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Abstract

This paper presents an analysis technique that has its fo-
cus on radome applications, but serves the purpose of being
useful for a wider range of scattering problems. The anal-
ysis technique is based on classical surface integral repre-
sentations of the wave fields and the concept of wave prop-
agators, which map the fields from one interface to another.
Specifically, higher order scattering contributions are con-
sidered by an iterative scheme. The scattered wave fields
are found by using reflection and transmission dyadics ap-
plicable for general bianisotropic slabs and frequency se-
lective structures (FSS).

1 Introduction

A radome is a cover or structure that encloses an antenna
in order to protect the antenna from its physical environ-
ment. The presence of the radome enclosing the antenna
will introduce distortions of the antenna characteristics in
several ways, e.g. increased side lobe levels, introduction
of boresight error and insertion loss. Many different analy-
sis techniques for the analysis of electrical radome perfor-
mance exist, ranging from methods with a high degree of
approximation towards more accurate techniques, i.e. ge-
ometrical optics (GO), physical optics (PO) and full wave
methods, e.g. method of moments (MoM) [1].

Section 2 of this paper reviews and makes use of the clas-
sical integral representations in a configuration where the
source region is enclosed by a scatterer, e.g. a radome-
enclosed antenna where higher order scattering contribu-
tions are formulated in an iterative scheme. Section 3
presents the numerical verification of the proposed method
by comparison with an exact modal series solution.

2 Method

The analysis method is based on classical integral repre-
sentations of the electromagnetic (EM) fields [2]. The EM
fields are assumed to be time-harmonic with e−iωt depen-
dence throughout the paper.

2.1 Surface integral representations

As a first step, consider the geometry depicted in Figure 1,
i.e. a scattering configuration where the source volume Vi is
in free space e.g. antenna free space configuration.
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Figure 1. Scattering geometry for source volume Vi in free
space.

The free space EM fields Ei and Hi outside any closed
bounded smooth surface Si enclosing the sources are rep-
resented by [2, 3]
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Ei(r), r outside Si

Ei(r)/2, r ∈ Si

0, r inside Si

where k = k0 (εµ)1/2 is the wave number, η =
√

µ/ε is
the relative wave impedance, and k0 = ω/c0 and η0 are
the wave number and wave impedance of vacuum, respec-
tively. The fields n̂×Ei and n̂×Hi in the surface integrals
are taken as limit values from the isotropic region, i.e. from
the exterior of Si. The lower part of the integral representa-
tion (1) is usually referred to as the extinction theorem. The
Green’s dyadic G in an isotropic region is the product of
the identity dyadic in three spatial dimensions, I3, and the
Green’s function of the scalar Helmholtz equation accord-
ing to

G(k,r) = I3
eikr

4πr
(2)



This result is the limit as the radius goes to infinity from
a contribution of a large sphere with surface denoted SR,
where the fields are assumed to satisfy appropriate radiation
conditions [2, 3]. Notice that (1) must be interpreted as a
generalized integral due to the singularity of the integrand
when r ∈ Si, see e.g. [3].

In a more compact notation (1) is written
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(3)

where the integral operators K and L are defined by

KS(F)(r)

= ∇×{∇×
∫∫
S

G(k, |r− r′|) · (n̂(r′)×F(r′))dS′} (4)

and

LS(F)(r)

= ∇×
∫∫
S

G(k, |r− r′|) · (n̂(r′)×F(r′))dS′ (5)

Similarily, the magnetic field can be expressed by [3]
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Hi(r), r outside Si

Hi(r)/2, r ∈ Si

0, r inside Si

(6)

2.2 Scattering contributions

Scattering occurs if there is a region with different mate-
rial parameters, i.e. material parameters that depart from
the constant values of ε and µ , [3]. Of interest in this paper
is the scattering configuration depicted in Figure 2, where
the scatterer, e.g. the radome is assumed to be confined to
the volume Vs, and the sources within Vi, where Vi does not
intersect Vs i.e. formally Vi∩Vs = /0.
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Figure 2. Scattering geometry for scattered EM fields when
the source volume Vi is enclosed by the scattering volume
Vs.

