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Abstract: This paper presents a 2.5D exact forward solver to compute the 3D scattered field of a 2D
inhomogeneous dielectric cylinder under a time-harmonic 3D illumination. This approach leads to a sig-
nificant reduction in computational cost with respect to a full 3D solver, in case of quasi 2D objects with
cross-sectional dimensions that are several to many wavelengths. The accuracy and efficiency of the solver
are demonstrated by comparison to results obtained with a full 3D solver for plane wave oblique incidence.
The solver will be used to study scattering in a free-space active millimeter-wave imaging system.

INTRODUCTION
An exact forward solver to compute the 3D scattered field of an infinitely long (lossy) dielectric in-
homogeneous cylinder with an arbitrary cross-sectional shape under time-harmonic 3D illumination
is presented. We intend to use this solver for modeling an active millimeter-wave imaging system,
which is currently being developed by the Vrije Universiteit Brussel (VUB) for indoor security
imaging applications, Volkov et al. [1]. Objects of interest, e.g. a concealed object carried on a
body, are typically many wavelengths in size—the wavelength is 3mm at 100GHz—such that the
use of a full-wave 3D solver is computationally expensive. We therefore have preferred in this paper
to study quasi-2D objects under 3D illumination. This 2.5D problem is expanded in a number of
2D problems using a spatial Fourier transform with respect to the coordinate z along the cylinder’s
axis. The different 2D solutions are then recombined to one 2.5D solution using an inverse Fourier
Transform. A similar approach is applied for modelling geophysical low frequency electromagnetic
scattering in Abubakar et al. [2]. The 3D illumination capability yields more flexibility than a
purely 2D approach, since it allows to accurately simulate multi-view imaging experiments. When
the incident field is a plane wave under oblique incidence or a Gaussian beam, which have few
spectral components, the total number of 2D problems to be solved is furthermore limited. The
problem is formulated in section 2 and numerical results are presented in section 3.

FORMULATION
The problem is formulated in the frequency domain and the time dependence exp(−iωt) is omit-
ted. Consider a 2D inhomogeneous dielectric object surrounded with free space and with complex
permittivity ε(r) = εr(r)ε0 = ε′(r)+ iε′′(r), with ε′(r) and ε′′(r) representing the real and imaginary
part of ε(r) and r = (x, y) the 2D position vector. The object is illuminated with a 3D incident
field Ei(r, z) = [Ei

1(r, z), Ei
2(r, z), Ei

3(r, z)] and the resulting scattered field is defined as

Es(r, z) = E(r, z) − Ei(r, z), (1)

with E(r, z) the total field. The electric flux density D(r, z) = [D1(r, z), D2(r, z), D3(r, z)] is chosen
as the unknown of the scattering problem, Zwamborn et al. [3]. The spatial Fourier transform with
respect to z is defined as ĝ(r, kz) =

∫ ∞
−∞ g(r, z)e−ikzzdz. A contrast source integral equation (CSIE)
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in the space-spatial frequency domain (x, y; kz) is now derived. The transformed scattered fields
satisfy the transformed Maxwell equations:

∇̂ × Ês(r, kz) = iωµ0Ĥs(r, kz)
∇̂ × Ĥs(r, kz) = −iωχ(r)D̂(r, kz) − iωε0Ês(r, kz), (2)

where χ(r) = [ε(r)−ε0]
ε(r) is the normalized permittivity contrast and ∇̂ = (∂x, ∂y, ikz). A vector

potential Âs(r, kz) is introduced:

Âs(r, kz) =
1
ε0

∫
S

Ĝ(r, r′; kz)χ(r′)D̂(r′, kz)dr′, (3)

with the Green’s function given by Ĝ(r, r′; kz) = i
4H

(1)
0

(√
k2

0 − k2
z |r − r′|

)
. The scattered field is

expressed as:
Ês(r, kz) =

(
k2

0I + ∇̂∇̂
)
· Âs(r, kz). (4)

Introduction of (3)-(4) in (1) yields the CSIE for r ∈ S:

Êi(r, kz) =
D̂(r, kz)

ε(r)
−

(
k2

0I + ∇̂∇̂
)
· Âs(r, kz). (5)

The object domain S is discretized in square cells with cell size ∆. The complex permittivity takes
a constant value within each cell. A Method of Moments with Galerkin weighting is applied to
discretize the CSIE, in which the vector potential Âs(r, kz) and the electric flux density D̂(r, kz)
are expanded in basis functions [3]. The basis and testing functions are chosen as products of one-
dimensional triangle functions and one-dimensional pulse functions. For the x− (y−) component of
the fields we use a one-dimensional triangle function in the x− (y−) direction of support 2∆ and a
one-dimensional pulse function in the y− (x−) direction of support ∆. For the z-component triangle
functions of support 2∆ are used in both directions. The obtained linear set of equations is solved
iteratively with a stabilized biconjugate gradient Fast Fourier Transform method (BiCGSTAB-
FFT), Xu et al.[4], van der Vorst [5].

NUMERICAL EXAMPLE
The 2.5D solver is compared to a full 3D solver, Lewyllie et al. [6], for plane wave illumination
under oblique incidence. The scatterer is a dielectric circular cylinder with relative permittivity
εr = 2 and a radius equal to one wavelength (λ0 = 1mm, f = 300GHz). With the 2.5D solver,
this cylinder is infinitely long, while with the 3D solver, only a finite 3D object can be modeled.
The length l of this finite cylinder is chosen long enough, for example l = 100λ0 = 100mm. In
both simulations (2.5D and 3D), the scattered fields are calculated for 360 points on a circle with
a radius of 2λ0 = 2mm. The propagation vector of the incident plane wave k makes an angle ψ
with the xy-plane and the magnetic field is polarized parallel to this plane.

Figure 1 shows the amplitude of the scattered field |Es| on the detector circle for incidences
ψ = 8◦ (a) and ψ = 16◦ (b). An excellent agreement between the 2.5D solver (dotted line) and
3D solver (solid line) is observed. Differences due to the finite length of the 3D cylinder are not
visible on this detector circle. For the simulations with the 2.5D solver, the BiCGS iterations were
stopped when the relative error dropped below 10−8, after 57 iterations. With the 3D solver the
simulations were stopped when the relative error dropped below 10−2.5, after 360 iterations. The
3D simulation took 16 hours on a single AMD Opteron 270 processor of a 64 bit machine, the 2.5D
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Figure 1: Scattered field amplitude on the detector circle: (a) oblique incidence angle ψ = 8◦ and (b)
ψ = 16◦.

simulation only 16 seconds. The 2.5D solver is not only much faster than the 3D solver, it also uses
far less unknowns: the 3D problem consists of more than 5 million unknowns and occupies 2.4Gb
of memory while the 2.5D problem has only 12 288 unknowns and uses no more than 42.652 Mb
of memory.

CONCLUSION
A 2.5D exact forward solver to compute the 3D scattered field of a 2D inhomogeneous dielectric
cylinder, with cross-sectional dimensions that are several to many wavelengths, under a time-
harmonic 3D illumination was presented. For a dielectric cylinder under oblique plane wave illu-
mination an excellent agreement with results from a 3D full-wave solver was demonstrated.
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