates of the radar position point R is (R, Ry), the coordinates of the target
point P is (Py, Py), and the coordinates of the mirror points P1, P2, and P3 are (P1y, P1),
(P2y, P2y), and (P3y, P3y), respectively. Table 1 lists the various paths: Phy, representing
the direct path; Phy, the first-order multipath, where the first-order multipath for each
of the three walls are Phyq, Phyy, Phy3; and Phj, the second-order multipath, where the
corresponding second-order multipath for the three walls are Phsq, Phsy, Phas.

Table 1. Different path representations between target and walls.

Path Formula of Calculation

Direct path

R—P+P - R Ph1:2\/(Rx—Px)2+(Ry_PY)2

First-order
multipath

R—+P+P—-B14+Bl —+-R/R—B1+Bl—-P+P—R
R—-P+P—-B24+B2—-R/R—B2+B2—-P+P—R
R—-P+P—-B34+B3—R/R—-B3+B3—-P+P—R

Phyy = \/(RX — P1,)* + (Ry — P1,)? + Phy

Phyy = /Ry — P2,)2 + (R, — P2,)? + Phy

Phys = \/(RX —P3:)* + (R, —

P3,)* + Py

Second-order
multipath

2
R—B1+Bl—»P+P—Bl+Bl >R Phiyy =2/ (Re — PLo)* + (Ry — P1,)
R—B2+B2—P+P—B2+B2 >R

R—B3+B3—-P+P—-B3+B3—R

Phyy = 2\/ —P2,)* + (R, — P2,)?

Phs = \/ « — P3:)* + (Ry — P3,)’

Next, we illustrate the principle of locating the target and its ghost image using the
specular reflection from a single wall and two radar position points, R1 and R2. This
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principle can be similarly applied when considering reflections from multiple walls. As
shown in Figure 4, the Y-axis represents the wall within the established coordinate system.
The actual orbit of the radar is represented by an orange solid line rectangle on the negative
half of the X-axis, while its virtual orbit, a mirror image relative to the wall, is shown as
an orange dashed line rectangle on the positive half of the X-axis. The mirror points of
radar positions R1 and R2 relative to the wall are labeled R1’ and R2’, simulating virtual
radars. The target placement point P (Py, P,) and its mirror point relative to the wall, P/,
are also indicated.

First-order
multipath ghost

location
\. Second-order

multipath ghost
location

Figure 4. Localization analysis of the multipath ghost position generated between target and wall.

In the direct path analysis, the radar conducts single-station measurements from its
actual position points, creating circular constant range contours. Circles with radar position
points R1 and R2 as centers and the distance to target point P as the radius are drawn. The
intersection of these circles determines the target’s location, point P(Py, Py).

For the first-order multipath analysis, the radar and virtual radar together emulate a
two-station measurement mode. Lines from radar points R1 and R2 to point P’ intersect
the Y-axis at Q1 and Q2. In this scenario, the order of electromagnetic wave propagation
along the path segments does not change the result because the total path length is the
same regardless of whether the wall refracts the electromagnetic wave or passes through
the target first. In this two-station observation mode, elliptical equidistant contours are
formed, with ellipses drawn using R1, R1’, and R2, R2’ as focus and point P’ as the moving
point. These ellipses intersect the wall at points D1 and D2. Circles are then drawn with
R1 and R2 as centers and the distances to D1 and D2 as radii, as shown by the two red
circles in Figure 4. Their intersections indicate the positions of the first-order multipath
ghost images.

For the second-order multipath analysis, the radar again performs single-station
measurements with circular constant range contours. According to the mirror principle,

IPQ11 is equal to |Q1P’| and |PQ21 is equal to | Q2P’|. Circles are drawn with radar
points R1 and R2 as centers and paths |R1P’ |, IR2P’| as radii. The intersections of these
blue circles in Figure 4, at point P/, denote the position of the target’s mirror image.

