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A Numerically Efficient Method for Predicting the
Scattering Characteristics of Complex Moving

Targets
Dihia Sidi Ahmed, Paola Russo Member, IEEE, Graziano Cerri, Laetitia Thirion Lefèvre, Régis Guinvarc’h,

Giovanni Manfredi

Abstract—This paper presents a new computational approach
that allows rapid analysis of the Electro-Magnetic Scattering
characteristics (EMS) of static or moving complex radar targets.
The scattering features of the object are represented through
a generalized scattering matrix H, whose elements can be
measured or computed using conventional numerical techniques,
e.g., CST software in the proposed case, and considering pre-
scribed sampled directions. A cardinal series then is adopted to
reconstruct the complete scattering pattern by suitably extending
the approach to calculate the target’s scattering matrix for any
incidence wave and any observation point. The number of finite
samples, that is, the dimension of the scattering matrix depends
only on the maximum dimension of the target. A PEC sphere
and a PEC three-dimensional (3D) complex object have been
analyzed in detail. Precise, fast, and stable sampling algorithms
have been applied to these targets in the static case and in motion.
In particular, the field scattered by the moving objects is then
used to carry out the Micro-Doppler analysis of the object radar
signature.

Index Terms—Electromagnetic modeling, Moving Targets,
Scattered Field

I. INTRODUCTION

Target detection and recognition is an intensely investigated
topic in radar research. Previous research focused on modeling
and evaluating the scattering characteristics (SC) of static
targets. The parameter considered for this evaluation is the
Radar Cross Section (RCS). The RCS has been analyzed
and recovered with different techniques: various models exist
for canonical and metallic targets [1] [2], or more complex
objects like the human body [3] [4]. For electrically large
objects, high-frequency methods are used [5], such as physical
optics (PO), geometrical theory of diffraction (GTD) [6],
and uniform theory of diffraction (UTD) [7]; for resonant
objects, full-wave approaches such as Method of Moment
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(MOM) [8], are required to characterize 3D scattering [9].
Recently, researchers have shifted their interest to detecting
and recognizing moving objects. In this context, the RCS,
a scalar quantity, is not adequate enough to recover their
signature, because an accurate evaluation of the scattered
signal phase changes is required. Moving parts in the object
and its movement can create different RCS. Therefore a good
knowledge about Micro-Doppler or Doppler signature , and SC
of moving objects is essential for their recognition or analysis
[10]. In literature, many papers deal with moving targets,
adopting essentially experimental techniques. Moreover, the
classification of different events is usually done in conjunc-
tion with the deep learning approach. For example, in [11],
the analysis is applied for the recognition of falling events,
whereas in [12] and [13], it is applied for discriminating
different human activities. In [14], the authors realized a
system that recognizes a moving pedestrian for application
in an autonomous driving car.

A more challenging application is the detection of Un-
manned Aerial vehicles (UAV), particularly small ones. The
surge in popularity of these types of aerial devices increased
the interest in their characterization and classification [15] [16]
[17], and made detecting them crucial [18]. The difficulty in
recognizing such a target is due to its weak radar signature
[19] [20]. Also, in this case, many papers propose using
machine learning to improve detection. It is well known that
this approach requires huge labeled datasets to generate robust
models. Researchers generate the data using indoor or outdoor
measurements [21], but these methods suffer from a lack of
labeled datasets. Modeling can solve some of these problems;
making the scene as realistic as possible can compensate for
this lack. It facilitates the micro-Doppler analysis by providing
information on the effect of the radar response on the receiving
signal, allowing us to study the degradation of the detection
performance in the presence of obstacles. In general, the
physics-based model allows a better understanding of the
interactions between radar wave and the target and, therefore,
which parts of the target exhibit the most significant signature
[22]. There are a few publications on modeling the radar
response of moving targets. In [23], the authors simulate the
Doppler response of a target with rotating parts, using a ray
technique. In [24] and [25], modeling of the scattered response
of human bodies was carried out. However, no electromagnetic
calculation was performed so that the physical complexity was
avoided. Concerning electromagnetic models, analytical tools
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can be very flexible, but they are hardly applicable to complex
geometries; software tools are very sophisticated [26] and
allow the scattering evaluation of complex isolated objects, but
they can be extremely heavy when evaluating the movement
and interaction with other objects since it is necessary to
repeat several times the entire electromagnetic computation
of the target’s SC under different illuminations. Therefore,
it is necessary to have a tool that can provide fast, efficient
calculations of SC of a target, both static or in movement.

