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Abstract—This article reports on the localization and imaging
of perfect electric conductive (PEC) objects in a non-line-of-sight
(NLOS) environment using the multipath exploitation-based in-
verse scattering method. We considered the application of the
linearized inverse scattering method, using the physical optics
approximation for the scattering analysis from a metallic object
to imaging scatterers located in the NLOS area. By assuming
that the geometry of the NLOS environment is known, we can
obtain the numerical Green’s function, which includes multipath
propagation components between the observation points and the
imaging region, and connect them within the geometry. This en-
ables the inverse scattering method to be applied to NLOS targets.
As a typical NLOS scenario, we assumed an indoor T-junction
scenario for collision avoidance and adopted the formulation of
the method as two-dimensional planar imaging to the scenario and
validated its imaging performance in the NLOS area through the
three-dimensional electromagnetic simulations and experiments in
an anechoic chamber using a 2 GHz band radar system. These
validations demonstrated that our proposed scheme can accurately
reconstruct a metallic plate-shaped object in the NLOS area.

Index Terms—Inverse scattering, multipath exploitation, non-
line-of-sight (NLOS), radar imaging.

I. INTRODUCTION

IN recent years, short-range radar sensing technology has
been expanded to numerous sensing applications such as

for autonomous driving, autonomous mobile robots (AMR),
advanced driver-assistance systems, and for detecting concealed
items in security screening. Especially, to overcome the tradi-
tional limitations of radar sensing, the imaging or identification
of objects in non-line-of-sight (NLOS) areas is being highlighted
as an emergent application.

In microwave or millimeter wave propagation, significant
echoes from objects in the NLOS area occur due to the diffraction
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Fig. 1. Example of the typical NLOS environment.

effect at the edges of obstructions, or multiple reflections be-
tween the target object and surrounding surfaces. The abovemen-
tioned effect suggests that detecting, localizing, or identifying
targets in the NLOS area is possible, and many studies focus
on this effect [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16]. The study in [2] indicates that targets
hidden behind obstructions can be detected and identified using
diffraction signals produced by an obstacle’s corners and edges.
However, the intensity of the diffracted signal becomes much
weaker than that of the direct waves, especially in the case of an
object being completely occluded. Thus, because it is difficult to
retain a sufficient signal-to-noise (S/N) ratio, such approaches
can seldom be used when targets are located near the corner
of an obstacle. Conversely, a typical indoor or urban NLOS
geometry can be considered a T-junction (shown as Fig. 1) or
an L-shape corner, and multipath components reflected between
walls and objects possibly provide a higher S/N ratio compared
to those of the waves diffracted by corners. However, since
conventional radar imaging techniques do not consider multiple
reflection paths, ghost images may arise due to multiple scat-
tering components [3]. To address this, several researchers have
developed methods that correctly localize or identify the position
of the target hidden in an NLOS area [4], [5], [6], [7], e.g.,
identifying the path to the target using geometry information.
Such processing schemes to improve the localization accuracy
or the spatial resolution are termed multipath exploitation [8],
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[9]. Alternatively, there is also data driven based approach using
machine learning reported in [10].

Furthermore, to focus on imaging the target’s shape and
position some approaches use synthetic aperture radar (SAR).
Examples of applying SAR imaging to NLOS targets are re-
ported in [11], [12], and [13]. The study in [12] discusses the sup-
pression of ghost images caused by multipath components and
imaging the shape of the obstructed target’s hidden portion. For
targets hidden by obstacles [14] reports a two-dimensional (2D)
imaging method using waves reflected from a mirror in front of
the open side of the radar and the targets (the obstacles are placed
between the radar and the targets). Its three-dimensional (3D)
imaging version is also reported in [15]. However, these methods
basically require highly complex processing, such as identifying
the paths of multipath components reaching the NLOS area,
estimating equivalent observation points by assuming them to be
direct waves, and estimating and correcting the phase error or ro-
tation caused by reflections off objects with rough surfaces [16].

Several studies have proposed using linearized inverse scat-
tering as an alternative low-complexity imaging approach [17],
[18], [19]. By applying the physical optics approximation to the
integral equation of the scattering problem, assuming an object
with perfect electric conductivity (PEC), the inverse scattering
problem is linearized, and the boundary distribution of the PEC
object is obtained as the solution. Further applications of this
approach are reported in [20], [21], [22], and [23]. In particular,
Gennarelli and Soldovieri [22] applied this method to multipath-
rich situations. The study uses a numerically obtained Green’s
function with known geometry for imaging the PEC object and
enhances the resolution of images through the contributions of
the multipath components. Furthermore, this implies the possi-
bility of imaging an object in the NLOS area. By including the
multipath effect of Green’s function in advance, this approach
avoids the complexity of the conventional method mentioned
earlier. The through-the-wall radar imaging studies also report
constructing a proper Green’s function or a propagation model
specialized to a specific scenario analytically or numerically
[24], [25], [26], [27].

Our study focused on imaging a PEC target located in the
NLOS area (hereafter termed the NLOS target) and imaging
it by applying the linearized inverse scattering method based
on the physical optics approximation proposed in [22] to a
3D T-junction geometry. This typical NLOS environment was
used to examine the 2D imaging of NLOS targets as a PEC
scattering problem. In general, not all target objects are made
of PEC-like material. However, some typical targets can be as-
sumed to consist of PECs in our targeting scenario, for example,
autonomous moving robots (AMR) in the indoor environment,
vehicles and bicycles in the outdoor environment, and the scat-
tering characteristics of the human body behave approximately
like PECs [28], [29]. We also focused on a formulation of 2D
planar imaging of 3D objects to make it possible to work the
method well. This limitation could be extended to 3D imaging
by accumulating 2D slice images in further investigation [31].
The 3D geometry model was simulated and indoor experiments
for the constructed T-junction geometry were performed in an
anechoic chamber to verify the method’s effectiveness.

The main contributions of this paper are following.
1) Applying the method suggested in [22] to the T-junction

geometry as a typical NLOS situation.
2) Extending the method to a 3D problem and constructing

a specific 2D planar imaging formulation that allows the
method to work well in complex 3D geometry by intro-
ducing primal direction projection. It leads to applicability
to different types of NLOS geometry without specialized
signal modeling and algorithm modification to a specific
geometry.

