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Abstract—In order to study the electrom

properties of lossy dielectric polygonal 
approximation was used to derive s
components. Numerical calculations were ca
lossy dielectric and metallic rectangular 
frequencies, and then they were compared 
cross section data in order to verify th
approximation. Good agreements were ob
reflection directions, especially in the case o
metal cube. 

I. INTRODUCTION 
For several decades, topics on electrom

have been widely studied with various sh
using rigorous analytical calculation in 
approximation method in the other cases
material, knowledge about scattering p
frequencies of objects made of lossy materi
importance in radar applications, anti-radar
frequency electronic device manufacture 
frequency scattering properties of object, c
about unknown characteristics of the obj
relative permittivity, shape and dimensions
and used in different purposes such as tar
target detection, and dielectric constant mea

In this research, we present an approx
order to determine scattering fields from 
made of lossy material. Since any smoo
approximated by a sufficient number of f
may extend the results for arbitrarily shape
there is no existing analytical solution to d
dielectric wedges, we used Kirchhoff’s 
calculate theoretically. However, this estim
when the wavelength is small enough in co
object’s dimensions.  

Asymptotic approximation method has b
the scattering far-fields, and their results ar
radar cross section.  Finally, in order to ve
this approximation, theoretically calculated 
and measured data of some lossy dielectri
were compared. Time harmonic factor ݁ି௜
suppressed throughout the context. 

II. FORMULATIONS

Let us consider, as shown in Fig.1, a 
wave: 
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magnetic scattering 
body, Kirchhoff’s 

scattering far-field 
arried out for some 
cubes at different 
to measured radar 

he validity of our 
served in specular 
of electrically large 

magnetic scattering 
hapes and models 

some cases and 
s. With regards to 
properties at high 
ial is of paramount 
r designs, and high 
[1, 2]. From high 

critical information 
ject, like complex 
s, can be extracted 
get reconstruction, 

asuring. 
ximate solution in 

polygonal bodies 
oth curve can be 
finite surfaces, we 
d objects. Because 
diffraction at lossy 
approximation to 

mation is valid only 
omparison with the 

been used to derive 
e utilized to obtain 
rify the validity of 
radar cross section 

ic and metal cubes ௜ఠ௧ is assumed and 

S  
H-polarized plane 

௭௜ܪ ൌ ݁ି௜௞௫ ୡ୭ୱఏబି௜௞௬ ୱ୧୬ఏబ   
impinges upon a lossy dielectr
permittivity and cross section a
2a×2b, respectively. k (ൌ ߣ/ߨ2
the wavelength in free space. 

When the size (2a×2b) i
wavelength, the scattering field
by high frequency asymptotic t
that the Geometrical Theory o
applied successfully for obta
electrically large metal scattere
ones. It is because of reliabl
problems have not been solved 
the Kirchhoff approximation. 

 

Fig.  1. Configurati

According to the field equiva
field from a body can be 
equivalent current sources on a
the body. By taking this surfac
field for y > b may be evaluat
magnetic currents, namely ࡶ and

These currents may be given 
plane wave: 
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௭௥ܪ        ൌ ଴ሻ݁ି௜௞௫ ୡ୭ୱఏబା௜ሺ௬ିଶ௕ ሻୱ୧୬ఏబ           ሺ2ሻߠሺ߁     

  via ࡶ ൌ ෝ࢔ ൈ ࡹ and࢘ࡴ ൌ ࢘ࡱ  ൈ  ෝ denotes the normal࢔ ෝ, with࢔
unit vector to the surface, and ߁ሺߠ଴ሻ  is the corresponding 
plane wave reflection coefficient at the interface y = b, and is 
given by        ߁ሺߠ଴ሻ ൌ ଴ߠ௥sinߝ ൅ ඥߝ௥ െ cosଶߠ଴ߝ௥sinߠ଴ െ ඥߝ௥ െ cosଶߠ଴ .                         ሺ3ሻ 

