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very flexible and efficient iterative 
physical optics (IPO) algorithm is 
presented for analyzing the elec-

tromagnetic (EM) scattering of complex 
and electrically large problems. The 
algorithm accounts for multiple interac-
tions between the objects comprised in 
the scenarios under the physical optics 
(PO) approximation. Various techniques 
for accelerating and parallelizing the 
algorithm were used, thus obtaining an 
efficient tool that can be used in novel 
high-frequency solvers.

AN ALGORITHM FOR ANALYZING 
ELECTRICALLY LARGE STRUCTURES 
IPO is an iterative high-frequency tech-
nique that was originally developed for 
analyzing the scattering from open-ended 
cavities with perfectly electrically con-
ducting (PEC) walls [1], [2]. In particular, 
it was developed to analyze arbitrarily 
shaped cavities for which analytical wave-
guide modal methods [3] are not appli-
cable. Indeed, analytical expressions for 
waveguide modes can only be found 
for a relatively small set of canonical 
geometries. Applied to the analyses of 
waveguides and cavities, IPO allows for 

better accuracy than ray-based methods 
such as the shooting and bouncing ray 
(SBR) method [3], [4] and the general-
ized ray expansion (GRE) method [5]. 
Subsequently, it was extended to the case 
of impedance boundary conditions [6]–
[8] and of dielectric thin slabs [9]. More 
recently it was applied to compute the 
scattered field and the radar cross section 
(RCS) of electrically large and realistic 
complex targets [10], [11], such as tanks 
and airplanes.

In its various formulations and appli-
cations, the authors of the present liter-
ature made strong efforts to reduce the 
computational burden and to accelerate 
the convergence of the IPO algorithm, 
especially when dealing with electri-
cally large problems. Concerning the 
application of IPO to waveguide prob-
lems, a first accelerating strategy was 
adopted in [2] and [7]. Here, the authors 

resorted to an efficient integration strat-
egy, which consists of integrating the 
currents progressively, according to the 
propagation process inside the wave-
guide, so that each element radiates 
only over those that follow, first forward 
and later backward. This technique was 
called progressive physical optics (PPO) 
or forward–backward IPO. In [12], 
the authors proposed a method based 
on a segmentation of the waveguide/
cavity. For each segment of the wave-
guide, a standard IPO or PPO tech-
nique is used. The interactions between 
the various segments are performed by 
recurring to scattering matrixes. This 
approach is particularly suitable when 
dealing with deep waveguides. Tech-
niques based on the domain decom-
position of the scatterer surface were 
introduced in [7], [13], and [14]. In [7] 
and [13], the fast far-field approximation 

Digital Object Identifier 10.1109/MAP.2017.2731210
Date of publication: 4 October 2017

A Flexible, General-Purpose Code Based  
on the Iterative Physical Optics Algorithm 

Analyzing electromagnetic scattering in electrically large scenarios.

Luca Pandolfo, Paolo De Vita, Mauro Bandinelli, Giorgio Carluccio, and Matteo Albani

editor’s Note
Physical optics (PO) remains a powerful tool for solving electromagnetically large 
problems. This issue’s “EM Programmer’s Notebook” column describes a PO code 
based on the iterative PO algorithm. In this article, the theory is briefly reviewed, and 
a discussion of some aspects of the computational implementation of the method is 
included. This is followed by several examples of the application of the code to a vari-
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(FaFFA) algorithm [15] was adopted for 
accelerating the computational burden 
relevant to the interactions between the 
various elements in the scenario under 
analysis at each iteration. Furthermore, 
in [7] and [13], iterative relaxation tech-
niques, such as the Jacobi minimal 
residual (JMRES), were used to control 
the convergence of the IPO algorithm. 
In [16]–[18], the authors discuss the pos-
sibility of parallelizing and accelerating 
the computational burden of the IPO 
algorithm by using graphics processing 
units (GPUs).