This paper proposes a simple tool for modeling the SC of
an object, that can be used for a fast evaluation of its SC
also when moving at non-relativistic velocity. The method is
based on the evaluation of a generalized version of the scat-
tering matrix, that is usually applied to microwave junctions,
characterized by a finite number of input/output ports. On the
contrary, in our case, the system is open, so it is characterized
by an infinite number of input (incident field direction) /output
(scattering directions) ports. In order to create a finite matrix,
the ports are sampled so that a finite number of elements can
be handled. A subsequent interpolation technique, based on
cardinal series, is applied every time it is necessary to know
the SC of the target for whatever impinging and scattering
direction of the field. This matrix, named H, replaces the RCS
parameter in our method, giving us not only the amplitude but
also the phase information of the scattered field. The method
proposed is fast and accurate. The strong computation and
time-consuming effort are related to the creation of the library
of H-matrix for a wide range of possible targets, but once the
matrix of a specific target is ready, it can be used for whatever
situation of impinging wave angles and scattering angles. The
reconstruction method is very fast. The proposed technique is
also flexible, because the generalized scattering matrix can be
obtained in different ways: measurements or numerical tools.
Moreover, it can be used to integrate models that account for
the presence of different environments (urban, forest, etc.) or
to create a large dataset for machine learning classification,
removing the limitations of the measurement approach.

The reliability and accuracy of the method are tested by
applying it to the evaluation of the field scattered from two
different targets: a metallic sphere and a metallic object of
complex geometry. The same objects, moving in different sce-
narios, are studied to show how the method can be efficiently
applied to reconstruct the radar signature of moving objects,
and how these data can be usefully processed for the Micro-
Doppler analysis.

This paper is structured as follows: Section II is a descrip-
tion of the formulation of the problem. Section III is a step-by-
step description of the formulation of our model. Section IV
presents a validation of the proposed method by comparing
it with the results derived by using the simulation software
(CST) and with measurements; finally, the conclusion is given
in Section V.

II. FORMULATION OF THE PROBLEM

This work describes a new approach to the analysis of
the standard bistatic radar configuration, where a transmitting
antenna Tx illuminates an object that moves at velocity v.

The field scattered by the target is evaluated at the receiving
antenna location Rx. Fig. 1 shows the problem’s geometry,
(RT ,Θ,Φ) and (RR,θ, ϕ) represent the positions of the trans-
mitting and receiving antennas, respectively, with respect to a
spherical coordinate system centered on the target. Throughout
the paper, the angular coordinates (Θ,Φ), written in uppercase
Greek letters, will indicate the direction of the incident wave,
whereas the angular coordinates (θ, ϕ), written in lowercase
Greek letters, will indicate the direction of the scattered wave.

Fig. 1: The geometry of the scenario: the Tx antenna radiates
a moving object, and the scattered field is evaluated at the
receiving antenna Rx.

As it moves, the target changes its position relative both
to the transmitting and the receiving antenna, and an accurate
representation of the field at the receiving point requires a
continuous re-computation of the scattered field. This aspect
generally represents a very cumbersome burden, from a com-
putational point of view. Therefore a numerically efficient
technique is necessary to characterize the scattered field along
the entire path of the target.

The basic idea is to represent the field
−→
Es (RR,θ, ϕ),

scattered by the target in the observation point due to an
incident field

−→
Ei (RT ,Θ, Φ) as written in Equation (1):

−→
Es(RR, θ, ϕ) = H(Θ,Φ, θ, ϕ)

×
−→
Ei(RT ,Θ,Φ)

e−jβRR

RR

(1)

where β is the propagation constant, and H is a [3 × 3]
matrix defined as:

H =

h
x
x hx

y hx
z

hy
x hy

y hy
z

hz
x hz

y hz
z

 (2)

with all the components of H depending on Θ,Φ, θ, and ϕ.
Each element hxp

xq (Θ,Φ, θ, ϕ), of the matrix represents the
xp component (p = 1, 2, 3) of the far-field scattered by
the object in direction (θ, ϕ), calculated at the distance a,
normalized to the xq component (q = 1, 2, 3) of the incident
field impinging from direction (Θ,Φ), where (x1 = x, x2 =
y, x3 = z).
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The field is evaluated at a proper reference distance a chosen
in the far-field region of the object, having a role similar to
the reference planes at the ports of a microwave network.