Thus the equivalent currents ࡶ and ࡹ on the plane (y = b,-a ≤ 
x ≤a) may be given by          ܬ௫ ൌ ௭ܯ         ଴ሻ݁ି௜௞௕ ୱ୧୬ఏబ݁ି௜௞௫ ୡ୭ୱఏబ,                               ሺ4ሻߠሺ߁ ൌ െܼ sin ଴ߠ  ଴ሻ݁ି௜௞௕ ୱ୧୬ఏబ݁ି௜௞௫ ୡ୭ୱఏబ,      ሺ5ሻߠሺ߁

where ܼ ൌ ඥߤ଴ ⁄଴ߝ  is the free space wave impedance. 
The scattered field ܪ௭௦ሺൌ ଵ௦ܪ  ൅  ଶ௦ሻ  in the upper half plane (yܪ
> b) can be calculated by integrating the radiation contribution 
from the above currents as         ܪଵ௦ ൌ െ݅4 න ଴ሻ௔ݔ௫ሺܬ

ି௔                      · ݕ߲߲ ଴ሺଵሻܪ ቀ݇ඥሺݔ െ ଴ሻଶݔ ൅ ሺݕ െ ܾሻଶቁ  ଴,     ሺ6ሻݔ݀

ଶ௦ܪ         ൌ 4ߝ߱ න ଴ሻ௔ݔ௭ሺܯ
ି௔                     · ଴ሺଵሻܪ ቀ݇ඥሺݔ െ ଴ሻଶݔ ൅ ሺݕ െ ܾሻଶቁ   ଴,           ሺ7ሻݔ݀

where ܪ଴ሺଵሻሺ߯ሻ denotes the zero-th order of the Hankel 
function of the first kind. The spectral representation of the 
Hankel function:  

,ݔ଴ሺଵሻሺܪ      ;ݕ ଴ሻݕ଴ݔ ൌ ߨ1 න ݁௜కሺ௫ି௫బሻା௜ඥ௞మିకమ|௬ି௬బ|ඥ݇ଶ െ ଶߦ ሺ8ሻஶ   ߦ݀
ିஶ  

may be used for Eqs.(6),(7) to get double integral form. 
Interchanging the order of the integration and executing the 
integration with respect to variable ݔ଴, one gets         ܪଵ௦ ൌ ߨ4݅  ·                     ଴ሻ݁ି௜௞௕ୱ୧୬ఏబି௜௞௔ୡ୭ୱఏబߠሺ߁ න 1ሺ݇cosߠ଴ ൅ ሻஶߦ

ିஶ ݁௜కሺ௫ି௔ሻା ௜ඥ௞మିకమሺ௬ି௕ሻ݀ߦ 
               െ 4݅ߨ  ଴ሻ݁ି௜௞௕ୱ୧୬ఏబା௜௞௔ୡ୭ୱఏబߠሺ߁
                    · න 1ሺ݇cosߠ଴ ൅ ሻஶߦ

ିஶ ݁௜కሺ௫ା௔ሻା ௜ඥ௞మିకమሺ௬ି௕ሻ݀ߦ,    ሺ9ሻ 

ଶ௦ܪ                ൌ  ݅݇sinߠ଴4ߨ  ଴ሻ݁ି௜௞௕ୱ୧୬ఏబି௜௞௔ୡ୭ୱఏబߠሺ߁

· න 1ሺ݇cosߠ଴ ൅ ሻஶߦ
ିஶ

݁௜కሺ௫ି௔ሻା ௜ඥ௞మିకమሺ௬ି௕ሻඥ݇ଶ െ ଶߦ ߦ݀
               െ ݅݇sinߠ଴4ߨ  ଴ሻ݁ି௜௞௕ୱ୧୬ఏబା௜௞௔ୡ୭ୱఏబߠሺ߁