In Figure 5, three observation angles, Anglel (blue), Angle2 (red), and Angle3 (purple),
are analyzed with their respective radar position points. For each angle, the analysis focuses
on two points at the extreme left and right, as indicated by black dots. Figure 5a shows
the direct paths for all three angles converging at the target point P. Figure 5b shows the
first-order multipath ghost images for each angle, with their locations varying according to
the angle of observation. The ghost image locations for Anglel, Angle2, and Angle3 are
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‘ Target ‘

()

Wall

represented by blue, red, and purple points, respectively. Figure 5c shows the second-order
ghost images located at the external wall’s mirror point P’.

Angle 1 first-order Y
multipath ghost Angle 2 first-order Wwall

location i
Wall multipath ghost

location

AAngle 3 first-order Secpnd-order
multipath ghost multipath ghost

location location
: QD

Target

Angle 1Angle 2 Angle 3|

S ——

(b) (0)

Figure 5. Position localization analysis of target and multipath ghost under different radar viewing
angles. (a) Target localization. (b) First-order multipath ghost localization. (c) Second-order multipath
ghost localization.

The analysis shows that in multi-angle observation, the target point position remains
constant, while the position of the first-order multipath ghost images changes with the
radar observation angle. The second-order multipath ghost points are outside the wall and
can be ignored. In subsequent multipath processing between the target and the wall, we
mainly suppress first-order multipath ghosts.

3.2. Target and Target Interaction

Figure 6 gives the signal model for targets, P1 and P2 are two different target points.
The lines connecting radar R to these targets represent their direct paths, highlighted as
thick purple line segments in the figure. Additionally, a line connecting the two target
points signifies the multipath propagation, depicted as a thin yellow line.

Y

P2
P1

R Orbit

0 X

Figure 6. Signal model for generating multipath effects between target and target.

The coordinates of the target points P1 and P2 are (Py1, Py1) and (Py2, Py2), respectively.
The direct paths to these targets are identified as 1_Ph; for P1 and 2_Ph; for P2, while the
first-order multipath between them is labeled 12_Ph;. For second-order multipath, there
are two scenarios: one path extends from P1 to P2, denoted as Ph31, and the other from P2
to P1, labeled as Phsp;. Detailed expressions for these paths are presented in Table 2.
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Table 2. Different path representations between target and target.

Path Formula of Calculation

Direct path

2
R —P1+P1 —R 1_Phy =2\/(Rx —Pn)*+ (Ry— Py)

R—P2+P2—R i
2_Phy =2/ (R — Po)* + (R, - Pa)

First-order multipath

R—P1+P1—P2+P2—R

12_Phy = \/(Pa1 — Pwa)?* + (Pj1 — Pp)* + 1_Phy +2_Ph
R—P2+4+P2—P1+P1—R - \/( 1 = Pa2)”+ (P = Pp2)” + 1Py +2_Phy

Second-order
multipath

R—+P1+P1—+P24+P2—-+P1+P1—=R
R—P2+P2—-P1+P1—-P2+P2—>R

Phsip = 2\/(Px1 —Pa)*+ (P — Pp)® +2x 1_Phy

2
Phsy = 2\/(11151 —Pw)*+ (Py — Pp)* +2x2_Phy

As shown in Figure 7, the target and ghost localization analysis of the interaction
between two target points P1 and P2 are plotted.

P1-P2 second-
order multipath
ghost location

P2-P1 second-
order multipath
ghost location

First-order
multipath ghost
location

Figure 7. Localization analysis of the multipath ghost position generated between target and target.

For the direct paths, circles are drawn centered at radar positions R1 and R2, with the radii
being the distances from R1 to P1 and R2 to P1, respectively. The intersection of these circles
at point P1 accurately pinpoints the target, and a similar method is applied for target point P2.
These intersection points exactly define the coordinates of P1 and P2 as (Py1, Py1) and (Pya, Py2).

In the first-order multipath analysis, circles are drawn with R1 as the center and half
the length of the 12_Ph; path as the radius, and similarly for R2. The locations of the
first-order multipath ghost images are indicated by the intersecting points of these circles,
as shown by the intersection of the two red circles in Figure 7.