3) Verifying the 2D imaging of the PEC target in an NLOS
area through a 3D electromagnetic simulation.

4) Performing indoor experiments in an anechoic chamber
using a 2 GHz band radar system.

5) Confirming the method’s efficacy through simulations and
experiments.

The rest of this article is structured as follows: Section II
describes the imaging method by the linearized inverse scatter-
ing method using the physical optics approximation, Section III
describes how the linearized inverse scattering method was
applied to the NLOS area, Section IV reports the verification
by electromagnetic field simulation, Section V reports the ex-
perimental verification using an indoor geometry, and Section VI
concludes the article.

II. IMAGING BY INVERSE SCATTERING METHOD

This section discusses the imaging method that employs the
linearized inverse scattering method using the physical optics
approximation.

A. Linearization By Physical Optics Approximation

The integral below (1) describes the relationship between the
distribution of induced currents on the surface of a spatially
distributed scatterer J and the resulting scattered field Es [30]

Es (f,xO) = −jωμ

∫
S

G (f, xO,x) J (f,x) dS. (1)

Here, f is the frequency of the incident wave, ω is the angular
frequency,μ is the permeability,G is the dyadic Green’s function
in the tensor form, and S is the surface of the scatterer. xO

represents the coordinates of the observation point, and x repre-
sents the coordinates where the scatterer is located. To solve the
distribution of the scatterer using the inverse scattering method,
we use a distribution function s(x) = δ(x− xS) to represent
the unknown scatterer distribution and set the imaging region
D [18]. Rewriting (1) by using s(x), we have the following
equation:

Es (f,xO) = −jωμ

∫
D

G (f, xO,x) J (f,x) s (x) dx. (2)

Here, dx means dxdydz, s(x) is proportional to δ(x− xS),
where xS represents the coordinates where the scatterer sur-
face exists, and δ(x) is the Dirac delta function. It leads to a
relationship

∫
D J(x)s(x)dx =

∫
s J(x)dS. The general con-

ceptual illustration for the inverse scattering problem is shown
in Fig. 2.
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Fig. 2. Conceptual illustration for the inverse scattering problem.

The inverse scattering method aims to determine the distri-
bution of scatterer s(x), which induces the current distribution,
from the measured scattered field Es. Since a current source at
one position induces a current distribution at other positions, (1)
is generally nonlinear. However, assuming that the scatterer has
PEC and the current is localized on its surface, we can linearize it
by applying the physical optics approximation with the incident
magnetic field H inc and the normal vector field n(x) associated
with the distribution of the PEC object [18]. The current in this
approximation acquires the following form:

J (f,x) ≈ JPO (f,x) = 2ns (x)×H inc (f,x) . (3)

Here, if we define the normal vector field including the
information of scatterer distribution as ns(x) = n(x)s(x), it
can be expressed as

ns (x) = (nx, ny, nz) , nx,y,z ∝ s (x) . (4)

Then (2) becomes

Es (f,xO) = − 2jωμ

∫
D

G (f, xO,x)ns (x)

×H inc (f,x) dx. (5)

B. Projection Procedure and Specific Formulation

Since the problem set up in a 3D environment is highly
complex and the resulting linear system is highly ill-conditioned,
the general formulation is difficult to work well directly. In this
study, we introduce the following assumptions and approxima-
tions. First, we consider only 2D planar imaging of 3D objects
and test only 2D imaging for vertically uniform objects. This
restriction can be extended to 3D imaging by accumulating
2D slice images with vertical beam forming and the changing
vertical position of the radar. Second, we approximate the normal
vector distribution, an unknown to be solved in this formulation,
as the direction vector mainly contributes to a scattered field. A
component of the object surface facing the main path of energy
transfer between the object and radar is mainly contributed
to the measured scattered field. These assumptions can be
expressed as

ns (x) ≈ np (x) p̂, np (x) = (p̂ · ns (x))

p̂ = (cosφp, sinφp, 0) . (6)

Here, p̂ is a projection direction vector onto the supposed
primally direction of energy transmission on the imaging 2D
plane (the x-y plane) and φp is the angle of the projection
direction vector measured from the x-axis, np(x) is projected
components of the normal vector distribution. We call this pro-
cedure primal direction projection. In this study, we deal with the
T-junction geometry. In that environment, the main direction of
the path of energy transfer φp can be thought of as the direction
NLOS imaging area to the center of the T-junction. If the actual
object surface normal is vertical to the assumed direction φp,
this imaging method would not work, but such an object can be
considered difficult to image or detect even in other approaches
because it does not have a sufficient cross section to produce
a scattered field observed by the radar. On the other hand, for
example, if the actual object surface normally deviated 45◦ from
the projected direction φp, even in deviation of the imaging
plane, the method held 70% of the source contribution producing
scattered field by the object. There is sufficient possibility to
capture the shape of the true boundary of the object. Thus, we
only try to solve the component of normal vectors projected in
the main direction, denoted as np(x). Additionally, we consider
a specific polarized component of the scattered field denoted as
ES . Therefore, (5) becomes

Es (f,xO) = − 2jωμ

∫
D

Ḡ (f, xO,x)

p̂×H inc (f,x)np (x) dx. (7)

where

Es = q̂ ·Es, Ḡ = q̂ ·G. (8)

Here, q̂ is a unit vector for measuring specific polarization
direction. Ḡ(f, xO,x) is a projected Dyadic Green’s function
which converts the vector value p̂×H inc(f,x) into a scalar
value Es(f,xO). The scalar distribution of projected normal
vector components np(x) becomes the unknown to be solved.
This is termed the scalar formulation of the inverse scattering
problem and is similar to the formulation suggested in [31].

