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Abstract ─ High-frequency methods are well 
known as a convenient approach for treating 
Electromagnetic (EM) problems regarding 
electrically large structures. In this paper however, 
this method is proposed as a proper tool for 
computing the mono-static Radar Cross Section 
(RCS) of a relatively small complex structure. This 
claim has been verified via simulation through a 
frequency range of 100 MHz to 10 GHz and 
measurement for the structure of this work. In this 
regard, initially, RCS computation via the Method 
of Moments (MoM) has been executed. As this 
method leads to rigorous and time consuming 
computations, Physical Optics (PO) has been 
utilized for the same purpose. These computations 
have been carried out by employing the Integral 
Equation (IE) and asymptotic solver of CST 
Microwave Studio (MWS). PO proves to be time-
efficient compared to MoM. Graphs comparing PO 
and MoM-computed RCS are illustrated. In 
addition, the similarity of the results obtained by 
PO and MoM has been thoroughly discussed. 
Correlation between these results has been 
observed. Also, mean and standard deviation values 
for PO RCS-error have been provided for the entire 
simulation frequency. As dimension to wavelength 
ratio (D/λ) of the structure increases, the 
convergence of these two methods for RCS 
computation becomes satisfactory. Finally, 
measurement has been accomplished at frequency 
of 8.5 GHz to validate PO computations. 
 
Index Terms ─ Complex structure, Integral 

Equation (IE), Method of Moments (MoM), 
Physical Optics (PO) and Radar Cross Section 
(RCS). 
 

I. INTRODUCTION 
Target detection has been of great interest in 

both civilian and military applications [1]-[17]; 
e.g., through wall imaging during rescue operations 
in disastrous areas, identification of objects buried 
under rough surface, ships floating over the sea 
surface and targets inside vegetation. 
Characterization of Electromagnetic (EM) wave 
propagation and scattering from targets provides 
data for Radar Cross Section (RCS) prediction and 
Synthetic Aperture Radar (SAR) image 
construction of corresponding targets [18]-[20]. 

RCS computation and scattering analysis of 
electrically large targets located in natural 
environment via the Method of Moments (MoM), 
have been under study for many years. However, 
complexities due to large target size and multi-
interactions between the target and surrounding 
media, make the simulation process much more 
rigorous; especially in high frequencies. However, 
high frequency methods such as Geometrical 
Optics (GO), Physical Optics (PO), Geometrical 
Theory of Diffraction (GTD), Physical Theory of 
Diffraction (PTD), Shooting and Bouncing Rays 
(SBR), etc., have been applied to the EM scattering 
of these structures with good accuracy and 
convincing physical insight [21]-[25]. Meanwhile, 
the RCS of electrically small simple targets located 
above rough surfaces has been computed accurately 
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via GO, PO and Iterative Physical Optics (IPO) 
[26]-[27]. 

A complex structure consists of several 
reflectors within a radar resolution cell. According 
to this definition, almost all real world maritime 
targets are complex structures. For such targets, 
there is no analytical relationship between the 
target’s surface and its RCS. 

In this paper, the RCS of a relatively small 
complex structure have been computed via PO and 
MoM. Then the similarity of RCS results have been 
assessed. A minimum dimension to wavelength 
ratio (D/λ), resulting in precise RCS computation 
by means of PO, is then obtained. The rest of the 
paper is organized as follows: In section II, a 
relatively small model of a vessel has been 
introduced as the complex structure. The geometry 
of the problem and simulation frequency range is 
included in this section. In section III, the methods 
by which RCS computation has been performed are 
introduced. The IE and asymptotic solver of the 
commercial software CST Microwave Studio 
(MWS) have been employed for this purpose. 
Resulted RCS plots, error tables and correlation 
graphs for three view angles: azimuth, elevation 
along the length and elevation along the width are 
provided and analyzed through the frequency range 
of 100 MHz to 10 GHz in section IV. A minimum 
D/λ for an accurate RCS computation by means of 
PO is investigated in this section. Finally, in section 
V, measurement has been accomplished at 8.5 GHz 
for azimuth view in order to validate PO for the 
RCS computation of the vessel. 
 

II. STRUCTURE PROFILE & 
SIMULATION SETUP 

A. Model description 
The complex structure selected for RCS 

computation is the scaled model of a typical vessel 
depicted in Fig. 1. Also, Table 1 provides 
dimensions for the same structure. 
 
