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Abstract

A ray-tracing (RT) enhanced back-projection algorithm
(RT-BPA) for microwave imaging in multipath environ-
ments is presented. By tightly incorporating the concept
of ray-tracing into a generalized version of a traditional
BPA, this method ensures improved image quality by ad-
dressing two important issues. First, when the line-of-sight
(LOS) path is obstructed, reflected paths, if available, en-
able imaging of hidden targets, which extends the appli-
cability of the standard BPA beyond its normal use case.
Second, the consideration of reflected ray paths is equiva-
lent to virtually increasing the aperture size, thus, improv-
ing image resolution without requiring new measurements.
A key factor in achieving these advancements is the consid-
eration of the vector nature of electromagnetic waves with
polarization-dependent phase compensation, which is of-
ten ignored when employing a scalar-wave based formu-
lation of the electromagnetic vector field. In addition, the
presented method employs a shooting and bouncing rays
(SBR) framework, offering better flexibility compared to
manual path evaluation in existing RT-BPAs.

1 Introduction

In microwave imaging, multipath effects caused by envi-
ronmental scattering can be both beneficial and challeng-
ing. According to existing literature, these effects can be
viewed from two perspectives. One possibility is to treat
scattering contributions from objects other than the target
of interest as noise or clutter that requires suppression [1].
Alternatively, such contributions can be interpreted and uti-
lized as indirect viewing mechanisms, enabling imaging
when the direct line-of-sight (LOS) path is blocked [2], or
improving image resolution by effectively increasing the
observation aperture [3]. In this work, we focus on the lat-
ter perspective and introduce a ray-tracing (RT) enhanced
back-projection algorithm (RT-BPA) for microwave imag-
ing in multipath environments.

To address the challenges posed by multipath propaga-
tions, various studies have employed ray-based techniques
to identify multipath contributions and correct the signal
phases based on ray-path lengths [4, 5]. However, most

of these approaches focus on the signal processing perspec-
tive, neglecting critical physical properties such as the po-
larization of electromagnetic waves. Without proper con-
sideration of polarization effects, the coherent combina-
tion of various signal contributions from multiple paths be-
comes inaccurate. Thus, the quality of reconstructed im-
ages is reduced. Furthermore, many of these methods rely
on fixed or simplified environments, explicitly calculating
ray paths for specific cases [4] and often restricting the
analysis to 2-D scenarios [2]. Advanced imaging meth-
ods based on solving the inverse electromagnetic problem
can theoretically address these limitations, but their reliance
on analytically known Green’s functions [6, 7] makes them
impractical for non-canonical or complex propagation en-
vironments.

This work introduces an enhancement to the standard for-
mulation of the naive BPA using a general RT engine based
on the CUDA OptiX framework [8]. By employing the
shooting and bouncing rays (SBR) method, the algorithm
dynamically identifies ray paths, enabling simulations of
complex 3-D environments without manual path calcula-
tions. Employing a polarization-aware description of the
scattering process, the proposed method improves direc-
tional resolution and serves as a valuable tool for creat-
ing well-focused microwave images in complex propaga-
tion environments.

2 Theoretical Background

Microwave imaging algorithms, including BPA, are com-
monly based on a linearization of the forward scatter-
ing problem according to the first-order Born approxima-
tion [6, 9], which ignores mutual coupling between dif-
ferent points of the target scatterer. Due to this lineariza-
tion, the forward scattering operator is expressed as an inte-
gral operator connecting the dyadic scattering distribution
𝒔B (𝒓) within the volume 𝑉S to the measurement samples
𝑇 (𝒓T, 𝒓R, 𝑘) according to [9]

𝑇 (𝒓T, 𝒓R, 𝑘) =
∭
𝑉S

𝑬R (𝒓, 𝒓R) · 𝒔B (𝒓) ·𝑬T (𝒓, 𝒓T) d3𝒓 , (1)

where 𝑘 is the wavenumber while 𝒓T and 𝒓R are the position
vectors of the transmitter (Tx) and the receiver (Rx), respec-



tively. Additionally, the expression 𝑬T (𝒓, 𝒓T) in (1) char-
acterizes the electric field vector of the Tx antenna, which
is incident on the scattering object, while, based on reci-
procity, 𝑬R (𝒓, 𝒓R) is the field radiated by the Rx antenna,
when it is used in transmit mode [9].