C. Discretization and Matrix Formulation

We set the imaging region and discretize it into a grid. Through
the discretization, (7) becomes a linear equation and can be
expressed as a relationship between the following matrix and
the column vector:

Es
i =

∑
j

Gijn
p
j . (9)

Here, i represents the label of the observed data,Es
i represents

the observed component of the scattered field, which includes
specific polarization components at specific observation points
and frequencies, and j represents the label of the grid points in
the inverse analysis region. In free space scattering problem, the
matrix elements Gij can be calculated as known quantities from
the discretization, Green’s function, and physical optics current
induced by a given incident field. By aligning the number of
grid points in the inverse analysis region with the number of
observed data (frequency and spatial sampling), the matrix can
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be square, and its inverse can be obtained. Therefore, np
j can

be solved from Es
i . By plotting the obtained np

j according to
the labels of the spatial grid j, we can obtain an image of the
scatterer. By writing Es = {Es

i}, np = {np
j}, G = {Gij}, (9)

can be written in the matrix notation

Es = Gnp. (10)

D. Inversion Process With Truncated Singular Value
decomposition Regularization

Matrix G often becomes ill-conditioned, and is susceptible
to errors due to the physical optics approximation and mea-
surement errors when considering actual measurements. There-
fore, we use truncated singular value decomposition (TSVD) to
regularize a solution np of (10) [17], [18]. The singular value
decomposition of matrix G is given by

G = UΣV�. (11)

Here, U is the matrix comprising the left singular vectors
{ui}, V is the matrix comprising the right singular vectors vi,
and Σ is a diagonal matrix with singular values σi arranged in
descending order as Σ = diag(σ1, σ2, . . . , σi, . . . ), and V �

denotes Hermitian conjugate of the matrix V . The singular
values and left and right singular vectors are given by

Gvi = σiui,G
�ui = σivi. (12)

We introduce a truncation threshold C = σcut/σ1 for
the singular values and construct a truncated matrix Σ̃ =
diag(σ1, . . . , σcut, 0, . . . , 0 ). It consists only of singular values
equal to or larger than the threshold value C. Using this matrix,
we construct the generalized inverse matrix M+ as

M+ ≈ V Σ̃+U� (13)

where Σ̃+ = diag(1/σ1, . . . , 1/σcut, 0, . . . , 0 ). Therefore, the
regularized solution of (10) can be obtained by

np ≈ M+Es. (14)

This equation can be expressed in following form:

np ≈
∑

i=1∼cut

1/σi 〈ui
�,Es〉vi . (15)

Equation (15) can be interpreted as the regularized solution
np consisting of a linear combination of the basis vi with a
coefficient proportional to 1/σi. The order of the singular val-
ues means the contribution significance of scatterer distribution
on the scattered field. The smaller singular value components are
the smaller contributions to the scattered field. However, in (15),
the smaller singular values significantly impact the scatterer
distribution. Thus, we can extract the main part of the scatterer’s
distribution contributing to the scattered field by introducing the
truncation of the singular value. This avoids fatal errors caused
by the physical optics approximation and measurements through
the smaller singular value parts to obtain correct images. This
regularization scheme is quite powerful, and its performance has
been shown in the literature [17], [18], [19], [20], [21], [22], [23],
[25], and [26]. In later sections, we choose the specific truncation
threshold empirically to obtain better images for each case.

Fig. 3. Conceptual figure of Green’s function connecting investigate region
and observing points.

III. APPLICATION TO NLOS ENVIRONMENT

To apply the linearized inverse scattering method with phys-
ical optics approximation to the NLOS area, we must consider
the geometry of the NLOS environment. Fig. 1 illustrates the
geometry of a T-junction comprising PEC walls as the typical
geometry of the NLOS environment. We assume that there is
a scatterer located in the NLOS area beyond the T-junction,
which is the area beyond the line of sight from the transmitting
and receiving points. When applying the proposed method to
the NLOS area, we cannot use analytically known Green’s
functions, such as the free-space Green’s function, since they
do not account for the presence of the walls. Therefore, we
must determine the matrix elements in (10), which include
information of the walls. In this study, we consider a scenario
where the geometry is given, and the structure of the walls is
known. We aim to solve the problem of determining the distri-
bution of the scatterer in the presence of these walls. To solve
this problem, we first numerically calculate Green’s function
connecting each point in the NLOS area to the transmitting and
receiving points using electromagnetic simulations [22]. This
step involves electromagnetic simulations to obtain the Green’s
function and incident magnetic field for each point in the NLOS
area. Using the results of the electromagnetic simulations, we
construct matrixG and solve (10) to image the distribution of the
scatterer in the NLOS area. This process is illustrated in Fig. 3.
By following this procedure, we can apply the linearized inverse
scattering method with physical optics approximation to the
NLOS area and obtain an image of the scatterer distribution. This
approach allows us to overcome the limitations of using analyti-
cally known Green’s functions and provides a practical solution
for imaging scatterers in complex environments with known wall
structures.

This approach’s computational complexity can be evaluated
as follows: To obtain an accurate image, this method requires
full-wave electromagnetic simulation. One of the representative
efficient full-wave analysis algorithms is multilevel fast multi-
pole method (MLFMM) [32]. Its computational complexity is
known as O(N logN); here, N is the number of unknown in
forward simulation corresponding to a number of edges of the



6698 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 18, 2025

TABLE I
COMPARISON OF COMPUTATIONAL COMPLEXITY

model, and N scales N ∝ λ2. λ denotes the considered environ-
ment dimension measured in analysis wavelength. Therefore,
the computational complexity of a single forward analysis is
given by O(N logN). To obtain all components of the matrix
G, we need to repeat the calculation for a number of grid points
M . As a result, the total complexity of forward calculation
is O(MN logN). In the imaging process, the complexity is
determined by the inversion of the matrix G and O(M3). The
number of grid points corresponds to the resolution of the image
or the number of pixels. In this article, we consider the problem
set up N ∼ O(106), M ∼ O(102). In that case, the imaging
process can be negligible, and calculation time is dominated by
forward calculation. A qualitative comparison of the computa-
tional complexity with typical other approaches reported in [7]
and [15] is shown in Table I. Our approach is relatively high
computational complexity in the preimaging and the imaging
process. However, it can avoid the complex postprocessing step
required in other NLOS imaging approaches, such as identifying
images related to several multipaths or transforming a virtual
image to an actual image, estimating phase error, and modifying
it to suppress ghosts in the image. Such procedures sometimes
require gradient or stochastic optimization steps. There is an
opposability to failure to converge or find a solution. Instead of
these, our approach requires a high amount of computation in
the preimaging step, but the computation costs are predictable.