B. Geometry of the problem 

The simulation has been performed for three 
different view aspects: azimuth, elevation along the 
length of the vessel and elevation along the width 
of the vessel. As depicted in Fig. 1 (a), azimuth 
view aspect is demonstrated by sweeping φ from 0 
to 2π, elevation along the length view is acquired 
while sweeping θ from 0 to π, as shown in Fig. 1 (b) 

and elevation along the width view is attained while 
sweeping θ from 0 to π, as in Fig. 1 (c); in which θ 
and φ are elevation and azimuth angles, 
respectively. 
 

 
 (a) 
 

 
 (b) 
 

 
 (c) 
 
Fig. 1. View aspects for the meshed vessel: (a) 
azimuth, (b) elevation along the length and (c) 
elevation along the width. 
 
Table 1: Dimensions of the structure 
Width Length Height 
8.25 cm 58.75 cm 6.27 cm 

 
C. Frequency range 

PO approximation gives convenient and simple 
expressions for the scattering cross section and 
therefore is widely used. This approximation 
contains wavelength dependence and the results are 
often in good agreement with experimental data, 
even though it is difficult to establish exactly how 
valid PO is for a general case [28]. 

Previous numerical studies using MoM and 
FDTD have given broad assessments of the 
reliability of PO. For instance, the validity and 
accuracy study of PO method for the reduced-size 
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lens antennas and rough surface scattering models 
[26]-[27], [29]. In the former study, it has been 
shown that PO can be used for analyzing lens 
antennas typically larger than 5λ, where λ is the 
wavelength. In [27], quite acceptable results have 
been shown using GO and PO for the RCS 
prediction of a PEC target with dimensions 
4λ/3×2λ/3×λ above a Gaussian random rough 
surface, with Zs=Z0 (0.2+j0.02), rms height of 5 cm 
and correlation length of 40 cm at 2 GHz frequency. 
Also, the RCS of an object with surface impedance 
Zs=Z0 (0.2+j0.02) and dimensions less than 8λ and 
more than 1.5λ has been precisely computed in the 
same frequency in the same work. 

In this work, the central simulation frequency 
is chosen in a manner which the corresponding 
minimum D/λ determined by the height (smallest 
dimension) of the structure is identical to the lower 
limits of D/λ (approximately 1) in works mentioned 
previously [26], [27]. In this case, RCS precision is 
analyzed in the vicinity of a frequency, which PO 
RCS computation of prototype objects is performed 
with an adequate accuracy. 
 

III. METHODS OF ANALYSIS 
A. Physical optics 

It is common practice in the analysis of EM 
boundary-value problems to use auxiliary vector 
potentials A



 and F


as aids in obtaining solutions 
for the electric E



and magnetic H


fields. The 
vector potentials are given by: 
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where J


 and M


 are electric and magnetic current 
sources, respectively and k is the wavenumber. 

PO is a method for approximating high 
frequency surface currents. If the object is large 
compared to a wavelength and the surface is smooth 
(radius of curvature is much greater than a 
wavelength), J



 may be well approximated by the 
current that would exist if the surface were a 
conducting plane tangential to the surface at the 
point r ′ . In this case ˆ i

sJ = 2n× H
 

 in the region 
illuminated by the incident field, while sM = 0



. 

Subscript s demonstrates the surface nature of the 
current source and n̂  is the unit vector normal to 

the surface. The ˆ ˆ 0i n⋅ <  holds for the region 
illuminated by the incident field, where î is a unit 
vector in the direction of incidence. Assuming 
( ) 0A∇ ⋅ =



, the EM fields are: 

 E j Aω= −


, (3) 
and 

 
0

1H A
µ

= ∇×


. (4) 

Suppose the structure depicted in Fig. 1 is 
illuminated by an incident plane wave as: 
 ˆ( . ) ˆ( )i i jk i r iE r E e e−=




 . (5) 
The surface current will be: 

 
ˆ( . )

0

2 ˆˆ ˆ( ) ( )i jk i r i
sJ r E e n i e
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′−′ = × ×
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