The PO formulation of the IPO 
algorithm we present allows for the 
treatment of PEC structures as well as 
impedance boundary structures and 
multilayered electrically thin slabs. 
Furthermore, we discuss various tech-
niques used in its implementation that 
allow its efficient computational par-
allelization and acceleration. Thus, 
the developed algorithm constitutes 
a powerful tool for analyzing elec-
trically large structures. It is highly 
versatile in analyzing different EM 
scenarios that full-wave techniques 
cannot analyze (large scenarios in 
terms of the wavelength), and it does 
not present the typica l problems 
of ray techniques, such as shadow 
boundary discontinuities and field 
singularities at caustics. Note that an 
e j t~  time dependence for the field is 
assumed and suppressed throughout 
this article.

IPO ALGORITHM

EM FORMULATION
The IPO algorithm is based on the appli-
cation of the equivalence theorem for the 
description of the scattering of a com-
plex scenario. The equivalent currents 
are estimated by using the PO approxi-
mation for both impenetrable (PEC or 
impedance boundary condition) and 
penetrable (thin dielectric slabs) objects. 
The iterative process permits the recon-
struction of the interactions between the 
objects without resorting to ray tracing. 
The algorithm reconstructs the reflec-
tions from the objects and the forward 
scattering, which produces a shadow 
behind an object, and also the masking 

of the incident field on another object 
or portion thereof located behind the 
first. At each iteration, a further reflec-
tion (or masking) step is introduced to the 
description of scattering. The estimate of 
equivalent currents is therefore similar 
to that produced by a tracking algorithm 
in geometrical optics (GO) rays up to an 
order of interaction equal to the number 
of steps in the IPO algorithm. On the 
other hand, the IPO algorithm avoids the 
ray-tracing operation, which is replaced 
by the calculation of the scattered field 
from the surfaces at each iteration. In 
addition, the IPO algorithm, compared 
to the multiple-reflection GO ray-based 
algorithm, also introduces diffractive 
contributions (under PO approximation) 
that, although not asymptotically correct, 
avoid the sharp boundaries present in the 
estimate of GO ray-based current.

The algorithm is structured as fol-
lows. First, we introduce two different 
kind of scattering object basic blocks: 
the surface and the plate. The surface 
refers to any surface, or a portion of a 
surface, which bounds an impenetra-
ble volumetric scatterer. A unit normal 
vector nt  pointing outward from the 
scatterer is associated with each sur-
face object. The term plate refers to a 
panel whose thickness is electrically 
small, i.e., small in terms of the wave-
length. A plate can be considered the 
union of two surfaces with the opposite 
unit normal vector. Consequently, the 
choice of a normal reference for a plate 
is arbitrary. The introduction of these 
two kinds of objects is useful for the 
definition of the updating rules in the 
iterative algorithm.

According to the IPO algorithm, at 
the first step, the electric J^ h and mag-
netic M^ h currents induced on a point 
Q of a surface can be calculated as

:
:

J
n 1 R H n k

n k

Q
Q

0
0
0

h
i i

i

0

# $ $

$

1
$

=

+t t t

t t

^
^ ^

^ h
h h

h

)  (1)

and

:
:

,

M
n 1 R E n k

n k

Q
Q

0
0
0

e
i i

i

0

# $ $

$

1
$

=

- +t t t

t t

^
^ ^

^ h
h h

h

)  

(2)

respectively, where E Qi ^ h and H Qi ^ h 
are the electric and magnetic fields illu-
minating the point Q when all the other 
objects considered in the scenario are 
not present; Re  and Rh  are the dyadic 
reflection coefficients at Q for the elec-
tric and magnetic fields, respectively; 1  
is the unit dyad; and k it  is the unit propa-
gation vector of the local incident plane 
wave associated to the incident electric 
and magnetic field , .E H ii^ h  Conversely, 
with nt  being the normal reference for a 
plate, the first step currents can be cal-
culated as
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where Te  and Th  are the dyadic trans-
mission coefficients at Q for the elec-
tric and magnetic fields, respectively. 
In writing (3) and (4), we assumed that 
the thickness of the scattering panel is 
negligible and the two surfaces consti-
tuting the plate overlap. The superscript 
! at the reflection and transmission 
coefficients takes into account that, 
depending on which side the plate is 
illuminated, they have in general a 
 different value.

