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Abstract – The requirement for advanced target recog-
nition has facilitated the evolution of radar systems,
enabling classification, recognition and identification of
various types of objects. Numerous studies have focused
on the accurate prediction of radar cross-section (RCS)
for target identification. While the magnitude of the Mie
scattering has been widely employed to enhance the like-
lihood for target detection, the proposed method based
on the frequency spectrum of Mie scattering was pre-
sented for estimation of the size of the target. An accurate
size of targets was quickly estimated using the frequency
of the peak Mie scattering. The frequencies of Mie scat-
tering are investigated using different radiuses of spheres
and cylinders which directly indicate the size of objects.
The peak magnitudes were acquired at 105∼485 MHz
and 83∼398 MHz for spheres and cylinders, respec-
tively, as the radiuses change from 0.1 m to 0.5 m. In
addition, two aircraft-shaped models consisting of an
ellipsoidal body, two wings and a stabilizer are used
to obtain RCS scattering with various azimuth and ele-
vation angles. Indoor RCS measurements with a metal
sphere are presented in order to validate its effectiveness.

Index Terms – Aircraft-shaped objects, Mie scattering,
radar cross-section (RCS), target identification.

I. INTRODUCTION
Radar systems have been widely used for the clas-

sification, recognition and identification of various types
of objects [1–2]. A number of methods have been inves-
tigated for accurately predicting a radar cross-section
(RCS) for the purpose of target identification [3–5]. The
process of target identification commonly requires ana-

lyzing electromagnetic waves reflected back from tar-
gets. Several techniques have been applied to the analysis
of RCS targets in which a simplified RCS object was
used. Physical optics and geometrical optics methods
have been applied to the analysis of simplified electro-
magnetic models for tanks [6], ships [7], aircraft [8]
and missiles [9]. Statistical models based on the col-
lected data set have been used in target identification
and several algorithms have been investigated in order to
implement effective target classifiers [10–12]. Radio fre-
quency (RF) imaging has techniques for recognizing the
details of unmanned aerial vehicles (UAV) with wings,
payloads and body types [13]. However, this method typ-
ically demands intensive post-processing for the creation
of target images. For time-limited operations, a simpler
procedure requiring only RCS is more desirable. RCS
scattering in the resonance (Mie) region has been used in
target detection and classification algorithm in the time
domain [14–16]. With a readily attainable frequency
point of the highest RCS in the frequency domain, an
accurate and more efficient target classification method
may be achieved.

In this paper, a simple technique based on the unique
signature of RCS scattering is proposed for the size esti-
mation of targets. A workflow of this article is presented
in Fig. 1. Compared to the conventional method, which
has utilized the amplitude of the echo signal, more accu-
rate estimation of target size can be realized using both
magnitude and frequency of peak Mie scattering. The
size of the target is instantly obtained by measuring the
frequency where the peaks of RCS scattering are made.
The frequencies of Mie scattering are investigated using
different radiuses of spheres and cylinders, and aircraft-
shaped model with various azimuth and elevation angles.
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Fig. 1. Workflow of this article: proposed method based
on the frequency point of normalized RCS scattering.

Indoor RCS measurements with the metal sphere vali-
date the results obtained from the simulations.

II. TARGET RECOGNITION PRINCIPLE
The purpose of this section is to present the tar-

get estimation principles based on the distinct features
of RCS scattering produced by the different sizes and
shapes of objects. While estimation of the target size usu-
ally revolves around the magnitude of the echo signal,
RCS scattering in the frequency domain [17] is intro-
duced to enhance accuracy in this work. The frequency
point where the first peak magnitude of RCS scattering
appears is applied to the precise estimation of the target
size. The proposed method was validated with RCS scat-
tering of a metal sphere and cylinder, which were used as
a simplified aircraft model, and the plane-wave incidence
on the objects was assumed. Firstly, RCS scattering is
investigated using the sphere and cylinder which were
normalized with their cross-sections. Two spheres with
radiuses of 25 mm and 15.9 mm were used for the evalu-
ation in accordance with the setup of the indoor measure-
ment presented in the subsequent sections. RCS scatter-
ing properties were obtained using the full-wave simu-
lation FEKO and the analytical model based on series
solution presented in [18]. The validity of the simulated
results is evaluated with the calculated one. Figure 2
shows the magnitude of RCS normalized with the cross-
section of the sphere and cylinder. Figure 2 (a) shows
RCS characteristics in the Rayleigh and Mie regime. In
the Mie regime, it tends to oscillate and converge to one
for the optical regime [19].