Therefore, each element of the matrix H can be evaluated
as:

hxp
xq
(Θ,Φ, θ, ϕ) = aejβa

Es
xp
(θ, ϕ)

Ei
xq
(Θ,Φ)

(3)

It is important to note that, by its definition, matrix
H(Θ,Φ, θ, ϕ) depends on object characteristics only. A fast
and accurate method to evaluate Equation (2) for any direction
of arrival (Θ,Φ) of the impinging field and any scattering
direction (θ, ϕ) is developed and described in the next section.
It is worth briefly mentioning the notation used throughout the
paper. For practical purposes, essentially because the object is
thought to be inside a complex 3D space, all field components
are represented in Cartesian coordinates. The target position
and the receiving point location are referred to a fixed Carte-
sian system (O, X, Y, Z) centered on the transmitting antenna.
As the object experiences an incident field and re-radiates a
scattered field, it is convenient to adopt a second reference
system (O’, x, y, z), centered on the moving target, which
also defines the spherical system used to evaluate the direction
(Θ,Φ) of the incident field and (θ, ϕ) of the scattered field.
Standard coordinate transformation equations allow us to pass
easily from one system to another.

III. GENERATION OF THE MATRIX H

The angular coordinates that define the direction of arrival
of the impinging field and the scattering direction of the
receiving point are a function of the object position; therefore,
to describe the electromagnetic signature of a moving object,
the matrix H in (2) has to be computed for each point of the
target trajectory. Even if the matrix H can be evaluated using
analytical, numerical, or experimental methods, its continuous
re-computation makes the approach extremely cumbersome
and difficult. In order to speed up the procedure without losing
accuracy, the method described below has been developed. It
is based on the evaluation of the scattered field in a discrete
number of properly selected directions and on the use of an
interpolation technique to generalize the approach.

The procedure of generation of the matrix H and of the
subsequent interpolation technique will be presented in two
steps: 1) the generation of the matrix for a specific impinging
wave direction. 2) the generation of the matrix for a generic
impinging wave direction.

A. Reconstruction of the scattered field for one impinging
wave on the target

In order to outline the method, we first refer to the simple
situation described in Fig. 2, which depicts the scenario for
the generation of the scattered field values, in the case of
only one particular direction of arrival of the incident wave,
characterized by the elevation angle Θi and azimuth angle Φij .

The same figure also shows some possible scattering di-
rections, and the reference surface of radius a in the far-field
region of the object. In particular, a number of specific discrete
scattering directions, characterized by the elevation angle θm,

0 ≤ m ≤ M and azimuth angle ϕmn, 0 ≤ n ≤ N , are
properly selected.

Fig. 2: Geometry of the problem: the scattering object is
surrounded by the sphere of radius a used for sampling the
scattered field.

After this simple preliminary setting, the electromagnetic
scattering problem is solved. In our case, we used the CST
tool [26], extensively validated in literature and by the authors
themselves, adopting the following procedure:

• the object geometry and materials are implemented in
CST;

• the electromagnetic solver simulates a plane wave im-
pinging from direction (Θi,Φij);

• the scattered field is evaluated in all points (a, θm, ϕmn)
with 0 ≤ m ≤ M ; 0 ≤ n ≤ N and stored.

This simple procedure provides a matrix H (written in bold
font) of order greater than the order of matrix H (written
in italic font), and whose structure is represented in Fig. 3,
where, for convenience, it is conceived as a 2D sheet. It is
worth noting that each element of the matrix H is itself a [3
× 3] matrix H defined in Equation (2), whose elements are
given by:

hxp
xq
(Θi,Φij , θm, ϕmn) = aejβa

Es
xp
(θm, ϕmn)

Ei
xq
(Θi,Φij)

(4)

with 0 ≤ m ≤ M and 0 ≤ n ≤ N .
For Equation (4), the same notation used for Equation (3)

has been adopted. The matrix term in Equation (4) represents
the component xp of the scattered field in direction (θm, ϕmn),
normalized to the component xq of the incident field, im-
pinging from (Θi,Φij). Its value does not depend on the
far-field distance a. The scattered field must be calculated in
the object’s far-field region; otherwise, a near-field to far-field
transformation would be necessary for evaluating the scattered
field in a general situation.