The IPO iterative updating rule 
states that, at the iteration ,q  the IPO 
currents can be estimated as
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where E JIPO
q 1-^ h6 @  and H JIPO

q 1-^ h6 @ 
are the electric and magnetic fields at 
Q induced by the electric currents (of 
the q 1- th iteration) flowing on the 
other objects comprised in the entire 
scenario, whereas E MIPO

q 1-^ h6 @  and 
H MIPO

q 1-^ h6 @ are the electric and mag-
netic fields at Q induced by the mag-
netic currents of the q 1- th iteration. 
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The explicit expressions for the electric 
EIPO  and magnetic HIPO  field involved 
in (5) and (6) are

.
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for plates. In (7) and (8), rnl  identifies the 
position of the nth radiating element; 
R r rmn m n= - l  is the vector joining the 
position of the nth radiating element and 
the position rm  of the mth observation 

point (Rmnt  is the relevant unit vector 
whereas Rmn  is the relevant length); An  
is the area of the nth facet, by which the 
objects are discretized; and 0f  and 0n  
are the free-space electric permittivity 
and magnetic permeability, respectively.

FaFFA ALGORITHM
When the scenario to be analyzed is 
electrically very large, the IPO algorithm 
complexity becomes too high to maintain 
an acceptable run time. In such a case, 
the FaFFA algorithm [7], [13], [15] can 
be conveniently used to accelerate the 
calculation of the induced currents at 
each step of the iterative procedure as 
well as the PO currents produced by the 
source and the scattered field.

The FaFFA algorithm is based on a 
domain decomposition of the scenario 
under analysis. The currents are grouped 
into blocks. The interaction between cur-
rents belonging to the same block or to 
near-field block pairs (i.e., different blocks 
but closer than their far-field  distance 

/D2 2 m) is evaluated directly (see Figure 1).
The interaction of currents belonging 

to far-field block pairs is performed in a 
three-step scheme. First, the field contri-
butions of all currents in the source block 
are computed at the center of the block 
(aggregation) and then translated on the 
center of the observation block (transla-
tion). Finally, the contributions for all test 
currents in the observation block are eval-
uated by applying a location-dependent 
phase shift on the center field (disaggre-
gation). Such a procedure reduces the 
complexity of the algorithm for the cal-
culation of the interaction between two 
blocks from quadratic to linear; i.e., from 
O M2^ h  to ,O M^ h  with M  being the 
average number of elements per block. 

It can be demonstrated that, with an 
optimally chosen number of currents per 
block ,M N /1 2.  the overall computation-
al complexity of the algorithm is ,O N .1 5^ h  
with N  denoting the number of elements.

The far-field distance, assumed as 
/ ,D2 2 m  might be reduced or increased 

to trade off between calculation accuracy 
and speed. Set a required accuracy and 
the corresponding far-field distance, the 
FaFFA performance, still depends on the 
dimension D of the decomposition blocks; 
therefore, to obtain the best performance, 
an automatic rule has been implement-
ed to find the optimal blocks dimension.

A further reduction of the complex-
ity can be obtained by exploiting an in -
terpolation according to the multilevel 
fast multipole algorithm (MLFMA), as 
described in [15], thus reaching the com-
plexity order ( ) .O N .1 33

OpenMP AND MULTI-GPU PARALLEL 
IMPLEMENTATION
The code was parallelized by using 
OpenMP directives. The standard ver-
sion of the code assigns the calculation of 
the current at different test elements to 
different threads; on the other hand, the 
code version accelerated by the FaFFA 
technique assigns different observation 
blocks to different threads so that the 
domain decomposition of the structure 
is performed consistently to the FaFFA 
scheme. A similar parallelization was also 
applied to the computation of the PO 
currents produced by the primary source 
and to the calculation of the field at the 
observation points.