For the sphere with radiuses R = 25 mm and 15.9
mm, the peaks of the normalized RCS occurred at 2 GHz
and 3 GHz, respectively. For the cylinder, an incident

(a)

(b)

Fig. 2. Monostatic RCS normalized with its cross-section
for (a) the case of the sphere and (b) the case of the
cylinder.

wave with TEz polarization was used since it was more
suitable for obtaining peak RCS value for target identi-
fication. Frequency points for the cylinder with radiuses
of R = 25 mm and 15.9 mm were 1.6 GHz and 2.5
GHz, respectively, which were roughly 20% lower than
both cases of the sphere, due to the larger RCS of the
cylinder. For both cases, excellent agreement between
the simulated and calculated results was observed. While
the frequency points can be instantly obtained using the
proposed method, the computational time of two spheres
using FEKO was 3.9-5.3 hours per one case of simula-
tions. Figure 3 shows frequencies of peak RCS calcu-
lated using the analytical model of the series solution
with different radiuses of the sphere model and the cylin-
der model. It can be found that frequency of peak RCS
decreases with increased radius of the sphere model and
the cylinder model.
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Fig. 3. Frequencies of peak RCS calculated using the
analytical model for different radiuses of the sphere
model and the cylinder model.

Peak magnitudes were acquired at 105∼485 MHz
for sphere and 83∼398 MHz for cylinder. The frequen-
cies of the sphere model are slightly higher than the
cylinder model. Note, the frequencies of the cylinder
model depend on the radius regardless of length of the
cylinder.

III. APPLICATIONS OF THE PROPOSED
METHOD

One of the main purposes of this paper was to eval-
uate the applicability of the proposed method using an
aircraft-shaped model. The main body of the aircraft
model was modeled as an ellipsoidal shape to represent
a large airplane (Target A) and a small airplane (Target
B). The length and radius of the ellipsoidal shape is 4 m
and 0.5 m for target A, and 1 m and 0.1 m for target B,
respectively. The aircraft model includes the wing, the
tail and the stabilizer. The target inside the 3D spherical
coordinate system is shown in Fig. 4. In order to evaluate
the proposed method based on the aircraft model, a com-
parative analysis between sphere and cylinder model and
the aircraft model is presented.

The dimensions of the sphere and cylinder are set to
correspond to those of target A and target B, respectively.
Note that a vertically polarized incident wave is used due
to its effectiveness in target classification. Figure 5 shows
a comparison of the normalized RCS between the simple
geometries and the aircraft-shaped model. Despite the
difference in graph shapes, the frequencies of the peak
points exhibit a remarkable similarity, deviating by less
than 5% in terms of center frequencies. Using the two
aircraft models, diverse line of sight scenarios were eval-
uated. Typical line of sight scenarios with elevation angle
θ of 95◦∼110◦ and azimuth angle φ of 30◦∼60◦ were

Fig. 4. RCS scattering of the aircraft-shaped FEKO
model: target inside a 3D spherical coordinate system.

(a)

(b)

Fig. 5. RCS scattering of the aircraft-shaped FEKO
model: (a) target inside 3D spherical coordinate system
and (b) scenarios of target detection.
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(a)

(b)

Fig. 6. Normalized RCS in the frequency domain for (a)
target A (large aircraft) and (b) target B (small aircraft)
with elevation angles of θ = 0◦, 45◦ and 90◦.

considered. Figure 6 shows the normalized RCS with
respect to the elevation angle θ obtained from full-wave
simulation FEKO. The frequencies of the highest value
of the normalized RCS are approximately 90 MHz for
target A and 510 MHz for target B. Deviation of the fre-
quencies according to the elevation angles is less than 3
MHz for target A and 25 MHz for target B. There is a
relatively small frequency variation in terms of the ele-
vation angle θ . Figure 7 shows the normalized RCS of
line-of-sight detection with the azimuth angle φ at the
elevation angle θ=100◦.