Describing the polarization vectors for both antennas based
on corresponding normalized electric fields according to
𝑬̂T (𝒓, 𝒓T) and 𝑬̂R (𝒓, 𝒓R), respectively, while decomposing
the field propagation operator into a linear phase shift term
exp [−j𝜑(𝒓)] and a magnitude term 𝐴(𝒓T, 𝒓R, 𝒓), which
contains also all normalization constants, (1) can be rewrit-
ten as

𝑇 (𝒓T, 𝒓R, 𝑘) =
∭
𝑉S

𝑬̂R (𝒓, 𝒓R) · 𝒔B (𝒓) · 𝑬̂T (𝒓, 𝒓T)

𝐴(𝒓T, 𝒓R, 𝒓)e−j𝜑 (𝒓 )d3𝒓 , (2)

where 𝜑(𝒓) = 𝑘 [𝑅Rx (𝒓) +𝑅Tx (𝒓)] with 𝑅Tx (𝒓) = |𝒓 − 𝒓T |
and 𝑅Rx (𝒓) = |𝒓 − 𝒓R | denoting the corresponding path
lengths between the antennas and a specific point located
in the imaging domain. Until now, this formulation ne-
glects the wave interaction with background objects, e.g.,
walls and ceilings in an indoor scenario [1]. With the con-
sideration of echoic propagation environments, we separate
the field vectors interacting with the scattering object into a
superposition of distinct wavefront contributions character-
ized by a unique index 𝑤, and (2) is generalized to

𝑇 (𝒓T, 𝒓R, 𝑘) =
∭
𝑉S

∑︁
𝑤

𝑬̂
𝑤

R (𝒓, 𝒓R) · 𝒔B (𝒓) · 𝑬̂𝑤

T (𝒓, 𝒓T)

𝐴𝑤 (𝒓T, 𝒓R, 𝒓)e−j𝜑𝑤 (𝒓 )d3𝒓 . (3)

In the following it is assumed that 𝐴𝑤 (𝒓T, 𝒓R, 𝒓) is just
a constant, which is equivalent to describing the fields
radiated by the Tx and Rx antennas as plane waves as
usually done in the conventional matched filter based ap-
proaches [10]. Hence, by taking the adjoint of the general-
ized forward scattering operator in multipath environments,
as given in (3), and considering only one set of co-polarized
scattering data, we get

𝑠B (𝒓) =
∑︁
𝑤

∞∫
0

∬
𝐿T

∬
𝐿R

𝑇 (𝒓T, 𝒓R, 𝑘)e j𝜑𝑤 (𝒓 )+jπ𝛿 (𝑤)

d2𝒓R d2𝒓T d𝑘 , (4)

where 𝐿T and 𝐿R represent the aperture of the transmit and
receive array, respectively. The term 𝛿(𝑤) is either 1 for
parallel polarization or 0 for vertical polarization. This for-
mulation accounts for a π-phase shift due to potential polar-
ization changes during the RT, a phenomenon also known
as the half-wave loss in optics [11]. By comparison, the
reconstruction formula for the naive BPA is given by

𝑠B (𝒓′) =
∞∫

0

∬
𝐿T

∬
𝐿R

𝑇 (𝒓T, 𝒓R, 𝑘) e j𝜑 (𝒓 )d2𝒓R d2𝒓T d𝑘, (5)

which does not account for multipath effects. By in-
corporating the separation of different wavefronts and a
polarization-specific phase compensation, the RT-BPA, ex-
pressed in (4), is expected to achieve improved focusing
capabilities compared to the naive BPA in (5). With slight
modifications, e.g., dropping the integral over the transmit
array, (4) and (5) can also be utilized in radiation problems.

With the proper consideration of different wavefronts, the
generalized BPA expressed by (4) can be easily incorpo-
rated with ray-tracing frameworks using the SBR approach.
Here, rays are randomly launched from each image voxel
and propagate through a 3-D environment modeled by a tri-
angular mesh following geometrical optics (GO) principles.
Each ray captured by a Tx or an Rx provides the optical
path length information and determines whether an extra
π-phase shift is introduced in (4). The latter is managed
by assigning an integer hash identifier 𝑤 to each individ-
ual path, which depends on the sequence of the environ-
mental objects it interacts with. Since all rays experiencing
the same bounces share a common identifier 𝑤, the post-
processing of the extra phase shift denoted by 𝛿(𝑤) in (4)
is easy and efficient. The final image is then created by co-
herently summing up all signal contributions from the ob-
tained wavefronts. To manage the computational demands,
the CUDA OptiX framework is utilized for parallelized ray-
tracing, along with path prediction techniques [12] to re-
duce the number of rays needed.