, (6) 

where 

 
0

1 ˆ( )i iH i E
η

= ×
 

, (7) 

has been used for the relation between the incident 
plane wave magnetic and electric fields and 
η0=120π ohm is the free space characteristic 
impedance. The far-field magnetic vector potential 
is well known as: 
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Therefore, the far-field scattered electric field will 
be: 

( )
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where the BAC-CAB identity has been used for the 
cross product ˆˆ ˆin×(i ×e ) . As is usually the case, 
the antenna receives the component of the scattered 
wave along the direction of the polarization of the 
incident wave ˆie . Thus, the far-filed scattered 
electric field received by the antenna will be: 

 | |
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Regarding the definition of RCS as: 
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we get: 
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for the scattering cross section of a conducting 
body. While robust, PO does not account for the 
fields diffracted by edges or those from multiple 
reflections, so supplemental corrections are usually 
added to it. The PO method is used extensively in 
high-frequency reflector antenna analysis, as well 
as radar cross section prediction [30], [31]. 

The asymptotic solver of CST MWS is based 
on the SBR method and accounts for the multiple 
scattering effect [32]. It computes PO scattered 
fields too. As the effect of the sea rough surface and 
the vessel structure itself on multiple scattering has 
been neglected, only RCS calculations via PO have 
been done. 

The SBR method was developed to predict the 
multiple-bounce backscatter from complex objects. 
It uses the ray optics model to determine the path 
and amplitude of a ray bundle, but uses a PO based 
scheme that integrates surface currents deposited by 
the ray at each bounce point. The SBR method is 
used in RCS prediction of cavities [25] and image 
formation of targets [33]. Also, it is used to predict 
wave propagation and scattering in complex urban 
environments to determine the coverage for cellular 
telephone service [34]. 
 
B. Method of moments 

CST MWS incorporates an integral equation 
solver [32]. This solver employs a MoM 
discretization with a surface integral formulation of 
the electric and magnetic field. In other words, the 
discretization of the calculation area is reduced to 
the object boundaries; thus, leading to a linear 
equation system with fewer unknowns than volume 
methods. In order to reduce the numerical 
complexity, a Multilevel Fast Multipole Method 
(MLFMM) approach has been used. 
 

IV. RESULTS AND DISCUSSION 
RCS computation and scattering analysis of 

electrically large targets via MoM, possesses 
complexities which result in rigorous simulation 

processes; especially in high frequencies. This issue 
has also been confronted during the RCS 
computation of the vessel. PO has been employed 
in order to solve this complication. 

Referring to [26], [27], it is seen that PO 
provides precise results for the RCS of simple 
objects with a minimum D/λ of 1. During this work, 
the same D/λ has been chosen to assess the accuracy 
of PO RCS computations. As for the vessel, this 
minimum has been used to acquire the central value 
of the simulation frequency. As in a constant 
frequency, the height of the vessel results in the 
minimum D/λ, a value of 1 for this parameter is 
analogous to a simulation frequency of 5 GHz. 
However, in order to thoroughly analyze the 
reliability of PO, a symmetric 10 GHz frequency 
range has been set providing results for D/λs’ much 
less than those cited in [26], [27]. 

Graphs comparing PO and MoM RCS are 
provided in Fig. 2. From Fig. 2, it is evident that as 
frequency increases, results from PO converge 
satisfyingly to results of MoM for most of the 
observation range. As stated previously, PO does 
not account for the fields diffracted by edges. 
Considering azimuth graphs in Fig. 2, especially in 
600 MHz, it is seen that PO RCS deviates 
dramatically from MoM results for observation 
angels corresponding to the front and tail of the 
vessel. This is due to the fact that the excitation 
wave is incident on edges located in these positions. 
Obviously, this error is negligible in high 
frequencies. This error consumption rises from the 
fact that the dimensions of the structure are 
increasing electrically and partitions of the structure 
approach PO approximation validity region. 
Therefore, PO requirements are partially fulfilled. 

Recalling the fact that PO approximation is 
valid only for a large target with a smooth surface, 
it is seen that the convergence in azimuth graphs 
reaches to a maximum for side views (φ = π/2 and 
3π/2). This is due to the fact that the excitation field 
is mainly incident upon the side walls of the vessel, 
which can be interpreted as infinite planes in higher 
frequencies. Also, as seen in Fig. 2, the complexity 
of RCS rises as frequency increases due to the 
increase in the resolution of the transceiver. 

