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Abstract: In this paper, a two-and-a-half dimensional exact forward solveredban a volume integral
equation, is used to simulate three-dimensional millimeter wave scattering of amteddgect hidden un-
der clothing. Since a three-dimensional Gaussian beam only illuminates dlgpaiséed region of the
human body, we can assume invariance of the electromagnetic propettiesabidomen in the longitudinal
direction (vertical for a standing person). This way, the human bodypeanodelled as an infinitely long
inhomogeneous (lossy) dielectric cylinder with arbitrary cross-sectsimgbe. A complex source formu-
lation is used to implement this three-dimensional Gaussian beam, which may heeobligl the human
body is further reduced to a simple model, containing fotfiedént layers: clothing, air, human skin and
body fat.

Keywords: 2.5D scattering, millimeter waves, contrast source integral equation, 3Bstaalbeam, simple
human body model.

1. Introduction

For security applications, the detection of hidden objects under clothingimm@ortant research area [1]-
[3]. Millimeter waves (mm-waves) have ideal characteristics for this pergosce they are non-ionizing
and penetrate clothing, while being absorbed and reflected by the huingd]skoreover, the relatively
small wavelength yields good resolution possibilities. For the developmenthfsystems it is important
to study the mm-wave scattering behavior of the human body. This could leebydnll three dimensional
(3D) electromagnetic simulation tools [5], but since the dimensions of the hmtgjent and the human body
are several to many wavelengths and a fine discretization is needed deeré&atfively high permittivity
of the skin, this would yield a huge amount of unknowns. However, whenwares are used in active
imaging systems, the incident field is usually a 3D Gaussian beam which only illiesiaapatially limited
region. Since the size of the illuminated body region is only a few centimeter in tigguaolinal direction
(vertical for a standing person), it follows that we can assume invagiafihie electromagnetic properties of
the human abdomen along this direction. Therefore it can be modelled asrételiypfong inhomogeneous
(lossy) dielectric cylinder with arbitrary cross-sectional shape.

For such configurations, we use a 2.5D full-wave forward solverif&$ed on a Volume Integral Equation
(VIE), to calculate the 3D electromagnetic scattered field. This way, objettt€mss-sectional dimensions
of several to many wavelengths can be handled with a reasonable compailtatiort, while maintaining
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the full 3D character of the incident field. A similar technique is proposed]ifiof modeling geophysical
low-frequency (dfusive) electromagnetic scattering in cross-well logging.

In this paper, we use a simple model for the cross-section of the humantbadynpare the mm-wave
scattering behavior of the human body with and without hidden dielectric bbjecsection 2, the 2.5D
forward solver is presented, as well as the implementation of the 3D Galmesaam Section 3 deals with
the obtained simulation results.

2. 2.5D Forward Solver

A. Contrast Source Integral Equation

Consider an inhomogeneous, possibly lossy, dielectric cylinder with axbitrass-sectional shape and
with axis along the-direction in a 3D cartesian coordinate systgm r + zu,, with r = xuy + yuy the 2D
position vector. This object is surrounded with free space and has adeopgrmittivity e(r) = (r)ep.

We formulate the problem in the frequency domain and omit the time dependepEewt) . The scat-
tering object is illuminated with a 3D incident fiel (r, 2) and the resulting scattered field is defined as
ES(r,2) = E(r,2) — E'(r, 2), with E(r, 2) the total field.

A contrast source integral equation (CSIE) in the 2D space-spatipldreey domainr( k) is obtained from
performing a spatial Fourier transform with respect toleceordinate, defined agr’, k,) = f_ 0; g(r, 2)e kzdz,
on the Maxwell equations:

D(r, ky)
e(r)

E(r,k) = — (K31 + YY) - AS(r. k). (1)

The electric flux densityD(r, z) is chosen as the unknown of the scattering problem [5] and the vector
potentialAS(r, k,) is defined as

AS(r. k) = % fs G . ' k) (r)B(r. kgl @)

whereV = (dy, dy, ik;) and

e(r) — e

e(r)

x(r) = ®3)

is the normalized permittivity contrast. Because of this contrast, the integrat{@y ean be limited to the
object domairss, where the permittivity of the objee(r) differs fromey. The Green’s function is given by