The space outside the source and scattering regions is as-
sumed to be homogeneous and isotropic with relative per-
mittivity ε and permeability µ , i.e. ε and µ are constants.

The incident field from the source region, Vi, without the
influence of the scatterer is denoted Ei and the presence of
the scatterer alters this field by the scattered field Es. Thus,
the total field E is

E = Ei +Es (7)

A similar notation is used for the magnetic field H. Notice
that, in general, the presence of the scatterer Vs affects the
(real) sources of the incident fields Ei and Hi, respectively,
e.g. if the scatterer is close to Vi [3]. This type of interaction
between Vi and Vs is neglected in this paper. Let Er, Hr

and Et , Ht denote the reflected and transmitted (scattered)
EM fields respectively. The total field E given by (7) is
separated into two parts according to

E(r) =

{
Ei(r)+Er(r), r inside Ssi

Et(r), r outside Sso
(8)

and similarly for the total magnetic field H. Due to the
assumption of no coupling between the sources of Vi and
Vs, respectively, we treat the field contributions, i.e. the in-
cident (unperturbed), reflected and transmitted EM fields
separately. The scattered EM fields for the geometry shown
in Figure 2, are found by application of (3)
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Et(r), r outside Sso

Et(r)/2, r ∈ Sso

0, r inside Sso

(9)
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r)(r) =


Er(r), r outside Ssi

Er(r)/2, r ∈ Ssi

0, r inside Ssi

(10)

and similarily for the magnetic field. The reflected and
transmitted EM fields in (9) and (10), respectively, are given
in terms of reflection and transmission dyadics re, te , rh
and th defined by

re = r‖‖ f̂‖ f̂‖+ r‖⊥f̂‖ f̂⊥+ r⊥‖ f̂⊥f̂‖+ r⊥⊥f̂⊥f̂⊥
te = t‖‖ f̂‖ f̂‖+ t‖⊥f̂‖ f̂⊥+ t⊥‖ f̂⊥f̂‖+ t⊥⊥f̂⊥f̂⊥
rh = r⊥⊥f̂‖ f̂‖+ r⊥‖ f̂‖ f̂⊥+ r‖⊥f̂⊥f̂‖+ r‖‖ f̂⊥f̂⊥
th = t⊥⊥f̂‖ f̂‖+ t⊥‖ f̂‖ f̂⊥+ t‖⊥f̂⊥f̂‖+ t‖‖ f̂⊥f̂⊥

(11)

where {
f̂⊥ = n̂(ri)× k̂i

f̂‖ = f̂⊥× k̂i

is a set of local basis vectors at each point of observation
where n̂ and k̂i denote the normal of Ssi and power flow
direction of the incident EM field at ri ∈ Ssi, respectively.
The reflection and transmission dyadics (11) map the inci-
dent EM fields from one interface to another according to

Er(ri) = re ·Ei(ri)

Et(ro) = te ·Ei(ri)

Hr(ri) = rh ·Hi(ri)

Ht(ro) = th ·Hi(ri)

(12)



where ri ∈ Ssi is corresponding to ro ∈ Sso by n̂. Notice that,
the incident EM field on Ssi of the scatterer is locally con-
sidered as a plane wave incident on a planar structure that is
stratified in the normal direction n̂ at each point of observa-
tion ri ∈ Ssi. The local plane wave assumption can however
be relaxed by using the concept of plane wave spectrum ex-
pansion [5, 6].

Slabs that are bianisotropic and either homogeneous, strat-
ified or with continuously varying material parameters as
a function of depth can be handled by using relevant wave
propagators reported in, e.g. [3, 4]. In case of frequency
selective structures (FSS), the corresponding reflection and
transmission dyadics can be computed by methods reported
in, e.g. [7, 8, 9].

2.3 Higher order scattering contributions

The fields generated by the sources within Vi are multiple
reflected and transmitted by the presence of a scattering vol-
ume Vs enclosing the source region Vi illustrated in Figure 2.
This section presents an iterative scheme where the integral
representations are recursively applied for computation of
second and higher order scattering contributions.