Tables 2-4 provide the mean and standard 
deviation of RCS error, devoting a chance of 
quantitative assessment of PO functionality. In 
addition, the dimensions of the vessel in terms of 
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the simulation wavelength and the RCS average 
value have been shown. As seen in Table 2, the 
RCS average is approximately 5 dBsm more than 
RCS error for a minimum D/λ of 1. Considering the 
azimuth view, the main contribution to RCS is due 
to the vessel sidewalls, which results in precise PO 
RCS due to its large dimensions. Therefore, 
explaining the low error average. Also, for 
elevation along the width view, the difference 
between RCS average and RCS error is 
distinguishable. In this case PO rays are incident 
upon the central section of the structure, which its 
cross range is mainly a smooth PEC surface. 
Therefore, RCS is precisely computed for this view 
too. This can be also inferred from graphs of Fig. 2 
in high frequencies. For elevation along the length 
however, the error is considerable compared to the 
RCS average itself. While MoM accounts for the 
effect of the scatterers set on the infrastructure of 
the vessel, PO requirements are not met because 
these scatterers are generally small compared to the 
wavelength; and although several reflectors are 
mounted on the main structure, they are not 
detected by the transceiver resolution cell during 
PO simulation. This effect is crystal clear in Fig. 2 
for 1, 3 and 5 GHz, where the objects on the vessel 
contribute to MoM backscattered fields, which 
results in higher RCS values compared to PO 
backscattering, which possesses low RCS for 
central values of θ. 

In order to grasp a deeper knowledge about the 
error values in the range of PO reliability, we will 

consider the data provided in Table 2 for the central 
frequency (5 GHz). Assume the vessel is an object 
with an isotropic RCS pattern with RCS average 
value. This object has an RCS value of 0.04 square-
meters and an RCS toleration value of 0.008 
square-meters. Therefore, it is concluded that the 
detected cross section may oscillate between 0.032 
and 0.048 square-meters, which implies the fact 
that this amount of error may not cause 
complications from a target detection standpoint. 
The standard deviation in this region however, 
occupies a considerable interval, which means the 
error values are quite extensive in range. In other 
words, while RCS error is high for specific 
observations, it is negligible in other view angels in 
each single frequency. 

Although, mean and standard deviation are the 
main parameters used for analyzing the distribution 
of a variable, in order to better analyze PO and 
MoM datasets, the Pearson Product-Moment 
Correlation Coefficient (PPMCC) defined in 
equation (13) has been used: 

2 2

( )( )

( ( ) )( ( ) )

mn mn
m n

mn mn
m n m n

A A B B
r

A A A A

− −
=

− −

∑∑

∑∑ ∑∑
. (13) 

This criterion is a measure of the linear correlation 
between two variables A and B, where A  and B
are their mean values, respectively. r is limited to [-
1,1], where 1 implies total positive correlation, 0 
implies no correlation and -1 represents total 
negative correlation.

 

 
 
Fig. 2. Comparison of RCS obtained by MoM and PO (dashed marker). Columns represent view aspects 
azimuth, elevation along the length and elevation along the width. 
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Fig. 2-continued. Comparison of RCS obtained by MoM and PO (dashed marker). Columns represent view 
aspects azimuth, elevation along the length and elevation along the width. Rows represent each simulation 
frequency.
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Fig. 2-continued. Comparison of RCS obtained by MoM and PO (dashed marker). Columns represent view 
aspects azimuth, elevation along the length and elevation along the width. Rows represent each simulation 
frequency.
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Table 4: Error table for elevation along the width view 
Frequency (GHz) 0.4 0.6 0.8 1 3 5 7 9 
Length/λ 0.78 1.17 1.56 1.95 5.87 9.79 13.7 17.62 
Width/λ 0.11 0.16 0.22 0.27 0.82 1.37 1.92 2.47 
Height/λ 0.08 0.12 0.16 0.2 0.62 1.04 1.46 1.88 
RCS Avg. (dBsm) -15.76 -9.73 -6.37 -4.73 -6.97 -5.01 -3.51 -5.33 
Error Avg. (dBsm) -12.49 -13.58 -16.74 -10.26 -13.79 -8.690 -8.260 -8.29 
Error Std. (dBsm) -18.85 -17.76 -18.16 -15.71 -15.03 -7.79 -7.03 -8.37 

The PPMCC computed for MoM and PO RCS 
has been plotted in Fig. 3. High values of r imply 
the fact that let alone the error, PO RCS has 
followed the pattern and complexities of precise 
MoM results. For instance, in Fig. 3 (a), correlation 
values are close to its maximum. As depicted in Fig. 
2 for azimuth view, PO results represent the main 
features of RCS computed by MoM. Applying the 
same analysis to Fig. 3 (b), the minimum of 
correlation occurs in the vicinity of 4 GHz. 