If the direction (θ, ϕ) of the observation point of the scat-
tered field is different from any selected direction (θm, ϕmn),
a proper interpolation technique is adopted. Therefore, the
problem is the evaluation of the terms h

xp
xq (Θi,Φij , θ, ϕ) in

Equation (2), using an algorithm that is as fast and accurate
as possible, from knowledge of the matrix H, whose elements
are given by Equation (4). The adopted solution is based on
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the method developed in [27], where the field representation
through a cardinal series is used. The cardinal series pro-
posed in [27] is based on spherical coordinates, and a proper
sampling procedure is suggested. Details of the sampling and
interpolation procedure adopted in our case are reported in the
Appendix of this paper.

Fig. 3: Structure of the matrix H, for the storage of the
scattered field sampled in selected directions due to a plane
wave impinging from direction (Θi,Φij).

B. Reconstruction of the scattered field for general impinging
wave on the target

In a general situation, especially for the case of a moving
object:

• neither direction (Θ,Φ) of the impinging wave nor direc-
tion (θ, ϕ) of the observation point of the scattered field
are a priori known,

• they are generally different from the directions selected
for creating, H matrix and moreover

• they change continuously.

Therefore, the problem now is the evaluation of the general
terms h

xp
xq (θ, ϕ,Θ,Φ).

To solve this problem, the idea of sampling the direction of
the field, expressed in III-A, is once again applied, but this
time to the incident field direction. This is a generalization of
the method proposed in [27] that deals only with the scattering
field. It is necessary to create all the matrices H generated by
plane waves impinging from many different selected incident
directions (Θi,Φij), 0 ≤ i ≤ I; 0 ≤ j ≤ J . For the sake
of simplicity, we choose I = M and J = N so that the
integer numbers that define the selected incident directions
are the same as those for scattering directions [28], in this
way also the selected directions of wave arrival and scattering
coincide. This procedure provides an even higher-order matrix
H(θm,Φmn,Θi,Φij) that can be conceived as the 3D structure
shown in Fig. 4 made up of many layers, one layer for each

Fig. 4: Structure of the 3D matrix H(θm, ϕmn,Θi,Φij), for
the storage of the scattered field sampled in selected directions
(θm, ϕmn), 0 ≤ m ≤ M and 0 ≤ n ≤ N , due to plane waves
impinging from selected directions (Θi,Φij), 0 ≤ i ≤ I; 0 ≤
j ≤ J .

direction of the impinging wave. The matrix elements are once
again defined by Equation (4).

It is worth noting that in the implementation of the method:

1) the matrix H elements are evaluated only once, off-line,
and at the beginning of the procedure;

2) any electromagnetic approach (analytic, numerical, ex-
perimental) can be used to fill the matrix H;

3) the matrix H completely characterizes the 3D scattering
of the object, taking into account its shape, dimensions,
and materials.

Knowledge of the matrix H allows us to analyze all possible
situations from the trivial case where the direction of arrival
of the impinging wave (Θi,Φij) and scattering direction
(θm, ϕmn) coincides with one of those selected, up to the
most general one, where the direction of the arrival of the
impinging wave (Θ,Φ) and scattering direction (θ, ϕ) do not
coincides with any sampling directions. The first case is the
simplest situation because the [3 × 3] matrix H to be used
in Equation (1) is the element H(θm, ϕmn) for (Θi,Φij) of
the 3D matrix H, and no further calculation is required. For
the general case, in order to have the correct matrix H to
be used in Equation (1), the interpolation technique through
the cardinal series is applied twice, the first time over the
scattering directions and the second time over the impinging
directions. The sequential application of the interpolation
technique provides Equation (5), which is a very simple and
efficient form to be implemented with an algorithm.
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hxp
xq

(Θ,Φ, θ, ϕ) =

M∑
i=−M

N∑
j=−N

M∑
m=−M

N∑
n=−N

hxp
xq

(Θi,Φij , θm, ϕmn) ·

sinc

(
(2N + 1)