For the second-order multipath, the first scenario, P1-P2, involves constructing circles
with R1 as the center and half the length of Ph3; as the radius, and the same approach is
used for R2. The points where these circles intersect represent the second-order multipath
ghost images, as indicated by the intersection of the two blue circles. The second scenario,
P2-P1, follows a similar pattern, with the ghost image points being the intersections of the
two green circles in Figure 7.

Figure 8a establishes the positions of two target points, P1 and P2, through direct
paths. Figure 8b shows the first-order multipath ghost images for three different observation
angles are determined: Anglel’s ghost image is located at the blue point, while those for
Angle2 and Angle3 are indicated by red and purple points, respectively, showing that the
first-order multipath ghost images vary with the observation angles. Figure 8c,d analyze
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the second-order multipath ghost images for two scenarios. In Figure 8c, the first scenario
(P1-P2) for the three angles shows second-order ghost images as blue, red, and purple
points, and the second scenario Figure 8d illustrates that these second-order ghost images
also shift locations with varying radar observation angles.

Angle 3 first-

order multipath
Angle 2 first- p ghost location
order multlpath v Angle 1 first-
ghost location order multipath

host location

X 7
(a) (b)
Angle 2 second- ™N Andg el s:etc_ont- g?ﬁ!fijﬁ?ogti" Angle 2 second- P2-P1
order multipath orher nlwu Ipa host Iocat?on Y| order multipath
ghost location ghost location g ghost location
Angle 3 second- P1-P2 Andgle 1 sle;on(rj{
order multipath o order multipat
ghost location] v('/ = ghost location
P.2
P1
Ple .
Orbit Orbit
01 0——OMNe— O ——- > Q10— ORI —ONNe: T
Angle 1 Angle 2 Angle X Angle 1 Angle 2 Angle 3 X

—

(0) (d)

Figure 8. Position localization analysis of target and multipath ghost under different radar viewing
angles. (a) Target localization. (b) First-order multipath ghost localization. (c) P1-P2 second-order
multipath ghost localization. (d) P2-P1 second-order multipath ghost localization.

From this analysis of target-to-target multipath interactions, it is clear that within
multi-angle observation, the positions of the actual target points remain constant. However,
both the first and second-order multipath ghost images change locations according to
the radar’s observation angles. In subsequent data processing, these angle-varying ghost
images are suppressed to improve the quality of the radar imaging.

4. Center Vector Distance Algorithm

This section processes the echo data from selected angles in the pixel domain. Figure 9
shows the representation of three sub-images in three-dimensional pixel space, corresponding
to matrix data soutl, sout2, and sout3. The workflow of the algorithm is shown in Figure 10.
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sout2 _, sout3

d; Center vector
XL

© soutl

Figure 9. Spatial pixel diagram of data observed from different angles. (Near pixels: blue; far
pixels: black).

Anglel data Angle2 data Angle3 data

I I |
v

Imaging map after data fusion

v

Designated main vector of
target center

v

Calculate the distance d from all
pixel points to the central vector

v

Set threshold |

<€ >

Yes

Recombination data imaging

Figure 10. Flow chart of center vector distance algorithm.

Assuming echo data from three angles are selected, denoted as soutl,,, sout2,; and
sout3p,, each data set is a matrix of size v = p - q. These data corresponding to different
angles are used to create three separate sub-images. Subsequently, the data from these
angles are unfolded into column vectors. These vectors then constitute the three columns of a
composite matrix X. The data within X is aggregated column-wise, and this aggregated data is
subsequently used to generate a composite image. This composite image is constructed based
on data from the three angles. This step integrates information from varied angles, culminating
in a comprehensive image that more accurately captures the target’s characteristics.

X = [soutly,|sout2,|sout3, | 3)

Next, the center direction of the multi-angle vector of stable scattering centers is
identified as the center vector XL. The algorithm then calculates the distance d; from the
intensity sequences of all pixel points in the composite matrix X to this center vector.
Figure 9 visualizes the pixel points in X, with black points representing those farther from
the center vector and blue points being closer. Pixel points near the center vector, shown
in blue, are retained for further analysis. The definition of the center vector is given in
Equation (4). This step encapsulates the algorithm’s fundamental concept: by discarding
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pixel points of multipath ghost images away from the stable scattering center, it achieves
the goal of multipath suppression.