Analyzing this based on graphs provided in Fig. 2, 
it is seen that this interpretation is in good 
agreement with RCS plots for 1, 3 and 5 GHz, 
explained previously via error tables. As for 
elevation along the width view, it is inferred from 
Fig. 3 (c) that the correlation coefficient is generally 
less than the azimuth case. Still, high correlateion is 
seen for most of the bandwidth. The same result is 
concluded from Fig. 2, where PO RCS follows the 
main aspects of MoM RCS.

 

         
 (a) (b) (c) 
 
Fig. 3. Correlation graphs between MoM and PO for: (a) azimuth, (b) elevation along the length and (c) 
elevation along the width. D/λ value regarding each frequency are also provided in the tables. 
 

V. RCS MEASUREMNET 
In previous sections, it has been concluded that 

PO is an expedient replacement for MoM. 
Confirmation of results provided by PO via 
measurement will be the final validation for this 
analysis. Figure 4 shows the designed complex 
structure in a tapered anechoic chamber located on 
a pylon of 1 m height. A Continuous Wave (CW) 
measurement scenario has been carried out, 
employing the X band standard horn antenna with 
vertical polarization. RCS measurement has been 
accomplished at 8.5 GHz for azimuth view in 438 
points. The structure is in the far-field of the 
transceiver with 3 m distance. 

Comparison of measurement data with MoM 
and PO RCS is presented in Figs. 5 and 6, 
respectively. Also, the average of measured RCS 
along with the mean and standard deviation of 
MoM and PO computed RCS are provided in 
Tables 5-6. As seen in these tables, the average 
error is close to the RCS mean value itself. 
However, it should be noted that although the error 
mean and standard deviation are from the same 
order of the RCS average, considering the 
dimensions of the vessel, this error is not 
misleading as long as detection purposes are of 
concern. Also, it is seen that measured RCS values 
are in partial agreement with data provided in Table 
2. 
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Fig. 4. Designed vessel in anechoic chamber. 
 

 
 
Fig. 5. Comparison of measured and MoM-
computed RCS at 8.5 GHz. 
 

 
 
Fig. 6. Comparison of measured and PO-computed 
RCS at 8.5 GHz. 
 
Table 5: Comparison of measured and MoM-
computed RCS 
RCS Avg. 
(dBsm) 

Error Avg. 
(dBsm) 

Error Std. 
(dBsm) 

-11.13 -11.99 -8.79 

Table 6: Comparison of measured and PO-
computed RCS 
RCS Avg. 
(dBsm) 

Error Avg. 
(dBsm) 

Error Std. 
(dBsm) 

-11.13 -12.66 -12.38 
 

VI. CONCLUSION 
Due to complexities of MoM, PO has been used 

for RCS prediction of the vessel studied through 
this paper. On account of this, it has been 
demonstrated that PO results are invaluable 
tolerating the cost of temporal erroneous outcomes. 
Although as defined, PO best suits for EM 
problems of electrically large structures, it has 
shown credible for large values of D\λ during this 
work. Convergence of results obtained by PO and 
MoM are acceptable as the minimum D\λ exceeds 
1. Although, error values may seem in considerable 
comparison with the structures’ RCS itself, it 
should be noted that the impact of this error from 
target detection standpoint is negligible as the RCS 
of the structure is not considerable itself. On the 
other hand, it should be bolded that while the 
dimensions of complex structures increase, they 
actually meet PO approximation for high frequency 
analysis; which consequently results in RCS error 
reduction. 

Error tables provided in this work can serve as 
a benchmark for quality assessment of future 
studies involving the development of enhanced 
high-frequency methods. Studies on the reliability 
of RCS prediction of maritime targets can be 
continued, while accounting for the effect of 
multiple scattering caused by the sea rough surface. 
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