In addition to the OpenMP parallel-
ization, the GPU acceleration of the IPO 
algorithm has also been implemented 
since it requires significant computational 

D

DM1

M2

R

R > 2D2/λ

O (M1 × M2)

O (M1 + M2)

↓

↓
Complexity

Aggregation DisaggregationTranslation

FIGURE 1. A far-field box interaction in FaFFA acceleration.
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work and little memory occupancy. Thus, 
it is well suited for application on a GPU. 
To this end, the compute unified device 
architecture (CUDA) by NVIDIA has 
been used to develop a GPU implemen-
tation of the algorithm.

The double precision support offered 
by the Tesla architecture is used to pro-
vide a high level of accuracy. The single 
GPU CUDA implementation of the algo-
rithm is able to attain a speed increase of 
20 times over the central processing unit 
(CPU) OpenMP parallel execution, while 
the multi-GPU architecture promises 
further acceleration (equal to the number 
of GPU used) and the ability to run very 
large scenarios on a GPU cluster.

ITERATIVE RULES
In the developed IPO code, a standard 
Jacobi iterative solver and the JMRES 
introduced in [13] have been implement-
ed. A relaxation factor of 0.7 in the Jacobi 
method showed the fastest convergence 
for the analyzed test cases. JMRES pro-
vides, in most cases, better convergence 
behavior than Jacobi; this is in agreement 
with [13]. To preserve the parallelizability 
of the code, iterative methods not com-
patible with a parallelization scheme such 
as the Gauss–Seidel were not considered.

Capabilities of monitoring the resid-
ual error over the structure for each 
iterative step have been investigated. In 
detail, the convergence of the algorithm 
can be monitored by using various either 
global or local parameters. A suitable 
global parameter is
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where , ,K J M=  which gives an estima-
tion of the variation of the electric and 
magnetic currents at each iteration. The 
possibility of stopping and resuming the 
algorithm at each iteration has also 
been integrated.

APPLICATION OF THE IPO 
ALGORITHM TO THE EM ANALYSIS 
OF VARIOUS SCENARIOS
Some examples of the developed IPO code, 
which is integrated in the Ingegneria Dei 

Sistemi EM computer-aided engineer-
ing tools palette, are reported having in 
mind two different scopes. The first one 
is to validate the developed IPO algo-
rithm against simple canonical (or not 
electrically large) structures, for which 
reference results coming from full-wave 
simulators or measurements are avail-
able. The second one is to demonstrate 
IPO applicability with respect to differ-
ent kinds of problems of interest for the 
EM community. This issue is addressed 
by also investigating application fields 
different than those for which IPO has 
been originally proposed. Advantages 
and limitations of the method are there-
fore discussed to frame IPO in the sce-
nario of computational EM for antennas 
and platforms.

VALIDATION BY A CANONICAL 
STRUCTURE: THE SCATTERING OF 
A TRIHEDRON
We present two simple examples that 
prove the effectiveness of the discussed 
algorithm, bearing in mind the goal of 
validating the developed IPO. In par-
ticular, we analyze the scattering of 
a square trihedron formed by three 
square plates, intersecting at the origin 
of the global reference system, whose 
sides measure ;10m m  is the free-space 
(F-S) wavelength.

The structure is illuminated by a 
z-oriented Hertzian electric dipole 
with unitary strength located at 

,, .P 25 2525/ m m ml ^ h  Figures 2 and  3 
report the amplitudes of the scattered 
electric field estimated on a circular 

FIGURE 2. The amplitude of the electric field scattered by the PEC trihedron. The 
reference geometry is shown in the inset. MoM: method of moments.
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scan with a radius of 100m  in the 
45cz =  plane. In the first example, we 

consider a PEC trihedron (Figure  2), 
whereas in the second example the 
trihedron is formed by three dielec-
tric slabs with the dielectric constant 

12rf =  and a thickness of . .0 1m  In both 
the examples, we compare the results 
obtained by the IPO algorithm (black 
dashed line) against the PO solution 
(blue dotted line) and the reference 
method of moments (MoM) solution 
(red solid line). Figures 2 and 3 show 
that the IPO solution is in fair agree-
ment with the MoM in the angular 
regions dominated by the GO scatter-
ing; i.e., close to ,120c+i -  where the 
forward GO shadow radiation is pres-
ent, and close to 05 c+i  and ,011 c+i  

where multiple GO reflections dominate 
in the scattered field. As expected, the 
PO solution is able to recover the zero-
order interaction shadow radiation, but 
it is not able to correctly estimate the 
field in the regions dominated by mul-
tiple reflections.