(4)

it

V3 V3’3

The distance d; of each pixel point to the center vector XL in the composite matrix X
is computed as follows: the intensity value of each row of pixels in X is first projected onto
XL, represented as d1;, as described in Equation (5), wherei =1,2,3,...p - q. This leads to
the formulation presented in Equation (6). Then, the distance d; between each row vector’s
intensity value and the center vector is calculated, as detailed in Equation (7), resulting in
the d; values defined in Equation (8).

1 1
dl; = soutl, - — 4+ sout2, - —= 4+ sout3y -

1
il 5
= v 7 ©)
dli = [dh,dlz/ dlSr' . -/dlp“l}T (6)
d; = \/(soutlv)z + (souifZU)2 + (Souf3v)2 - dlzz @
di = [dll dZ/dS/' . ‘/dP'Q:IT (8)

Each value in d; is then compared to a predefined threshold value I. Based on this
comparison, a logical column vector is created, which is then expanded and used to multiply
X. The matrix is restructured according to the original data size of p - g and re-imaged to
produce a final result that effectively suppresses multipath ghost images. The dimensions
of all datasets are shown in Figure 11, offering a clear visual overview of the data sizes and
structural layout used in the algorithm. All images in this paper are generated using the
Back Projection (BP) algorithm. The essence of the BP algorithm is its ability to back-project
received signals or data along their original paths back into the image domain. This approach
directly constructs an image of the target, avoiding the need for complex transformations
and preprocessing. Its advantage lies in its simplicity and versatility, enabling adaptation to
various data types and a wide range of application scenarios [35].

XL sout2 sout3
sout1 sout2 sout3 JAN >
o d XL

Xnl Xn2 Xn3
OSN "o TR —— 1,
ol T T o soutl

—_—

_—

X The calculated Averging
) ) distance
+ + Yes
(1,1,1) Whether the value is
x smaller than the
threshold
Composite
Reshape data
Result
x X Reshape data

Figure 11. Data processing structure schematic diagram of center vector distance algorithm.
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5. Experimental Validation
5.1. Simulation Validation

A simulation experiment was performed using Matlab software to verify the multi-
path ghost suppression effect between target and walls, and between targets. The main
parameters of the simulation are detailed in Table 3.

Table 3. Main simulation parameter settings.

Parameters Symbol Value
Center frequency fe 77 GHz
Bandwidth B 600 MHz
Azimuth sampling points Na 2048
Distance sampling points Nr 1024
Orbit Length L 2m
Interval of frequency af 0.58594 MHz
Range resolution dr 0.2498 m
Sub-aperture length I 01m

5.1.1. Target and Wall Interaction

The experiment includes a radar, an orbit, the target P, and three walls (right wall 1,
back wall 2, left wall 3). In a spatial Cartesian coordinate system, the radar orbit is 2 m
long, spanning the X-axis from —1 to 1, with the target point P at (0, 3). The right wall 1 is
at X = 2, the left wall 3is at X = —2, and the back wall 2 connects the tops of the two side
wallsatY = 4.

The black lines in the figures represent walls, and the target pointis at (0, 3). Figure 12a—
show imaging results from three angles, with first-order multipath ghost images (Wall1-1,
Wall2-1, Wall3-1) and second-order ghost images (Wall1-2, Wall2-2, Wall3-2) indicated by
white arrows in Figure 12a. Table 4 lists the central coordinates of the first-order multipath
ghost images for the three walls at different angles, showing that their positions vary with the
angle. Figure 12d is a composite image of the three angles, where the scattering distribution
of the multipath ghost images shows their varying positions at different angles. Figure 12e
shows the result of applying the sub-aperture fusion method. This method performs a
double-layer fusion of sub-apertures. The first layer multiplies the sub-apertures and the full
aperture, and the second layer groups and adds the multiplied sub-apertures. Figure 12f
shows the result after suppressing ghost images using the method proposed in this paper,
where the first-order multipath ghost images are suppressed, and the second-order ghost
images outside the wall are ignored.