ϕ− ϕmn

2

)
sinc

(
ϕ− ϕmn

2

) sinc

(
(2M + 1)

θ − θm
2

)
sinc

(
θ − θm

2

)
sinc

(
(2N + 1)

Φ− Φij

2

)
sinc

(
Φ− Φmn

2

) sinc

(
(2M + 1)

Θ−Θi

2

)
sinc

(
Θ−Θi

2

) (5)

where the sampling angles are provided in the appendix.
Equation (5) represents the normalized field scattered by the

object in a generic direction (θ, ϕ), for the generic direction
(Θ,Φ) of the impinging wave. The amplitudes of the series
terms are the elements of the matrix H, evaluated in Equation
(4). It can be noted that the 3D matrix H is used as a
whole in the most general situation, whereas for the other
simpler cases (reported in the appendix) only sub matrices are
considered. Summarizing, the electromagnetic signature of a
moving object, at a non relativistic velocity , can be obtained
according to the following procedure:

1) the 3D matrix H(Θi,Φij , θm, ϕmn) that characterizes
the object is calculated (only once) using the definitions
of its elements given in Equation (4);

2) coordinates (θ, ϕ) and (Θ,Φ) are determined from the
knowledge of the object position;

3) equation (5) is applied, obtaining the elements of the [3
× 3] matrix H(θ, ϕ,Θ,Φ) in Equation (2), to be used in
Equation (1) to evaluate the scattered field;

4) changing the object position, the algorithm restarts from
step 2 of the procedure.

IV. RESULTS

The accuracy and efficiency of the proposed method were
tested by applying the model to two different situations: a
static target and a moving one, both in free space. Two
targets were considered: a PEC sphere and a complex PEC
structure called UFO (Unidentified Flying Object). The first
test concerns the reconstruction of the scattered field in the
far-field region for both targets, and the second test regards a
micro-Doppler analysis. The second test, which analyses the
electromagnetic scattering of a moving object, is particularly
severe as far as computational efficiency is concerned, because
it requires the generation of a great deal of data. In particular,
this test highlights the efficiency of the proposed method
because, once the 3D matrix H is known, it is not necessary to
repeat its evaluation for every target position, but it is simply
necessary to apply Equation (5) for the different directions of
the impinging and scattered waves. The first object chosen for
numerical tests is a PEC sphere, whose diameter is 20 cm. The
second object is the complex PEC structure shown in Fig. 5,
whose maximum dimension is 50 cm. It was designed to test

Fig. 5: Geometry of the complex object used to test the
method.

and stress the method because it does not exhibit symmetries,
and consists of a combination of different shapes with many
scattering edges.

An overall error is introduced to quantify the effect of the
interpolation technique on the accuracy of the method for the
scattered field computation, this overall error is defined as:

err =

∑
(|Eref − Erec|) .|Eref |∑

|Eref |2
(6)

Where, Eref is the scattered field evaluated with the CST,
and is considered the reference field to be compared to Erec

that is the scattered field reconstructed with the proposed
method. We can observe that the difference between the
reference and reconstructed field is weighted with its value
in each point: the more intense the field is at a point, the
more significant is the error on its evaluation.

A. Scattered field evaluation

The scenario used to test the accuracy of the scattered field
evaluation is based on a target illuminated by a plane wave.
The procedure is implemented according to the steps described
at the end of section III.

An important aspect concerns the number of sampling di-
rections that depends on the spatial bandwidth of the problem
(see appendix for reference) that depends on the radius a of the
reference sphere used to evaluate the field and on the frequency
of the impinging wave. Considering the dimensions of two
targets and an impinging wave of frequency f = 500MHz,
the total number of samples are, respectively, 199 for the
sphere and 352 for the second target, if the spatial bandwidth
W is evaluated considering the radius a equal to the far-
field distance a = 2d2

λ , with d being the maximum object
dimension. These numbers could be considered too large
because of the computational effort necessary for the matrix
H evaluation according to Equation (5), affecting the method’s
efficiency. For this reason, many tests were conducted to
analyze the possibility of reducing the sampling directions.
Good results have been obtained by evaluating the spatial
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bandwidth W = χβd, using the maximum dimension of
the target instead of the far-field distance. In this way, the
number of samples is reduced to 37 for the sphere and 149
for the second target, obtaining a satisfactory trade-off between
accuracy and efficiency.. It is worth highlighting that the
electric field samples are still evaluated in the far-field region,
and the positions of the sampling directions are once again
evaluated according to Equations (A.1) and (A.2).