By introducing{
Ie

S(E,H)(r) = i η0η

k KS(H)(r)+LS(E)(r)
Ih

S(E,H)(r) =−i 1
kη0η

KS(E)(r)+LS(H)(r)
(13)

we express e.g. (3) by

Ie
Si
(Ei,Hi)(r) =


Ei(r), r outside Si

Ei(r)/2, r ∈ Si

0, r inside Si

(14)

and similarily for the transmitted and reflected EM fields
e.g. (9) and (10), respectively. Thus, by use of (12) and
(14), the first order reflected and transmitted electric fields
supported on the inner and outer surfaces Ssi and Sso are
written{

Et
1(ro) = te · Ie

Si
(Ei,Hi)(ri), ri ∈ Ssi, ro ∈ Sso

Er
1(ri) = re · Ie

Si
(Ei,Hi)(ri), ri ∈ Ssi

(15)

where Si is enclosing the source volume Vi depicted in Fig-
ure 2. The second order contributions are next found from{

Et
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Ssi
(Er

1,H
r
1)(ri), ri ∈ Ssi, ro ∈ Sso

Er
2(ri)/2 = re · Ie

Ssi
(Er

1,H
r
1)(ri), ri ∈ Ssi (16)

Thus, by treating the reflected and transmitted scattering
contributions separately in an iterative manner we get for
order N{

Et
N(ro)/2 = te · Ie

Ssi
(Er

N−1/2,Hr
N−1/2)(ri), ri ∈ Ssi,ro ∈ Sso

Er
N(ri)/2 = re · Ie

Ssi
(Er

N−1/2,Hr
N−1/2)(ri), ri ∈ Ssi

(17)

By this procedure the field contributions are accumulated
on Ssi and Sso respectively according to

Et
1(ro)+

N
∑

n=2
Et

n(ro)/2 = Et(ro), ro ∈ Sso

Er
1(ro)+

N
∑

n=2
Er

n(ri)/2 = Er(ri), ri ∈ Ssi

(18)

With given scattered near fields on the inner and outer
radome surface one readily obtain the corresponding far
zone fields, see e.g. [3].

3 Numerical results

The SIR1 method presented in this paper is verified by com-
parison with an exact modal series solution [10] of a given
source configuration in the presence of a spherical radome
depicted in Figure 3. The spherical geometry serves as an
excellent verification case for various numerical implemen-
tations of electromagnetic problems that rely on approxima-
tions. This enables an accurate comparison of the approx-
imative method presented in this paper, with the results of
this spherical case, which is solved with high accuracy.

The effect of taking into account higher order scattering
contributions is seen in Figure 4-6. Figures 4-6 show that
higher order scattering contributions are needed in order to
accurately model the radiation problem.
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Figure 3. The geometry of the transmission problem of a
vertical dipole p inside a spherical shell of inner radius a
and outer radius b. The dipole is located at dẑ.

4 Conclusions

The presented analysis method combines the classical sur-
face integral representations together with the concept of
wave propagators in order to evaluate the distortion of the
far field amplitude from a given source enclosed by a scat-
terer e.g. a radome-enclosed antenna. Specifically, an iter-
ative scheme was introduced in order to take into account
higher order scattering contributions. Comparison of nu-
merical results with an exact modal series solution to the
radiation problem showed that higher order scattering con-
tributions are needed for accurate modelling of the actual
source configuration. Furthermore, by use of the concept
of wave propagators, the method can handle slabs that in

1SIR is an abbreviation for surface integral representation.
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Figure 4. The first order far field amplitude for a vertical
dipole at d = 3λ/2 enclosed by a spherical dielectric shell
of radius a = 3λ and thickness λ/4. The dielectric is ho-
mogeneous and isotropic with relative permittivity and per-
meability ε/ε0 = 3(1+0.01i) and µ/µ0 = 1, respectively.
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Figure 5. Same as Figure 4, but second order SIR.
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Figure 6. Same as Figure 4, but third order SIR.

general are bianisotropic and either homogeneous, stratified
in the direction normal to the surface, i.e. laterally homo-
geneous slabs. The theory is also applicable to frequency
selective structures (FSS).
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