REFLECTOR ANTENNAS
The PO algorithm is usually applied to 
model reflector antennas, with a sequen-
tial multibounce approach in case of 
multireflectors antennas. While being 
conceptually simple, such an approach 
requires user expertise in the selection of 
the multibounce path. On the contrary, 
IPO automatically allows the analysis 
of all possible bouncing paths, stopping 
the computation based on a convergence 

threshold while maintaining the same 
computational complexity. Apart from 
such a general simplification, IPO is 
therefore particularly useful in manag-
ing those nonstandard configurations in 
which the interactions among different 
parts of the antenna are too complex to 
be preselected by the user.

Concerning large reflector systems, 
the proposed IPO algorithm was first 
used to simulate a 30-m near-field 
Cassegrain antenna up to 10 GHz with  
a mixed (full-wave/IPO) method ap -
proach. The main reflector diameter 
is 103m  at 10 GHz, which requires a 
highly efficient parallel implementation 
of the algorithms. A detailed description 
of the procedure used in the simula-
tions, along with the main results, can 
be found in [19].

SINGLE REFLECTOR WITH STRUTS
The analysis of a single reflector with 
a circularly symmetric parabolic sur-
face shape, fed by a horn, is described 
in the following paragraphs. The feed 
horn is held in place at the focus by 
three struts. The example will show the 
significance of including the scatter-
ing from these supports in the analy-
sis. The antenna is designed to operate 
in the Ka-band at 30 GHz and has the 
following geometrical characteristics: 
diameter mm;D 500=  focal length 

mm;F 025=  subtended angle from the 
focal point . ;53 1ci =  and strut diameter 

mm.d 100=

The struts scattering is responsible 
for two main effects. The feed field is 
blocked by the struts that create a shad-
ow on the main reflector in the region 
between the struts and the reflector 
rim (spherical wave blockage) (see the 
inset in Figure 4). This effect reduces 
the aperture efficiency and consequently 
reduces the peak directivity. Further-
more, the field is scattered onto the 
antenna, where it will be reflected in 
a direction away from boresight. This 
usually gives rise to an increase in the 
near-in sidelobe level, as we can see in 
Figure  5 showing a zoom in the near 
main beam angular region. The struts 
also block the field reflected from the 
dish, resulting in a loss of the on-axis 
directivity (plane wave blockage). The 
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strut scattered field causes a side-lobe 
increase along the so-called Keller’s 
cone, a cone with an axis along the strut 
and an opening angle defined by the 
angle between the strut and the reflector 
boresight axis. In the present geometry, 
the main strut scattering direction is 48° 
with respect to the boresight axis. An 
increase in the sidelobe level is shown 
in Figure 4.

COMPACT ANTENNA TEST RANGE WITH 
SERRATED EDGES
Here the results for a dual parabolic 
cylindrical reflectors system, employed 
as a compact test range (CTR), are 
presented and compared against a 
full-wave analysis. Detailed IPO and 
MoM-MLFMA simulation models are 
developed in Galileo EMT (formerly 
Antenna Design Framework–Electro-
Magnetic Satellite [20]) framework, 
which allows numerical simulation of 
compact ranges with arbitrarily shaped 
serrations and materials.

The system is specifically designed 
to operate at low frequencies (down to 
2  GHz) and at very high frequencies 
(up to 100 GHz). The compact range 
reflectors have an electrical size of 
about 1,200 967 ,2# m  for a frequency of 
100 GHz. These dimensions allow full-
wave simulations only in the lower fre-
quency region. Asymptotic methods such 
as IPO have significantly lower memory 
requirements and have the advantage of 
becoming more accurate the larger the 
structures are.