Hereafter, considering a 2D problem and a scatterer that
is uniform in the z-direction and limiting the excitation
polarization to vertical polarization (along to z-axis), we have

p̂ = (cosφp, sinφp, 0) and H inc
z = 0. Therefore, H inc becomes

H inc = (H inc
x j , H

inc
y j , 0). We also observe the z component of

the scattered field as Es = Es
z = ẑ ·Es. In this case, given the

geometry, we set the imaging region D and denote the position
in the region D as xj and the transmitting or observing points as
xoi. Assuming reciprocity between the transmitting or observing
points xoi and each point in the imaging region xj , we can
calculate the numerical Green’s function connecting them. To
calculate the numerical Green’s function, we set a wave source
at the transmitting point or one of the observing points xoi. We
excite the system with the specific polarization, that is intended
polarization, with amplitude E0(f,xoi). The numerical Green’s
function component connecting the current component at the
discretized imaging region grid point xj to the transmitting and
observing points corresponding to the part of Ḡ(f, xO,x) in
(8) is denoted as gij by Ḡ = ẑ ·G
gij = Ḡ (f,xoi,xj) = Gzz = Ez (f,xj) /E0 (f,xoi) . (16)

We calculate all components of gij for all combinations of (i,
j) by changing the position of the wave source for each observing
point. We also set a similar wave source at the transmitting point
to obtain the incident magnetic field H inc(f,xj). We have a
practical form of (9) to be solved through (16) aswith

Gij = gij
(
cosφpH inc

y j − sinφpH inc
x j

)
. (17)

IV. RESULTS IN NUMERICAL SIMULATION

To verify the effectiveness of this method, we conducted the
electromagnetic simulations described in this section.

A. Simulation Setup

In the simulation, we focused on imaging the 2D distribution
of the target in the plane z =0 m. We set the practical projected
direction φp = 180◦ (the -y direction). This corresponds to the
direction of the junction center from the imaging area. We used
n grid points and set the length of the observed data to be n, if
the excitation and observing polarizations are the same and have
only a z-component.

With these assumptions, (16) is simplified to the following
form:

Gij = gijH
inc
x j . (18)

Fig. 4 shows the geometry used in the simulation. We defined
a region for inverse analysis NLOS from the transmitting
and observing points and placed a PEC object in that region
[actually a small part of the area is line-of-sight (LOS) from
the observation points, but we considered only cases where the
scatterer is completely in the NLOS area as seen from both the
source and observing points]. The inverse analysis region is
a square with 1 m side lengths centered at (x, y) = (0 2) m,
and is discretized with a grid of 21× 21 points with a
spacing of 0.05 m in both the x and y directions. We set the
observation conditions to match the number of grid points.
The coordinate origin is set at the center of a T-junction,
and there is only one transmitting point at (x, y) = (2, 0) m.
Only the electric field’s z-component was excited at this point.
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Fig. 4. Geometry used in simulation.

TABLE II
SIMULATION SETUP

The observation points were set at (x, y) = (2,−0.45)m,
(2,−0.35) m, (2,−0.25) m, (2,−0.15) m, (2, 0.15) m,
(2, 0.25) m, (2, 0.35) m, (2, 0.45) m, (2, 0.55) m and we
obtained the z-component of the scattered field. The frequency
range was from 2.0 to 2.96 GHz with steps of 0.02 GHz,
resulting in 49 points. Thus, giving 441 points in total, which
matched the number of grid points. We performed three types
of simulations to compare and verify the effects of changes in
the position, shape, and size of the scatterer. At first, we varied
the position of a PEC plate 1 m high and 0.3 m wide. Next,
we varied the shape of PEC scatterers cylinder with a height of
1 m and a diameter of 0.3 m. Finally, we compared two PEC
plates with heights of 1 m and widths of 0.3 and 0.6 m located
in the center to test the capability of detecting size changes in
scatterers. The settings and parameters for each measurement
case are summarized in Table II.

For the forward analysis in the simulations, we used the
MLFMM solver in the FEKO commercial electromagnetic sim-
ulator. Fig. 5 shows an example of a 3D model used in the

Fig. 5. 3D geometry model used in the simulations.

simulations. We constructed a T-junction comprising walls 1.6
m high. The transmitting wave source was placed in front of the
T-junction, and the scatterer was placed in a location where it
obstructed the LOS from both the transmitting and observation
points. In this setup, both the wall of the T-junction and the
scatterer were assumed to be perfect electric conductors (PECs).
In these simulations, we used an infinitesimal electric dipole
along the z-axis as an omnidirectional wave source on the
observation plane. For simplicity, we did not consider the pres-
ence of a floor. In actual environments, there may be multipath
components caused by the floor, but their contributions would
be considered smaller and less dominant than those of the planar
propagating components. Furthermore, when considering actual
radar observations, beamforming toward the observation plane
is expected to further reduce the influence of the floor. We check
this assumption through simulations for a model with a floor
in Appendix A. The influence of the floor’s existence does not
cause significant deviation from the image. When we apply the
vertical beam-forming antenna pattern, the resulting image gets
closer to the image of the model without the floor.

B. Simulation Procedure

The simulation was conducted by following these steps.
1) Creating the Geometry Model: Create a 3D model for

the electromagnetic simulation corresponding to the geometry
shown in Fig. 5 (Fig. 5 shows an example).

2) Calculating the Matrix Components of G: Calculate the
numerical Green’s function and the incident magnetic field to
obtain matrix G. In this process, the response between all
combinations of grid points in the inverse analysis region and
the transmitting/observing points is calculated using (9), and the
components of matrix G were computed using (11).

3) Generating the Input Data: The scattered field
Es((f,xo)i) at each observation point when a scatterer
is present was calculated as the verification input data.
Here, Es((f,xo)i) = Escat((f,xo)i)−Ebkg((f,xo)i), where
Escat((f,xo)i) is the electric field at observation point xoi

obtained when a scatterer is present and the omnidirectional
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Fig. 6. Distribution of singular values. The vertical axis represents normalized
singular values expressed in dB.

wave source at the transmitting point is excited at frequency f,
and Ebkg((f,xo)i) is the electric field at observation point xoi

obtained when the scatterer is absent and the omnidirectional
wave source at the transmitting point is excited at frequency f.

4) Executing Inverse Analysis: Es((f,xo)i), obtained from
the simulation as input data for the inverse analysis, is used to
solve (9) following the TSVD method described in Section II-D
to obtain the distribution np(xj). The obtained np(xj) may be
complex due to errors, although it is originally a real number.
Therefore, the absolute value of np(xj) is taken and normalized
by the maximum value np

j = |np
j |/max({|np

j |} and is plotted
according to the spatial label j.