The circumference of the ellipsoidal model and the
area of the two wings were changed for the different
azimuth angle, which resulted in different frequencies.
The peak RCS values were obtained at 85∼94 MHz for
target A and 436∼492 MHz for target B. The observed
frequency points, which are influenced by the incident
angles, exhibit a variation of less than 15%, thereby pro-
viding significant utility in discriminating between vari-
ous target types. It is shown that the method provides the
successful classification of the two aircrafts. In Fig. 8,
3D plots of the frequencies of the highest RCS values are

(a)

(b)

Fig. 7. Normalized RCS in the frequency domain for (a)
target A (large aircraft) and (b) target B (small aircraft)
with azimuth angles of φ = 0◦, 45◦ and 90◦.

presented. It is observed that there is a slight increase of
all frequencies at the azimuth angle φ = 30◦. Although
in the 3D plot a variation increases slightly, it can be
found that two groups of frequencies for both large and
small aircrafts can be achieved. This work studies mod-
ified shapes of the aircraft model to validate its effec-
tiveness. Figure 9 presents the frequencies of the peak
RCS for ellipsoidal object with different radiuses based
on the target A. The similar frequencies of the peak
RCS can be obtained when rb/ra is smaller than 2.0. It is
also shown that the frequencies of the peak RCS are not
severely affected by the modified shapes of the aircraft
model.

Next, the procedure to estimate the size of targets
using the frequency of first peak RCS is presented. The
first peak of the normalized RCS can be found to obtain
its frequency point:

σ ( fi)> σ ( f j) , j = 1, 2, . . . , N, j ̸= i, (1)

where σ ( fi)and σ ( f j)are the normalized RCS at fre-
quency point fi and f j, respectively. The frequency
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(a)

(b)

Fig. 8. 3D plots of the frequencies of the highest RCS
values for (a) target A (large aircraft) and (b) target
B (small aircraft) with different azimuth and elevation
angles.

Fig. 9. Frequencies of peak RCS with different radius
ratio of the ellipsoidal object.

point f i where the peak of the normalized RCS occurs
can be obtained. Next step is to compare the frequency
point to the one in the database using the target classifi-
cation technique presented in [15]. The distance between
two frequency points can be defined as:

da, b =

√
( fa − fb)

2 , (2)

where fa and fb are the frequencies of target a and
b, respectively. Thus, an unidentified target with a fre-
quency ft can be classified as a specific target u listed in

(a)

(b)

Fig. 10. Evaluation using indoor measurements: (a)
depiction of the indoor measurement setup and (b) com-
parison between simulated and measured results for the
two different radiuses of the metal spheres.

the database under the following condition:
dt, u < dt, v, v = 1, 2, . . . , M, u ̸= v, (3)

where M is the number of data points.

IV. MEASUREMENT OF RCS OF A METAL
SPHERE

In order to evaluate the numerical approach, indoor
measurement of a metal sphere is performed. To experi-
mentally verify the relationship between target size and
RCS in the frequency domain, a scattered signal is gen-
erated by the sample. Therefore, a careful measurement
setup was required to enhance the signal originating from
the sample while minimizing external interference sig-
nals. The sample was located at 1 m elevation using
a Styrofoam stand to prevent interference by scattered
waves from the indoor floor.

Microwave absorber walls were placed around the
sample to minimize interference by scattered waves from
the indoor wall. Two broadband horn antennas operating
in the frequency range of 1-6 GHz were used to gen-
erate an incident wave of vertical polarization (v-pol).
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Separation distance between the sample and the two
horns was the most important factor in determining the
strength of the scattered signal from the sample. Since
the previous study [20] suggested that the horn antenna
had little gain reduction when the distance to the target
normalized by the far-field distance was greater than 2,
the separation distance was set to 80 cm. Finally, RCS
can be calculated from the measured S21 in a vector net-
work analyzer (VNA). A time-gating function [21] was
used to separate the scattered signal by the sample from
the noises, such as thermal noise and near-field coupling
between two horns. Figure 10 (b) shows the measured
RCS of the conducting spheres. The trend of measured
results agrees well with the calculation and simulation
results. The discrepancy in the second peak value was
mainly due to a slight axis misalignment and a time-
gating error. It was experimentally verified that target
size could be distinguished from RCS shape in the fre-
quency domain.

V. CONCLUSION
The proposed method based on the frequency spec-

trum of the scattering characteristics was presented for
estimation of the size of the target. Target size was esti-
mated using the distinctive features of RCS scattering in
the Mie region. The principle of estimating the size of
the target was presented for a simple aircraft model con-
sisting of a metal sphere and cylinder which simply rep-
resents the front and side of an aircraft. The ellipsoidal
aircraft model with the wing, the tail and the stabilizer
was evaluated in terms of different aircraft sizes, and its
azimuth and elevation angles. The peak magnitudes were
acquired at 85∼94 MHz for target A and 436∼492 MHz
for target B. Peak RCS values at different frequencies
imply the sizes comparable to small and large aircraft.
The frequency points according to the azimuth and eleva-
tion angles shows a relatively small deviation providing
significant utility in discriminating various targets.
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