The Galileo EMT simulation pro-
cedure is a simple one-shot procedure 
in which the complete antenna system, 
including reflectors and serrations, is 
modeled by triangular/quadrangular fac-
ets. EM-equivalent models are typically 
input to represent the feeders (typically 
spherical wave expansion, or electric and 
magnetic equivalent currents). Paramet-
ric Python scripts are also applicable to 
define geometry, materials, mesh, etc., 
to facilitate repeated analyses by varying 
some features of the system. Facilities for 
monitoring the convergence behavior of 
IPO are available through different diag-
nostic parameters: local residual error 
on each facet of the structure; global 
residual error (9) over the structure for 

each iterative step; and structure cur-
rents induced on the model as the main 
output of the iterative procedure (see the 
inset in Figure 6).

Some results evaluated at 4 GHz using 
an HP Z800 Workstation Intel Xeon 
CPU X5672 at 3.20 GHz eight cores 
with 96 GB of memory are reported 
for both IPO and MoM-MLFMA algo-
rithms to evaluate IPO accuracy. The 
near field on the quiet zone (QZ) is evalu-
ated first (Figures 6 and 7). The size of the 
QZ is 1.8 m × 1.8 m, which corresponds 
to the range bounded by the square with 
black lines in Figure 7, where the ampli-
tude of the electric field evaluated by IPO 
is shown. In Figure 6 the curves relevant 

to the my 0=  cut are reported both for 
IPO and MoM-MLFMA.

Pattern comparison along 0cz =  
and 90cz =  cuts for both IPO and MoM 
solutions are reported in Figures  8 
and 9, respectively. The details of the 
computational performances are sum-
marized in Table 1. In the proposed 
example, the IPO algorithm gives 
results that compare well with the full-
wave solution. Moreover, it is easy to 
use, it significantly reduces the memory 
requirements, and it is very efficient in 
computational time, thus allowing CTR 
accurate analysis at frequencies where 
full-wave methods require unavailable 
computational resources.
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RADOMES
The assessment of radomes quality re -
quires verification of several antenna per-
formances [21]: transmission efficiency, 
sidelobe level, incident reflection, beam 
deflection, and beamwidth. A significant 
degree of accuracy is required to be able 
to discriminate between the different 
classes of quality reported in [21]. How-
ever, the large electrical dimension of the 

radome sometimes limits the applicability 
of full-wave methods. The implemented 
IPO algorithm is particularly suitable to 
such kinds of applications, thanks to its 
capability to manage partially transpar-
ent materials and multibounces while 
having a much lower computational cost 
than full-wave methods, thus removing 
analysis limitations due to the electrical 
dimensions. In implementing an integral 

current-based approach, IPO is also 
much better than ray-based techniques in 
terms of  accuracy.

Here we investigate the impact of 
an airborne dielectric radome on the 
radiation pattern of a radar antenna 
operating in the X band (9.375 GHz). 
The geometrical model of the radome is 
obtained as a portion of the A-139 heli-
copter radome whose computer-aided 
design model is shown in the inset of 
Figure 10. The values of permittiv-
ity and thickness of the considered 
monolithic radome are .3 85rf =  and 

. mm,h 1 58=  respectively. The antenna 
and its support are depicted in yellow in 
the inset of  Figure 10. The antenna radi-
ates a  boresight beam in the helicopter’s 
front direction.

The EM interaction between the 
antenna and the radome are evaluated 
by the IPO solver, taking into account 
multiple reflections and both parallel 
and perpendicular polarizations. The 
antenna is modeled as an equivalent 
current distribution that reproduces the 
measured radiation patterns, especially 
in the region corresponding to the main 
lobe and the first secondary lobes.

The free space radiation pattern  
of the synthesized antenna has the 
following features: maximum gain 

dB,28.  half-power beamwidth . 8°, 
sidelobe level dB,25.  circular open-
ing ( diameter 1030 cm m. ), and lin-
ear polarization.

Radomes can cause high sidelobes 
in radar-antenna patterns, which will 
increase clutter, false alarm rate, and sus-
ceptibility to jamming. The radomes can 
also cause deflection and attenuation of 
the main beam, filling of the difference-
pattern null used for tracking, and inter-
ferometry errors. The IPO solver can 
help to predict these effects, providing 
the following performance parameters: 
incidence angles on the radome surface, 
power density on the radome surface, 
parallel and perpendicular components 
of the transmission coefficients on the 
radome, and directivity of the antenna 
with and without radome (Figure 10).