3 Numerical Results and Discussion

A. Imaging Hidden Objects without LOS-paths

To assess the effectiveness of the proposed RT-BPA in
imaging hidden objects, two different simulations, as de-
picted in Figure 1, are conducted using the commercial full-
wave simulation software FEKO [13]. The simulation fre-
quency in both cases ranges from 18GHz to 20GHz with an
equal frequency step of 100MHz. In both scenarios, an in-
finitely large perfect electrically conducting (PEC) ground
plane is located at 𝑧 = 0m, and the LOS is blocked by an-
other thin PEC plate.

The first scenario consists of 37 Hertzian dipoles arranged
to represent a ‘TUM’ logo. The dipoles are radiating at a
distance of 0.7m above the PEC ground plane. One co-
polarized component of the electric field, which was com-
puted in FEKO at a total of 10000 regularly distributed ob-
servation points, spanning an area of 1.2m by 1m, serve
as the input data for the two imaging methods. The recon-
struction result for the naive BPA, shown in Figure 2(a),
is highly distorted and allows only for a rough identifica-
tion and localization of the dipole radiators. In contrast, the
result for the RT-BPA, as shown in Figure 2(b), shows sig-
nificantly better focusing of the dipoles. This is because our
method correctly accounts for the phase shift of the waves
when they propagate from the sources toward the observa-
tion locations, including the reflection at the ground plane.
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Figure 1. (a) Radiaton problem including several Hertzian
dipoles forming a ‘TUM’ logo in front of an infinitely large
ground plane. (b) Scattering problem consisting of three
PEC spheres illuminated by a single dipole source. In both
cases the line of sight is blocked by a thin sheet of PEC.
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Figure 2. Reconstruction results for the dipole radiators
forming a ‘TUM’ logo according to Figure 1(a) while uti-
lizing the standard BPA with only LOS contributions (a)
and the RT-BPA (b).
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Figure 3. Reconstruction results for the scattering of three
PEC spheres as given in Figure 1(b) while employing the
standard BPA with only LOS contributions (a) and the RT-
BPA (b).

Figure 4. Illustration of the simulation setup featuring a
single dipole antenna positioned between two parallel PEC
plates.

In the second case, we slightly modify the previously dis-
cussed setup by considering only one single Hertzian dipole
positioned at coordinates (𝑥, 𝑦, 𝑧) = (0.2,0.4,0.7)m. In this
case, we are interested in the scattering of three small PEC
spheres with a radius of 0.02m, which are arranged on a
line along the 𝑥-direction at coordinates (0,−0.25,0.7)m,
(0.2,−0.25,0.7)m, and (0.4,−0.25,0.7)m, respectively.
The spatial images for this scattering scenario are given in
Figure 3. In this case, the reconstruction result for the naive
BPA only assuming LOS contributions is uninterpretable.
In contrast, the image of our RT-BPA given in Figure 3(b)
is still well-focused, and all three PEC spheres are clearly
recognizable.

B. Improving Image Resolution by Using Higher-Order
Reflection Paths

In order to validate that the utilization of multipath con-
tributions can also enhance imaging quality, the simula-
tion setup illustrated in Figure 4 is considered next, where
a single Hertzian dipole acting as the radiation source is
placed between two parallel PEC plates. The signal contri-
butions originating from both the LOS and multiple reflec-
tions within the plates are captured by a set of co-polarized
Hertzian dipoles located in the planar measurement surface
as shown in Figure 4. The imaging result for the standard
BPA, which only accounts for LOS contributions and dis-
cards multiple reflections, is displayed in Figure 5(a). By
comparison, the imaging results obtained by the RT-BPA
incorporating up to first, second, and third-order reflections
are shown in Figures (b), (c), and (d), respectively. It is seen
that the utilization of higher-order reflections significantly
improves the imaging resolution along the 𝑥-dimension,
which is equivalent to a virtually enlarged measurement
plane along that direction. Utilizing 256 by 256 pixels as
well as an NVIDIA RTX A6000 GPU, the proposed RT-
BPA achieved for all cases run times smaller than 20 sec-
onds, which is comparable to the reconstruction times for
the non-LOS scenarios from the previous example.
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Figure 5. Imaging results of the dipole using standard BPA
with LOS contributions (a), and RT-BPA incorporating re-
flection contributions up to first-order (b), second-order (c),
and third-order (d).

4 Conclusion

A polarization-aware ray-tracing enhanced back-projection
algorithm for microwave imaging in complex multipath en-
vironments was presented and validated with various nu-
merical examples. Utilizing an SBR framework, the prop-
agation paths between a set of transmitting and receiving
antennas were separated into different wavefronts, enabling
improved focusing capabilities compared to standard back-
projection algorithms. Additionally, our CUDA-OptiX-
based implementation demonstrated high computational ef-
ficiency due to massive parallelization and sophisticated
path prediction strategies.
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