C. Simulation Results

The results of the simulation are presented further. First, the
distribution of singular values obtained by performing singu-
lar value decomposition on matrix G calculated in Step 2) is
shown in Fig. 6. The blue line represents the distribution of
singular values normalized by the maximum singular value. In
this simulation, the truncation threshold for the singular values
C = 10log10(σcut/σ1) was set to around −15 dB, and inverse
analysis was performed. The comparison and verification results
for the cases where the position, shape, and size of the scatterer
varied are presented further.

1) Evaluation of Resolution: We evaluate the system resolu-
tion through imaging of a PEC sphere with a diameter of 0.05
m, which is comparable to the grid distance of 0.05 m, placed
at the center of the NLOS imaging area (x, y) = (0, 2) m, as
a point-like target. Fig. 7 shows the results. Fig. 7(a) repre-
sents the result of the image and its distribution concentrates
on the target marked dashed white circle. Fig. 7(b) and (c)
represents sectional distribution properties corresponding to a
point spread function on the line y =2.0 m (b), and x = 0 m
(c). A half width of the sectional profile denoted both-side-
arrow in the figure is 0.06 m for x direction, and 0.11 m for y
direction.

We also check separation resolution in cases with multiple
targets in the imaging area. Fig. 8 shows imaging results for a pair
of thin PEC cylinders with a diameter of 0.05 m and height of 1.0
m placed at relative center (x, y) = (0, 2.15) m with separation
along the x direction. Fig. 8(a), (c), (e) represents results of

Fig. 7. Evaluation results of image resolution for the PEC sphere with diameter
0.05 m as a point like target placed at the center of the NLOS imaging area. (a)
Image. (b) Sectional distribution property corresponding to the point spread
function on the line y =2.0 m. (c) Sectional distribution property on the line x
= 0 m. The singular value truncation threshold C is set to −15 dB in this case.

image for separation distances 0.1, 0.3, 0.6 m, respectively,
and Fig 8(b), (d), (f) represents sectional distribution properties
for each separation. The physical optics approximation cannot
correctly deal with multiple reflections between the multiple
targets, which the vertical extent of the target may produce,
however if the separation of the target was sufficiently large (the
separation larger than 0.3 m), the result of the image resolved
independent multiple targets.

2) Variation of Scatterer Position: The results for a PEC
plate with a width of 0.3 m are shown in Fig. 9. Three dif-
ferent plate position cases are considered: Position 1, Position
2, and Position 3. Position 1 denotes the case where the plate
was placed along to x direction with its center at (x, y) =
(0, 2.15) m. Position 2 denotes that the same plate was set at
(x, y) = (−0.3, 2.3) m. Position 3 means that the same plate
was set at (x, y) = (0.3, 2.3)m. Fig. 9(a) represents position 1,
Fig. 9(b) represents position 2, and Fig. 9(c) represents position
3. The dashed white rectangle indicates the true position and
extent of the scatterer, and the image of the scatterer is localized
around the true position. Fig. 10 shows the characteristics of
the scattered field obtained in the Position 1 case. Fig. 10(a)
shows the frequency characteristics of the scattered field at
observation point xo = (2,−0.25) m, and Fig. 10(b) shows the
spatial characteristics at f =2.54 GHz. The blue line represents
the calculated scattered field based on the true distribution of the
scatterer using (9), the dashed black line represents the numerical
analysis values used as input for the inverse analysis, and the
dashed red line represents the calculated scattered field based
on the distribution obtained from the inversion result through
(9). Each line corresponds to the respective case, and the results
of the inverse analysis accurately reproduce the input values.
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Fig. 8. Evaluation results of image separation for the multiple targets. The
images of the pair of cylinders with separation along to x direction (a) 0.1 m,
(c) 0.3 m, (e) 0.6 m. Sectional distribution properties on the line y = 2.15 m
for separation distance (a) 0.1 m, (c) 0.3 m (e) 0.6 m. The true position of
the cylinders is marked white dashed circles and gray bars. The singular value
truncation threshold C is set to −11 dB in this case.

Fig. 9. Imaging results of the PEC plate for position variation. (a) Position
1. (b) Position 2. (c) Position 3. The broken white line denotes a true object
boundary.

Fig. 10. Comparison of scattering properties in the result for Position 1. (a)
Frequency characteristics at xo = (2.0,−0.25) m. (b) Spatial characteristics
on the observation points at f = 2.54 GHz.

3) Variation of Scatterer Shape: We tested the imaging
method’s performance on the metal cylinder, which is a typical
scatterer with curved surfaces. The metal cylinder has a height
of 1 m and a diameter of 0.3 m and is placed in the same center
positions as the metal plate cases’ Positions 1, 2, and 3. In this
regard, the cylinder’s symmetric axis directs the z-axis. Fig. 11
shows the obtained images. In Fig. 11, panels (a) to (c) represent
positions 1 to 3. The truncation criteria C was chosen, respec-
tively, at −15, −14, and −12 dB, to obtain better images. The
obtained distributions correspond to the extent of the illuminated
side of the true cylinder expressed as the dashed white circle.
The broken white line denotes a true object boundary.

4) Variations in Scatterer Size: We compare the cases when
the 0.3 m wide metal plate was placed along to x direction with
its center at (x, y) = (0, 2.15) m (Position 1), and when the
0.6 m wide metal plate was placed along to x direction with its
center also at Position 1. Fig. 12 shows the obtained images.
Fig. 12(a) represents the 0.3 m wide plate, which is the same as
Fig. 9(a), and Fig. 12(b) represents the 0.6 m wide plate. The
region where the distribution is concentrated changes, indicating
that the width of the metal plate is being captured.

5) Effects of Adding Noise: To investigate the robustness to
the effect of noise, we examined the case where noise with ran-
domly assigned amplitude and phase was added to the scattering
field data used as input for imaging. The noise was added by
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Fig. 11. Imaging results of the cylinder for scatterer shape comparison. (a)
Position 1 with C = −15 dB. (b) Position 2 with C = −14 dB. (c) Position 3
with C = −12 dB. The broken white line denotes a true object boundary.