RCS
The RCS assessment of military platforms 
in frequency bands used by typical radar 
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threats is a central aspect in the design of 
a cost-effective electronic warfare defense 
system. Both naval and avionic targets 
must be appropriately designed to opti-
mize the dominant scattering phenom-
ena, taking into account the operative 
environment. For example, the radar sig-
nature of a naval vessel is modified by the 
introduction of the multipath effect due to 
the sea surface; whereas for an aircraft, it 
is fundamental to simulate the scattering 
of the engine air inlet.

The IPO approach is perfectly suit-
able in this second field of application. 
In particular, in early-phase design, the 
IPO solver code can be employed to 
optimize the engine intake cavity as well 
as the whole platform, allowing a fast 
evaluation loop on very large structures 
in terms of wavelength. Indeed, it is 
possible to simply evaluate the effect of 
shape modifications, as well as the use 
of radar absorbing material to minimize 
the scattering.

We analyzed the RCS of a Sukhoi 
aircraft (inset in Figure 11). The HH 
(copolar horizontal) component of the 
monostatic RCS of this target was com-
puted by using IPO at 1 GHz for 0−360° 
azimuth, 0° elevation. The mesh model 
for IPO consists of 150.974 facets at 
1 GHz, corresponding to about 16 facets 
per square wavelength. The IPO results 
(Figure 11) compare well with the results 
obtained by using EM full-wave simula-
tion software implementing an MLFMA.

ANTENNA SITING
Antenna farms aboard platforms (e.g., 
ships, aircrafts, and satellites) require 
the verification of several issues related 
both to performance (e.g., antenna cov-
erage) and electromagnetic compatibility 
(e.g., interantenna coupling, near-field 
hazard, radiated emission/susceptibil-
ity). Depending on the antenna work-
ing frequency and platform geometrical 
dimensions, several modeling tech-
niques are usually applied: from full-
wave methods in the low-frequency 
range (e.g., MoM, finite difference time 
domain) up to ray-based techniques (e.g., 
uniform theory of diffraction, SBR) in 
the upper frequency range. As it hap-
pens in other application fields, usu-
ally an intermediate frequency range 

exists in which full-wave methods can 
no longer be applied due to the com-
putational cost exceeding the available 
computational resources and where ray-
based methods suffer from problems 
of applicability and accuracy. The IPO 
method can again fill the gap by pre-
serving many of the desirable properties 
of the full-wave methods, e.g., detailed 
geometry  representation, ease of use, 

multibouncing, and integral current-
based representation.

The problem of the modification of 
the antenna pattern, due to the anten-
na interaction with the space-platform 
on which it has been installed, was 
studied, i.e., how the spacecraft body, 
the appendages, and the surrounding 
antenna systems (considered as passive 
structures) modify the far-field antenna 
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pattern and, consequently, its projec-
tion on Earth. In particular, the pattern 
distortion of a helix antenna operating 
at 2 GHz was computed by using IPO. 
The mesh model consists of 234.165 
facets, corresponding to approximately 
16 facets per square wavelength. IPO 
converges in four iterations, provid-
ing the currents distribution shown in 
the inset of Figure 12. In addition, the 
radiation pattern of the helix antenna 
in its operating condition is calculated 
and directly compared against its F-S 
 pattern (Figure 12).

CONCLUDING REMARKS
We have presented a versatile and effi-
cient IPO algorithm. Various techniques 
for accelerating its computational bur-
den and parallelizing its implementation 
have been discussed. The effectiveness 
of the proposed formulation was tested 
by several numerical examples showing 
the capabilities and the flexibility of the 
developed tool in analyzing the EM scat-
tering in different complex, electrically 
large scenarios. In particular, the tool 
was validated against reference solutions 
obtained by different numerical solvers. 
Further work is in progress to improve 
the accuracy of the IPO formulation in 
predicting diffraction effects or currents 
in shadow regions.
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