Angle 2 Angle 3

|
Y-distance(m)

5 -5 0 5 -5 0 5
X-azimuth(m) X-azimuth(m)

(b) ()

Figure 12. Cont.
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Figure 12. Simulation results between target and walls. (a) Angle 1 image. (b) Angle 2 image.
(c) Angle 3 image. (d) Three angle composite image. (e) The result of sub-aperture fusion method.
(f) The results of our method.

Table 4. First-order multipath ghost locations at different angles.

Angle 1 (m,m) Angle 2 (m,m) Angle 3 (m,m)
Wall 1 (1.64,3.65) (1.6,3.67) (1.71,3.64)
Wall 2 (0.06,4) (0,4) (—0.06,4)
Wall 3 (—1.72,3.65) (~1.6,3.67) (—1.64,3.65)

5.1.2. Target to Target Interaction

In the same coordinate system as the first experiment, this experiment involves a radar,
an orbit, and two target points. Target one, P1, is located at (—2,3), and target two, P2, is
located at (2,4).

Figure 13a—c show imaging results from three different angles. In Figure 13a, White
arrows indicate the first-order multipath ghost image P-1 between the two targets, and the
second-order ghost image positions P12-2 and P21-2 from P1 to P2 and P2 to P1, respectively.
Table 5 lists the specific coordinates of first and second-order multipath ghost images at
different angles, demonstrating that these ghost images change with the radar observation
angle. Figure 13d shows a composite image of the three angles, with a scattered distribution
of multipath ghost images, indicating their varying positions at different angles. Figure 13e
shows the result after applying the sub-aperture fusion method. This method can suppress
multipath ghosting but the target information is also lost. Figure 13f shows the image
after ghost image suppression using the method proposed in this paper, where only the
two target points are visible, and both first and second-order multipath ghost images are
completely suppressed, showing significant effectiveness.

Table 5. First-order and second-order multipath ghost locations at different angles.

Angle 1 (m,m) Angle 2 (m,m) Angle 3 (m,m)
First-order multipath (—0.14,6.09) (—0.33,6.09) (—0.45,6.08)
P1-P2 second-order
multipath (—1.55,3.6) (—1.07,3.71) (—0.51,3.9)
P2-P1 second-order
multipath (0.4,4.34) (0.96,4.19) (1.47,4.09)

This paper’s processing results are evaluated using the signal to clutter ratio (SCR).
The SCR is defined as the pixel energy ratio between the target and the ghost areas, as
shown in Equation (9), where M; represents the target area and M, represents the ghost
area. Table 6 details the SCR values for different scenarios: different observation angles,
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composite images, the sub-aperture fusion method, and our method, all in the context of
the two simulation experiments.
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Figure 13. Simulation results between target and target. (a) Angle 1 image. (b) Angle 2 image.

(c) Angle 3 image. (d) Three angle composite image. (e) The result of sub-aperture fusion method.
(f) The results of our method.

Table 6. SCR of different methods under different experiments.

Composite Sub-Aperture
Angle 1 Angle 2 Angle 3 Image Fusion Method Our Method
Tarfve;ﬁ:“d 0.395375 0.374140 0.390634 0.161998 0.331587 1.490208
Tazgf;;“d 1.012480 1.029818 1.018904 0.212936 1.452013 /

5.2. Practical Data Validation

This section presents a validation and evaluation of the performance and effectiveness
of the proposed method in real scenarios using actual data collected in an underground
parking garage. The data were acquired using a millimeter-wave radar system, specifically
the IWR1642BOOST, and DCA1000EVM, with the help of mmWavestudio software. The
main parameter settings are documented in Table 7.



Remote Sens. 2024, 16, 621

14 of 18

Table 7. Main parameters of radar in experiments.