Fig. 12. Comparison of imaging results for scatterers of varying sizes. (a)
Plate 0.3 m wide. (b) Plate 0.6 m wide. The broken white line denotes a true
object boundary.

setting the S/N ratio based on the maximum amplitude of the
field, and the changes in images due to different S/N values
were compared. The results for the PEC plate with a width
of 0.3 m placed at position 3 are shown in Fig. 13. Fig. 13(a)
represents the case without noise [same as Fig. 9(c)], Fig. 13(b)
represents the case with an S/N of 20 dB, where the noise level
is lower than the truncation threshold of the singular values
C = −15 dB, Fig. 13(c) represents the case with an S/N of
15 dB, where the noise level is around the truncation threshold
of the singular values, and Fig. 13(d) represents the case with an
S/N of 6 dB, where the noise level is higher than the truncation
threshold of the singular values. In Fig. 13(a)–(c), there are only
little changes in the images, indicating that stable imaging can
be achieved as long as the noise level is equal to or below the
truncation threshold of the singular values. In Fig. 13(d), the
image is more spread out, and positions away from the true
scatterer location are also brighter. However, strong values are
concentrated near the center of the scatterer. Thus, imaging

Fig. 13. Comparison of imaging results for adding noise on positon 3 scatter-
ing data. (a) Without noise. (b) S/N=20 dB, C > N. (c) S/N =15 dB, C � N.
(d) S/N=6 dB, C < N.

Fig. 14. Views of the T-junction geometry used in the experiment.

target located in the NLOS region is still possible under the
environment with existing noise.

V. RESULTS IN EXPERIMENT

To verify this method’s feasibility, we conducted an indoor
experiment using a T-junction geometry comprising metal walls
in an anechoic chamber.

A. Experiment Set-Up

Fig. 14 shows the T-junction geometry used in the experiment.
It comprised a metal wall passage approximately 1.5 m wide
and approximately 1.6 m high, corresponding to the simulation.
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TABLE III
EXPERIMENT SET UP

The walls were constructed by arranging aluminum partitions
in indoor environments such as offices. The seams between
neighboring partitions were sealed with aluminum tape. The
floor was covered with absorbers to suppress the occurrence
of multipath components. This is because irregular reflections
from the floor are expected in this experimental configuration
because the formation of the elevation direction beam is not
considered. The transmitting antenna was installed in the middle
of the passage, 2 m in front of the T-junction’s center, where
the coordinate originates. The nine observation points spanned
the passage 2 m in front of the T-junction at the same x position as
the transmission point, avoiding any overlap with the transmit-
ting antenna. The antenna used in the experiment was a double
ridge horn (FT-RF, model HA-0218G-NF) for both transmission
and reception. The Keysight network analyzer N9918B was
used for signal generation and reception, and the frequency
characteristics were obtained by employing a linear step sweep.
The experimental setup is shown in Table III.

In calculating the matrix components for the imaging pro-
cess and the incident field, we consider the radiation pattern
corresponding to the antenna used in the experiment. Fig. 15(a)
shows the antenna pattern, and Fig. 15(b) shows the singular
value distribution of the resulting matrix. We evaluate the system
resolution of the measurement set up in Appendix B.

Fig. 16 shows the experimental scatterers. Imaging processing
was performed for four types of scatterers, combinations of
heights of 0.2 and 1 m, and widths of 0.3 and 0.6 m, when
placed in the center of the imaging region. The white part of the
target scatterers was styrene foam, which supported the target’s
position. The foam’s contribution to scattering can be ignored.
The gray part is aluminum, which serves as the test target.

B. Experimental Results

Fig. 17 shows an example of the experimental received signal.
It represents the range profile of the 1 m × 0.3 m metal plate

Fig. 15. Radiation pattern used in the forward calculation and resulting
singular value distribution of matrix G. (a) Antenna’s radiation pattern with
beamwidth 60◦ in the H-plane and 67◦ in the E-plane. The angles denote
the elevation and azimuth angles measured from the antenna’s boresight. (b)
Singular value distribution expressed in dB in the measurement setup.

Fig. 16. Metal plates used in the experiment as the target scatterer. (a) Height
0.2 m width 0.3 m. (b) Height 0.2 width 0.6 m. (c) Height 1 m width 0.3 m. (d)
Height 1 m width 0.6 m.
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Fig. 17. Range profile of the background geometry and NLOS scatterer. (a)
Measured and simulated range profiles for the background and the NLOS target.
At approx. 0.3 m, there is a mutual coupling between the Tx and Rx antennas. At
approx. 2.8 m, there is a dominant signal from the wall opposite the Tx and Rx
antennas. After that, we found signals from the NLOS target mainly through the
multipath propagation component. (b) NLOS target’s measured and simulated
range profiles after background subtraction.

[Fig. 16(c)] placed at Position 1 (0, 2.15) m obtained by the
inverse Fourier transform of the frequency response acquired
at the receiving point (2, 0.15) m. Fig. 17(a) shows the range
profile of the background walls without a target and the range
profile of the target located in the geometry. The solid line
denotes the experimental values, and the dashed line denotes
the FEKO simulation results with the directive wave source
shown in Fig. 15(a). In this case, since no calibration was
based on measuring the calibration target, the experimental
values and simulation values were normalized and displayed
so that the maximum values match. In the experimental values,
a coupling between the transmitting and receiving antennas is
observed near 0.3 m, and a response from the wall in front
of the transmitting and receiving antennas is observed near
3 m. Beyond that, a more substantial response is observed
when the scatterer is present than from the background walls
alone. This response can be attributed to multipath components
originating from the scatterer in the NLOS area. Fig. 17(b) shows
the range profile with the background subtraction. Beyond 4
m in the NLOS area, the characteristics of the experimental
and simulation values correspond well, indicating that a signal
from the NLOS area could successfully be obtained from the
multipath components. The imaging signal is derived by gate
processing, which extracts only the signal corresponding to the
4–10 m range from the acquired wide-band signal. This sup-
presses unnecessary components from outside the experimental
geometry.