Results obtained for the targets illuminated by an horizontal-
polarized plane wave, with incident angles of (Θ = 90°, Φ =
270°) and a frequency of 500 MHz, are shown in Fig. 6 for
the sphere and Fig. 7 for the UFO. In particular, the figures
show the scattered far-field components evaluated in the ϕ = 0
plane, at a distance of 1 m from the sphere and 10 m from
the UFO, due to an impinging plane wave having an incident
field of 1 V/m. The scattered field is evaluated in directions
different from the sampling directions. The same figure also
shows the same results obtained directly with the CST as a
reference: in both cases, the reconstruction of the scattered
field is very good. In particular, the error, using Equation (6),
is 0.08% for the sphere and 2% for the UFO.

Regarding the computational efficiency of the reconstruction
procedure, it depends on the tool that implements the algo-
rithm given in Equation (5). In our case, we use a MATLAB
code, obtaining a simulation time less than 10 seconds for
the calculation of the Matrix H of a generic impinging wave,
and time simulation lesser than 0.2 seconds for the calculation
of the scattering field at a generic point. This method is
implemented to automatically calculate the scattered field in
the other object positions when it is moving. When compared
with CST, 15 seconds are required to calculate the scattered
field at one position, without considering the time it takes
to manually implement the configuration pertaining to other
positions, so we can conclude that our model is efficient in
terms of computational time and implementation.

B. Micro-Doppler analysis

Micro-Doppler analysis can be carried out considering a
moving target. As a first simple example, the problem pre-
sented in Fig. 8 is considered; the PEC sphere translates along
the x-direction from position P1 (-40m, 10m, 0) to position
P2 (40m, 10m, 0). The transmitting antenna Tx is supposed
to have a gain of 0 dBi and fed with 1w, and positioned in (0,
0, 0); the PEC sphere scattered field is calculated at the fixed
receiving antenna located in (0, 20 m, 0). The impinging field
has a horizontal polarization. The sphere moves with a velocity
of 8 m/s, and to perform the Doppler analysis, its position is
sampled every 12.5 ms, corresponding to a displacement of
10 cm between consecutive positions.

To describe the whole path, 801 different positions are
analyzed, which implies that Equation (5) must be calculated
801 times. Fig. 9 shows the behavior of the amplitudes and
phases of the scattered field components calculated at the
receiving point. As expected, the Ex-component is dominant
and exhibits a symmetric behavior due to the regular shape of
the object and geometric symmetry of the scenario. Instead,
the Ez-component is negligible, being more than two orders

Fig. 6: Reconstruction in the plane ϕ = 0 of the field scattered
by the sphere in both amplitude and phase compared to the
reference field calculated using CST.

of magnitude smaller than the Ex-component. Its asymmetric
behaviour can be ascribed to the intrinsic approximation of the
interpolating technique that has a greater effect on the smaller
components. These values were used for the Micro-Doppler
analysis of the scenario shown in Fig. 8 and the results are
reported in Fig. 10.

The Doppler frequency modulations have been analytically
calculated for a working frequency of 500 MHz, according to
the Equation (7) of the bistatic Doppler shift [29], defined as
follows:

FD =
2||v⃗||
λ

cos

(
β

2

)
cos δ (7)

FD denotes the target bistatic Doppler frequency for sta-
tionary transmitter and receiver, v⃗ the vector velocity, λ the
wavelength, β the bistatic angle, and δ the aspect angle formed
between the axis of the bistatic bisector and the axis of the
movement, the vector velocity v⃗ [30] as shown in Fig. 8, in the
proposed case, we assume that the sphere will translate along
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Fig. 7: Reconstruction in the plane ϕ = 0 of the field scattered
by the UFO in both amplitude and phase compared to the
reference field calculated using CST.

the bistatic bisector axis; consequently, the aspect angle δ = 0.
The Doppler signature of the moving sphere analyzed at 500
MHz and its prediction is shown in Fig. 10 and manifests the
expected behavior: the power is strongly detected when the
target is closer to the antennas. When the sphere crosses the
line between the antennas, the speed is zero because of the
orthogonality between the object direction and the scattering
direction. Doppler frequency tends to the correct value when
the sphere is far from the antennas, with positive values when
the sphere approaches antennas and negative ones when it
moves away.