· න 1ሺ݇cosߠ଴ ൅ ሻஶߦ
ିஶ

݁௜కሺ௫ା௔ሻା ௜ඥ௞మିకమሺ௬ି௕ሻඥ݇ଶ െ ଶߦ .ߦ݀ ሺ10ሻ 

When the saddle point technique is applied to evaluate the 
integral for far field, there is a pole singularity at ߦ ൌെ݇cosߠ଴ , whose residue recovers the reflected plane wave 
contribution in Eq.(2), while each saddle point contribution 
gives us diffracted field. These fields may be combined to get  

ߩ݇ߨଵ௦~ ݁௜௞ఘା௜ഏర2ඥ2ܪ        sinߠ଴cosߠ଴ ൅ cos߶   ଴ሻߠሺ߁
                 · ݁ି௜௞ሺ௔ୡ୭ୱఏబା௕ୱ୧୬ఏబሻ݁ି௜௞ሺ௔ୡ୭ୱథା௕ୱ୧୬థሻ 
            െ ݁௜௞ఘା௜ഏర2ඥ2ߩ݇ߨ sin0ߠcos0ߠ ൅ cos߶  0ሻߠሺ߁

· ݁ି௜௞ሺି௔ୡ୭ୱఏబା௕ୱ୧୬ఏబሻ݁ି௜௞ሺି௔ୡ୭ୱథା௕ୱ୧୬థሻ, ሺ11ሻ 

~ଶ௦ܪ ݁௜௞ఘା௜ഏర2ඥ2ߩ݇ߨ sin߶cosߠ଴ ൅ cos߶   ଴ሻߠሺ߁
                 · ݁ି௜௞ሺ௔ୡ୭ୱఏబା௕ୱ୧୬ఏబሻ݁ି௜௞ሺ௔ୡ୭ୱథା௕ୱ୧୬థሻ 
            െ ݁௜௞ఘା௜ഏర2ඥ2ߩ݇ߨ sin߶cos0ߠ ൅ cos߶  0ሻߠሺ߁

                 · ݁ି௜௞ሺି௔ୡ୭ୱఏబା௕ୱ୧୬ఏబሻ݁ି௜௞ሺି௔ୡ୭ୱథା௕ୱ୧୬థሻ,         ሺ12ሻ 

for far field (݇1<<ߩ). One may note that the contribution 
from the singularity is not needed for far field approximation 
and the singular behavior at the specular reflection direction 
(߶ ൌ ߨ  െ ଴ߠ ) of the fields in Eqs.(11), (12) cancels each 
other to obtain as         ܪ௦ ൌ ଵ௦ܪ ൅ ଶ௦  ൌܪ െ݅4݇ܽsinߠ଴ ݁௜௞ఘା௜ഏర2ඥ2ߩ݇ߨ .଴ሻ݁ି௜ଶ௞௕ୱ୧୬ఏబߠሺ߁  ሺ13ሻ 

Formulation can also be applied for the scattering from other 
side of the illuminated polygonal surface. Thus, the total 
scattering field could be a summation of contribution by two 
lit surfaces.    

Two dimensional radar cross section (echo width) ߪଶ஽ may 
be calculated from        ߪଶ஽ ൌ lim୬՜ஶ ௦|ଶܪ|ߩߨ2 ,                                                     ሺ14ሻ 

and the corresponding three dimensional radar cross section ߪଷ஽ in the case of normal incidence to the cylindrical axis can 
be estimated approximately from the above ߪଶ஽ via [5] 
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ଷ஽ߪ        ൌ ߣଶܮ2  ଶ஽ ,                                                      ሺ15ሻߪ

where L denotes the axial length of the cylindrical body. 

III. NUMERICAL RESULTS AND DISCUSSIONS 
In order to show the validity of our analytical formulation 

derived here, monostatic RCS  ߪଷ஽  has been calculated and 
compared with the corresponding measurement values [6, 7]. 
Three models are used for comparison and Table I shows their 
dimensions and their permittivity which are measured by 
probing method [6].  