The imaging process utilized data from nine observation
points and 49 frequency points ranging from 2.0 to 2.24 GHz, at
intervals of 0.005 GHz, after gate processing. At this time, there

Fig. 18. Imaging results for the test target plates. (a) 0.2 m × 0.3 m. (b) 0.2
m × 0.6 m. (c) 1 m × 0.3 m. (d) 1 m × 0.6 m. The broken white line denotes a
true object boundary.

is potentially a 10 cm order error in the geometry construction.
Adjustments to the geometry were considered in calculating ma-
trix G to match the data obtained from the experiment. The model
used to calculate matrix G for the imaging process assumes a
passage width of 1.6 m. Phase delays caused by the displacement
of the phase center of the transmitting and receiving antennas
and the cable length were corrected at each observation point by
assuming the location error and cable length. Additionally, the
truncation threshold C of the singular value shown in Fig. 15(b)
during the imaging process was set to −8 dB in the experiment.

Fig. 18 shows the imaging results. The top row shows the
images of a metal plate 0.2 m high, (a) representing widths
of 0.3 m, and (b) 0.6 m. In both cases, the image distribution
concentrated around the actual target position described by the
dashed white box. Comparing (a) and (b), the image of the
wider scatterer (b) is spread wider along the scatterer’s extending
direction than (a), and the distribution extends according to the
size of the target. The bottom row of Fig. 18 panels (c) and (d)
shows the imaging results for targets 1 m × 0.3 m and (c), 1 m ×
0.6 m. In both cases, the main distribution is concentrated near
the actual target position. The image also extended according to
the width of the target. However, we realized that the method
is sensitive to the alignment and approximation error. In the
future, we will take a more robust approach during the matrix
inversion.

C. Discussion

We remark here on issues found in our investigation and the
possibilities of solving them in further study in future work.

1) Errors in Results of the Simulation and Experiment: In the
T-junction, geometry may produce an area where the incident
field distribution is weak, such as a standing wave node in
the waveguide, by superposition of multiple-bounced waves. A
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TABLE IV
COMPARISON WITH OTHER STATE-OF-THE-ART WORKS

portion of the target located at that point could not be captured in
a resulting image by physical optics approximation based on this
method. Extending the operation frequency band to a higher fre-
quency or adding more space observation points could mitigate
the standing wave-like effect. In higher operation frequency, the
computational cost of this approach increases, and geometry
alignment sensitivity may also increase. These require more
computational resources and an additional mitigation strategy to
obtain precise geometry structure or compensate for the effect
of deviation of the model used for forward calculation from the
actual geometry.

2) Limitation of Our Approach: In our specific formulation,
we solve the component of the normal vector projected on the
primal direction of energy transfer. A target parallel to the primal
energy transmitting direction might fail to image in this method.
Such an object can be difficult to image or detect even in any
other approach because it does not have sufficient cross-section
to produce a scattered field observed by the radar.

For nonmetallic objects, if the object is low-dielectric ma-
terial, this method may fail to capture the target. However,
supposing the object of high dielectric or high conductivity
material, this method may capture the object’s shape by a
scattering field similar to that of a metallic object. The human
body is approximated well as PEC objects even in the similar
frequency band of this work reported in [28] and [29]. For a
target consisting of partially reflective objects, this method may
be able to capture a portion of the target, such as the multiple
target cases shown in the first part of Section III-C.

As away from the endpoints or discontinuous points of the
wall, angled multipath components corresponding to higher
order waveguide modes in the field between the walls decrease. It
leads to resolution degradation in the far region from the junction
and fails to resolve the image in faraway areas. We confirmed
this behavior quantitatively in Appendix C. When our approach
is applied, the imaging area should be set sufficiently close to
the area bounded by the walls making the NLOS environment.
Moreover, in such likely cases, the geometry model becomes
large to image a far area. It leads to higher computational costs,
which may become a practical limit of this approach.

3) Clutter Mitigation Strategy and Truncation Determina-
tion: In the experiment, we applied time gate processing on the
measured data for the signal range, which is supposed to be
relevant for the imaging area before the imaging process. The
gating process can mitigate the clutters outside the imaging area.
In the last part of Section III-C, the TSVD regularization was
performed to suppress the influence of random clutters. In this
article, the truncation threshold for the singular values is selected
empirically to obtain a better image so that a sufficiently large
number of singular components contribute to reproducing the
target distribution.

4) Other Regularization Candidates: There are several can-
didates for regularization or robust approach to the matrix inver-
sion and solutions for issues discussed above. One applies the l1
norm regularization [33], [34]. The metallic surface distribution
in our NLOS problem setup could be sparse and l1 norm regu-
larization is well-suited to solving this kind of problem. Another
approach is to apply the total variation method [35]. In our
problem setup, the image of the metallic scatterer can be captured
as discontinuities between the blank background and the scat-
terer surface. This makes the total variation method suitable for
extracting such discontinuities. Additionally, we can extend the
method presented in this article to arbitrary 2D-shaped scatterer
imaging by doubling the length of the observation data and
expanding matrixG to 2N × 2N [as opposed to (9)]. This could
provide more robust and precise images by doubling the quantity
of information.

5) Challenges Toward 3D Reconstruction: A direct 3D re-
construction of an arbitrary object by the inverse scattering
approach considered in this article could be possible in principle.
However, it leads to a much larger number of conditions of the
matrix and requires much more computation, for example, at
least several times as this work. Therefore, obtaining a regular-
ized solution is expected to be quite hard. On the other hand,
there are practical possibilities to achieve 3D reconstruction by
accumulating a 2D slice strategy with a beam forming at different
observation planes. This approach reduces the complex coupling
caused in the additional direction by beam forming on each slice.
It can also utilize the 2D formulation verified in this work.
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Fig. 19. Simulation model for evaluation of floor influence.

6) Comparison With Other Approaches: We summarize a
comparison with the achievement of this work and other state-of-
the-art NLOS imaging works. Table IV shows a summary of the
comparison. This work can be characterized by lower operation
frequency and dealing with a medium range, relatively compared
to other works. A distinctive feature of this work is the first exper-
imental verification of the inverse scattering approach enabled
by the primal direction projection. One of the advantages of our
approach is that the method is comprehensively applicable to
different NLOS geometry if the geometry information is known.
Other works heavily depend on the specific geometry setup, and
when the type of geometry changes, the signal model used in
the method should be reconstructed, and their algorithms might
require modification.