A second, more complex example was considered: the
Micro-Doppler analysis of a sphere moving along a curved
path. For this case, an experimental validation was performed.
It is worth noting that the same 3D matrix H of a sphere is used
in both examples. This is the strongest point of our procedure
that makes it possible to analyse any Doppler scenario of
the same target without repeating the procedure of evaluating

Fig. 8: Set-up of the translation of the PEC sphere along x-
axis.

Fig. 9: Amplitudes and phases of the scattered field compo-
nents Ex, Ey, Ez, at the receiving point calculated for each
PEC sphere’s position.

the sampled matrix. Fig. 11 shows the scenario and the path
used for the validation of the test. The same scenario was
created inside the Antenna Lab of our Department, and the
scattering field was measured using a network analyzer. The
Doppler analysis results obtained from the experimental data
are shown in the top plot, and results obtained with our
method are shown in the bottom plot of Fig.12. The harmonic
behavior of the velocity component in the x-direction is
well reconstructed, as shown by comparing simulation results
and measurements. The model also determines the Doppler
frequency with completely satisfactory accuracy. The good
result of this validation test allows us to consider the proposed
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Fig. 10: The Doppler frequency signature of a sphere translat-
ing along X axis at 500 MHz: HH polarization, and its Doppler
frequency prediction in black curve.

Fig. 11: The simulation and measurement set-up for the curved
path of the sphere.

Fig. 12: The Doppler frequency signature of a sphere moving
along a curved path and its comparison to measurements.

Fig. 13: Set-up of the translation of the PEC UFO along the
x-axis.

method as reliable and able to simulate complex scenarios. The
amplitude of the component is normalized to its maximum
value for both simulation and measurement.

Micro-Doppler analyses are carried out considering the
UFO as the moving target, the same configuration of the
PEC sphere Micro-Doppler analysis is considered as depicted
in Fig. 13, but, the scattered field is calculated at the fixed
receiving antenna located in (0, 200 m, 0).

Fig. 14 shows the behavior of the amplitudes and phases
of the scattered field components calculated at the receiving
point. As expected, the field components are asymmetric, due
to the asymmetric geometry of the target, the Ex-component
is dominant, and we notice an increase of the amplitude when
the object is moving toward the antennas and a decrease
when it is moving away from the antennas. The Doppler
signature of the moving UFO analyzed at 500 MHz and its
prediction is shown in Fig. 15. Two main aspects can be
observed in the Doppler frequency signature: the comparison
with the bi-static Doppler shift Equation (7) shows the effect
of the complexity of the object geometry, since the theoretical
Doppler frequency is not the average value of the simulated
scenario, as for example, the Doppler signature of the sphere,
but it is affected by the target shape. The second aspect
concerns the algorithm’s numerical efficiency. In the analyzed
situation, the receiving point is much further away than in
the case of the sphere, but the increased dimension of the
scenario doesn’t affect the computational time because in the
generalized scattering matrix approach, the characterization of
the object is performed only once at the beginning of the
procedure, so that the computing time for the field evaluation
doesn’t depend on the scenario dimension.

V. CONCLUSION

This paper presents an efficient formulation for analyzing
the scattering characteristics of static and moving targets. The
work aims to develop a method to provide the theoretical
electromagnetic signature in a general point of a 3D space
of a complex object moving in an electromagnetic field
radiated by an antenna. The method is simple in principle
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Fig. 14: Amplitudes and phases of the scattered field compo-
nents Ex, Ey, Ez, at the receiving point calculated for each
UFO’s position.

Fig. 15: The Doppler frequency signature of a UFO translating
along the x-axis at 500 MHz: HH polarization, and its Doppler
frequency prediction in black curve.

and can be easily implemented on a computer. It is based
on the object’s scattered field knowledge in specific space
directions due to plane waves impinging from other specific
directions. It is worth noting that this part of the procedure
is carried out only once, at the beginning of the analysis, and
completely characterizes the object’s scattered field accounting
for its shape and materials. It can be accomplished using
whatever electromagnetic simulation tool. The generalization
to any incident and scattering direction is achieved using an

interpolating technique based on the cardinal series, suitable
for an efficient computer implementation.