Parameters

Value
Center frequency 77 GHz
Number of transmitting antennas 2
Number of receiving antennas 4
Number of channels used 1
Bandwidth 514.14 MHz
ADC Sampling rate 12,500 ksps
Total acquisition time 120 s
Length of orbit 1.2m
Number of frames 60,000
Number of samples per chirp 512
Single frame duration 2ms
Sub-aperture length 0.1m

5.2.1. Experiment One

As shown in Figure 14a, the experimental arrangement involved positioning two
corner reflectors at 1 and 2 meters from the left wall and 1 meter away from the back wall.
The radar and its orbit were situated 2 meters from the targets and aligned parallel to the
back wall. During imaging, the midpoint of the radar orbit served as the coordinate origin,

with the right and forward directions as positive.

@
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Figure 14. Results of Experiment 1. (a) The scene image of this experiment. (b) Angle 1 image.
(c) Angle 2 image. (d) Angle 3 image. (e) Three angle composite image. (f) The result of sub-aperture
fusion method. (g) The results of our method.

Figure 14b—d show the imaging results from different angles, where black bold lines
represent the left and back walls. Yellow ellipses highlight the two targets. The composite
image Figure 14e shows that the multipath ghost distribution is more scattered, indicating
that it is not at the same location at different angles. Figure 14f presents the result after
applying the sub-aperture fusion method. This method can suppress ghosts but loses
targets information. Figure 14g shows the suppression effect using the method proposed in
this paper. The results show that the proposed method effectively suppresses multipath
ghost images while retaining as much targets information as possible. The two strong
scatters at the up-left corner have a stable scattering center, the scattering intensity does not
change, and the position does not change with the angle, which is not our main suppress.
The strong scatters is stronger than that in the sub-aperture fusion method, because the
sub-aperture fusion method will multiply the pixels during processing, which will cause
the strong ones to be stronger and the weak ones to be weaker. Our method does not
perform multiplication but processes directly on the composite image without changing
the amplitude. The overall relative intensity of the two images is unchanged and does not
affect the evaluation of the results.

5.2.2. Experiment Two

In the experimental arrangement depicted in Figure 15a, a vehicle is stationed in a
parking space, with the radar and its orbit placed 2 meters directly in front of the vehicle.
The vehicle is one parking space away from the left wall, with the rear wall located directly
behind the vehicle.

Figure 15b—d show the echo images from different angles. Yellow borders outline the
vehicle contour. The composite image in Figure 15e shows a more scattered distribution of
multipath ghost images, indicating that their observed positions vary with different angles.
Figure 15f shows the processing results of the sub-aperture fusion method. This method can
suppress ghosts, but will lose a lot of target information, making it difficult to determine
the target. Figure 15g shows the suppression effect using the method proposed in this
papet, clearly showing that multipath ghosting is effectively suppressed while retaining as
much target information as possible.

The signal to clutter ratio (SCR) is used to evaluate the processing effectiveness of
different methods with real data. Table 8 lists the SCR for different angles, composite image,
sub-aperture fusion method, and our method in the two experiments.

Table 8. SCR of different methods under different experiments.

Composite Sub-Aperture
Image Fusion Method

Experiment 1 0.227394 0.162010 0.230915 0.111099 0.881340 1.131572
Experiment 2 0.826151 1.005046 0.639824 0.639500 6.162006 11.017775

Angle 1 Angle 2 Angle 3 Our Method
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Figure 15. Results of Experiment 2. (a) The scene image of this experiment. (b) Angle 1 image.
(c) Angle 2 image. (d) Angle 3 image. (e) Three angle composite image. (f) The result of sub-aperture
fusion method. (g) The results of our method.

6. Conclusions

This paper analyzes and suppresses ghost images caused by multipath effects in
enclosed spaces such as underground garages and tunnels. It introduces a multi-angle
radar observation method and a center vector distance algorithm to eliminate these effects.
First, the location and characteristics of multipath ghosts between target and walls and
between targets are analyzed in detail. Next, it applies the center vector distance algorithm
to suppress ghost images by collecting and processing echo data from different angles,
exploiting the fact that multipath ghost images change with the radar observation angle.
Finally, simulation experiments and real data processing were conducted. The SCR results
showed that the method proposed in this paper has the highest SCR value, verifying its
effectiveness in suppressing ghost images and mitigating multipath effects.
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