VI. CONCLUSION

We investigated the multipath exploitation-based inverse scat-
tering method for imaging NLOS targets. In the problem setup
where a T-junction is assumed, and the geometry of the envi-
ronment is known, we numerically obtained Green’s function,
which connects the observation points and the imaging region
and contains multipath propagation components. By construct-
ing a matrix to represent the scattering properties and applying
singular value decomposition to determine the distribution of
scatterers, we imaged the scatterers located in the NLOS area.
We considered the practical formulation of the method to adopt
typical NLOS scenario as 2D planar imaging. We verified the
method through simulations using a 3D model, which confirmed
that the obtained distribution corresponds to the position and
size of the scatterers in the 2D plane. We also conducted an
experimental feasibility test of the method in an anechoic cham-
ber. We confirmed that the localization and image distribution
corresponded to the extent of the scatterer’s actual position in
the NLOS area. This confirmed the efficacy of this method for
imaging the NLOS area.

APPENDIX

A. Floor Influence on Image

We check the assumption that the influence of the floor’s ex-
istence can be negligible or mitigated by vertical beam forming
through simulations for a model with the floor. Fig 19 shows the

Fig. 20. Evaluation results of the influence of the floor’s existence on images.
(a) Model without floor. (b) Model with floor excited by the dipole source. (c)
Model with floor excited by the source with omni-directive on the imaging plane
and vertical beam forming with the half beam width 6◦. (d) Model with floor
and the same beam pattern as the experiment. The truncation threshold of the
singular value is set to −15 dB, the same as the main text case.

simulation model with the floor, where the whole model consists
of PEC, and the opposite side to the target of the T-junction is
ignored (we confirmed that this portion does not contribute to
the target’s scattered field). We performed the simulation for
this model with floor, and the obtained data are used to input
data for the imaging process. The forward calculation part of
the process is common with the floorless cases in the main text.
Fig. 20 shows the results. Fig. 20(a) represents the image for the
floorless case reported in the main text, (b) represents the image
for the model with floor and the electric dipole excitation, (c)
represents the image for the model with floor and omni-directive
on the imaging plane and vertical beam forming antenna pattern
with the half beam width 6◦, and (d) represents the image for the
model with floor and the same beam pattern as the experiment in
the main text. As a result, the influence of floor existence does
not cause significant deviation in the image by comparing (a)
and (b), and when we apply the vertical beam forming pattern,
the resulting image gets closer to the image of the model without
a floor, by comparing (a) and (c). Therefore, our assumption is
justified in this case.

B. Evaluation of Resolution in Experiment Set-Up

We check the system’s resolution in the experiment set-up
through simulation for the imaging of the PEC sphere with a
diameter of 0.05 m. The target is the same as the main text sim-
ulation, but observation parameters are different, that is, the fre-
quency band, the beam pattern, and the singular value truncation
threshold. The results are shown in Fig. 21. Fig. 21(a) represents
the result of the image, and its distribution concentrates on the
target marked dashed white circle. Fig. 21(b) and (c) represents
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Fig. 21. Evaluation results of image resolution for the PEC sphere with a
diameter of 0.05 m were placed in the NLOS area in the experiment setup.
(a) Image. (b) Sectional distribution property corresponding to the point spread
function on the line y =2.0 m. (c) Sectional distribution property on the line x
=0 m. In this case, the singular value truncation threshold C is set to −8 dB.

sectional distribution properties. A half-width of the sectional
profile denoted as the both-side-arrow in the figure is 0.06 m
for the x direction and 0.16 m for the y direction. Compared
to the main text case, the y direction resolution and contrast of
the image are degraded. Reasons for these can be considered as
follows: the y direction resolution could be dominated by the
range resolution of a conventional radar in free space. We use a
narrower bandwidth in the experimental setup than the main text.
The result might reflect this aspect. The contrast degradation
could be caused by a sharper-shaped beam than the main text.
The number of contributing paths decreased, and the scattered
field strength from the week target was lowered. As a result, the
S/N in the experimental setup decreased, and the image contrast
degraded. However, the system resolution keeps the capability
to capture the extent of the target in the NLOS area.

C. Evaluation of Resolution in Distance Changes

We evaluated the dependence of resolution on the distance
from the center of the T-junction and the practical limitation of
the method. Fig. 22 shows the result of the PEC sphere with the
diameter 0.05 m as the point-like target placed at (x,y) = (0,4)
m in the model with the wall of the T-junction continued to the
target position. Fig. 22(a) shows the model, and (b) shows the
result of the image. In this case, the resolution of the method is
kept for the far area from the T-junction center, and the image
can capture the target clearly. It can be understood that the fields
on the plane z=0 m in the area between the walls are held for
as long as the wall continues and behaves as a superposition of
propagation modes in the waveguide.

Fig. 22. Evaluation results of image resolution for the PEC sphere with
diameter 0.05 m placed at (x,y) = (0,4) m in the model with the wall of the
passage continued to the imaging area. (a) Top view of the model. (b) Obtained
image. The singular value truncation threshold C is −15 dB, the same as the
main text.

Fig. 23. Evaluation results of image resolution for the PEC sphere with
diameter 0.05 m placed at (x,y) = (0,3) m, (0,3.85) m, (0,4) m in the model
with the wall ended at the y = 2.75 m the same as the model in the main text.
(a) Top view of the model. (b) Image of the target position (0,3) m. (c) Image
of the target position (0,3.85) m. (d) Image of the target position (0,4) m. The
singular value truncation threshold C is −15 dB, the same as the main text.

On the other hand, Fig. 23 shows the results of images for var-
ious positions of the PEC sphere with a diameter of 0.05 m in the
model, with the wall ending before the imaging area. Fig. 23(a)
shows the model, and (b)–(d) shows the obtained images in the
results. The resolution of the images gradually degraded as they
moved away from the endpoint of the passage walls, and imaging
was broken down in the case y = 4 m or further away area. In the
area away from the endpoints of the walls, fields are no longer
in waveguide mode-like distribution and tend to be in free space
propagation mode. In this case, oblique incident components
corresponding to the higher mode of the waveguide disappear
and lead to an under-sampling situation. As a result, an aliasing
ghost arises, and the method fails to obtain a localized image.
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This NLOS imaging approach is limited to the target area
sufficiently close to areas bounded by continuous walls, which
construct the NLOS environment.
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