TABLE I 
LIST OF MODELS AND THEIR PERMITTIVITY 

Name 

Parameters 
Dimensions 
2a×2b×L 

[mm] 

Freq.  
f 

[GHz] 

Relative 
permittivity ߝ௥ 

Model 1 80×80×80 18 Metal 
24 Metal 

Model 2 80×80×80 18 6.5114+i 0.0852 
25 6.9091+i 0.1364 

Model 3 100×40×100 18 6.5850+i 0.0909 

 
Figures 2 and 3 are results of monostatic calculation for 

Model 1 which is made of metal facets. Thus, the reflection 
coefficient becomes ߁ሺߠ଴ሻ ൌ ൅1 for any incident angle ߠ଴at 
any frequency. Figure 2 is for 18GHz, while Fig.3 is for 24 
GHz. Four distinctive peaks of the same maximum value are 
observed in 90-degree angular period in both figures. Peak 
RCS value, which is due to the specular reflection direction of 
the facets, is approximately obtained from Eqs.(13) and (15) 
with ߶ ൌ ଴ߠ  ൌ ߨ 2⁄ . Then one gets      ߪଷ஽ ൌ ଶߣଶܮଶܽߨ16 ቚ߁ሺߠ଴ ൌ 2ሻቚଶߨ ൌ ଶߣଶܮଶܽߨ16 ,                ሺ16ሻ 

which becomes 2.68 dBsm at f =18GHz, and 7.22 dBsm at f = 
24GHz. Our analytical estimation compared very well with 
measurement values for both frequencies not only for the 
peaks at specular reflection angles (߶ ൌ 0୭, 90୭, 180୭, 270୭), 
but also for minor lobes. This observation matches with the 
fact that the Kirchhoff approximation is rather accurate in the 
vicinity of the shadow boundaries, since the pole singularity 
correctly predicts the incident and reflected plane wave 
spectra in the spectral domain integral representation in 
Eqs.(9) and (10). 

RCS from lossy dielectric cubes are also calculated and 
compared with measured data of Models 2 and 3, as shown in 
Figs.4 ~ 6. Model 2 is made of synthetic rubber sheets which 
show frequency dispersive characteristics. Therefore, the 
permittivity is frequency dependent. One observes that the 
specular RCS peaks and its main lobes can be predicted well 
by our formula, while rather strong RCS values (about -20 
dBsm) are found in the measurement data. This discrepancy 
may be caused by the multiple bouncing fields returned from 
the bottom surface, which are omitted in our formula. 

 
Fig.  2. 3D monostatic RCS of Model 1 (a metal rectangular cube), 18GHz. 

 
Fig.  3. 3D monostatic RCS of Model 1 (a metallic rectangular cube), 24GHz. 

 
Fig.  4. 3D monostatic RCS of Model 2 (a rubber rectangular cube), 18GHz.  

These multiple transmitted fields would become damped 
due to the lossy nature of the material, but it sometimes gives 
us unexpected contributions to the monostatic observation 
directions. 
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Fig.  5. 3D monostatic RCS of Model 2 (a rubber rectangular cube), 25GHz. 

 
Fig.  6. 3D monostatic RCS of Model 3 (a rubber rectangular cube), 18GHz. 

IV. CONCLUSION 
In this paper, the scattering from lossy rectangular cylinders 

has been estimated by high frequency technique, on the 
assumption that the objects are large in comparison with the 
operating wavelength. Kirchhoff approximation is applied to 
obtain the equivalent current distribution on the surface of the 
scatterer, and then the scattered fields are calculated by 
integrating the radiation field from these equivalent current 
sources. 

Numerical calculation has been done for the prediction of 
monostatic RCS values, and these values are compared with 
measured data. Three models are used and good agreement 
has been observed, especially for specular reflection 
directions. Since these specular reflection returns contain 
targets’ information, such as size and the constitutive electric 
constant, the target reconstruction may be possible as we did 
for metal scatterers [8]. This aspect shall be pursued in the 
future.   
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