The capability of the algorithm to reconstruct the scattered
field and its accuracy has been tested for two objects, a metallic
sphere and a complex object, comparing their results with
those achieved by a full-wave numerical tool, obtaining a
good agreement. Other results have concerned the Doppler
analysis of moving targets. As the evaluation of the scattered
field is required for many points along the object trajectory,
the aim was to show the computational efficiency of the
method and test the capability of reconstructing the target
electromagnetic signature. In this case, some experimental
measurements allowed us to validate the numerical simula-
tions. The method’s reliability will allow us to approach some
realistic scenarios in the near future, such as a drone flying in
an urban environment. In fact, the model is self-consistent and
can be easily hybridized with other methods, such as PO or
ray-tracing, or GTD, to consider, in the mentioned scenario,
the effect of the buildings or the ground on the electromagnetic
signature of the target.

APPENDIX

This Appendix shows details of the sampling and successive
interpolation procedure necessary to obtain the element of
the H matrix. The sampling procedure adopted is based on
a uniform distribution of the samples on a spherical surface.
For this reason, applying a uniform sampling for the elevation
angle (θm) it results in a number of samples for the azimuth
angles that depends on the elevation angles (ϕmn).

The maximum number of the samples depends on the spatial
bandwidth of the scattering system W = χβa [27], where a
is the radius of the sphere enclosing the scattering system,β is
the propagation constant, and χ is the excess bandwidth factor
whose value has to be slightly greater than unity (typically
1.2) for an accurate convergence of the interpolation scheme.
In particular, the sampling direction considered are

θm = Θi =
2πm

2M + 1
(A.1)

ϕmn = Φij =
2πn

2N + 1
(A.2)

and
M = I = ⌈χβa⌉ (A.3)

N = J = ⌈χβa sin θm⌉ (A.4)

It is worth noting that the number of samples is odd and
that the range of both angles is [0− 2π]. Fig. A.1 shows the
distribution of the samples over the sphere, where the samples
that have an elevation angle from 0 to π are drawn in black,
whereas the samples that have the elevation angles that range
from π to 2π are drawn in red. Also, the uniform distribution
of the samples can be observed in Fig. A.1.

The elements of matrix H necessary for Equation (1) are
reconstructed using the following equations. In particular, we
distinguish two simple cases:

• The direction of the arrival of the impinging wave
(Θi,Φij) coincides with one of those selected, but the
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Fig. A.1: Samples distribution on the sphere.

scattering direction (θ, ϕ) is generic. This is the case
shown in section III-A and the interpolation technique
proposed in [27] is used. We have to enter the layer
of the 3D matrix H characterized by (Θi,Φij), and use
the elements of that layer to calculate the elements of
Equation (2).

hxp
xq

(Θi,Φij , θ, ϕ) =

M∑
m=−M

N∑
n=−N

hxp
xq

(Θi,Φij , θm, ϕmn) ·

sinc

(
(2N + 1)

ϕ− ϕmn

2

)
sinc

(
ϕ− ϕmn

2

) sinc

(
(2M + 1)

θ − θm
2

)
sinc

(
θ − θm

2

)
(A.5)

• The direction of arrival of the impinging wave (Θ,Φ) is
generic, but the scattering direction (θm, ϕmn) coincides
with one of those selected. In this case, an interpolation is
also necessary, but for the evaluation of the [3 × 3] matrix
H , we have to use the elements H(θm, ϕmn) stored in
the layers for all impinging waves (Θi,Φij) 0 ≤ i ≤ I;
0 ≤ j ≤ J , so that, in this case, the interpolation is
performed over all impinging directions.

hxp
xq

(Θ,Φ, θm, ϕmn) =

M∑
i=−M

N∑
j=−N

hxp
xq

(Θi,Φij , θm, ϕmn) ·

sinc

(
(2N + 1)

Φ− Φij

2

)
sinc

(
Φ− Φij

2

) sinc

(
(2M + 1)

Θ−Θi

2

)
sinc

(
Θ−Θi

2

)
(A.6)
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