—~ , i ,
G(r.r ;kz)=ZHgl)( k2~ K2|r -1 |). 4)

We discretize the object domaghin square cells with cell siza and expand the 3D fields using rooftop
basis functions. The complex permittivity takes a constant value within edichAc®lethod of Moments
with Galerkin weighting is applied to discretize the CSIE and the resulting lin¢af sguations is solved
iteratively with a stabilized biconjugate gradient Fast Fourier Transforthode
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B. 3D Gaussian Beam As Incident Field

The implementation of a Fourier transformed 3D Gaussian beam, under géxégbapproximation, is based
on the complex-source beam formulation proposed in [8] for a beam-tgpe wbject which corresponds
with the classic formulation within the paraxial approximation. We consideralbieat is propagating along
a u'-direction, with the beam center locatedoegt= (o, Yo, Zo) and beam waistg. A 3D complex source
beam is obtained by evaluating the 3D Greens’ functis(g) = %exp@kos), with respect to a complex
source-poinp, = pg + ibu'. This complex source point is a combination of the real source pgint the
beam waist center — on the one hand, and beam parameters, as thedtieaation distance = wgko/Z
and the beam direction on the other hand. A complex distance functigr) is defined as

S(r) = (x= %) + (y = Ye)* + Z) "2, (5)

with Im(s(r)) < 0. We obtain the Fourier transform of this beam by replacing the 3D Graartion with
the 2.5D Greens’ function:

Ei(r» kp) = G(s; kz)Upol = %H(()l) ( \/ké — (ke — kg)? 3) Upoal, (6)

wherek; = ko U' - U,.
3. Scattering Of Objects Hidden On A Human Body

The 2.5D solver described above is used to study mm-wave scattering fjoasa2D object that is hidden
on an adult human body and which is illuminated by a 3D TM-polarized incidaos&an beam g =

u, — at 100 GHz. A simple model for the human body cross-section is shown.islFighere the limited
penetration of mm-waves into the human body [4] as well as the finiteness iliith@ated region in the
x-direction has allowed us to consider only a small part of the abdomensectisn. The 3D Gaussian
beam is propagating along tleaxis with a waistvg = 8 mm and its beam centeg is chosen at the exterior
surface of the skinixk =y = 0.

In this restricted model we distinguish 4 layers: clothing, air, dry skin andriae thicknessl and relative
permittivity ¢ for each layer are chosen as followts= 2 mm ande; = 4.0 + 1 0.1 for clothing [4],d = 3
mm ande = 1 for air,d = 2 mm andg = 5.60+i 7.09 for dry skin [9] andd = 10 mm and;, = 2.89+i 0.64

for fat [9]. A rectangular dielectric object with width 15 mm, thickness 2.5 mmi @atative permittivity
€obj = 2, representing certain explosives, is placed between the clothingiand ke computational domain
has dimensions of 110 mm in tixedirection and 40 mm in the-direction and is discretized into 1120116
cells with cell sizeA = 0.1 mm, yielding a total of 1.397760 million unknowns. The simulation without
hidden object proves that the dimensions of the restricted model are lawgglesince no remarkable field
values appeared on the upper and lower boundaries of Fig. 1, asswedlide the abdomen. The incident
field is calculated using the complex-source beam formula for fitferéntk; values.

Simulations, with and without hidden object were computed in 2h. 43 min. an@82min., respectively.
Fig. 2 shows the amplitude and phase of thiéedénce between the total field with and without object and
clearly reveals the presence of the hidden object.
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Figure 1: Configuration.
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Figure 2: Amplitude (left) and phase (right) of thefdrence between the total field with hidden dielectric

object and the total field without hidden object.
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4. Conclusion

We have used a 2.5D exact forward solver to simulate three-dimensional millimate scattering of a
hidden dielectric object on a simplified human body model, which was illuminatedBy@aussian beam.
This beam has been implemented using a complex source formulation. Galbiearmnand millimeter
wave properties have been used to reduce the abdomen cross-settierptesented simple model. The
introduction of a hidden dielectric object has led to a noticeable change intéhéietd, as could be seenin
a figure of the dierence between the total field with and without object.
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