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Abstract – In this paper, a novel hybrid method combin-
ing the full-wave integral equation and high-frequency
approaches is proposed to assess the electromagnetic
performance of the radome and thermal protective enclo-
sure (TPE)-enclosed antenna (RTA) structure. By using
the approximate equivalence principle twice, the basic
difficulty in applying the previously proposed hybrid
method to RTA structure is eliminated. The interactions
between the antennas and TPE, as well as between
the combined antenna-TPE system and the radome,
are accounted for iteratively. Numerical results demon-
strate that the proposed hybrid method computes the
radiation patterns of RTAs with good accuracy and
significantly higher efficiency compared to full-wave
solutions.

Index Terms – Hybrid method, radiation pat-
tern radome-enclosed antennas, thermal protective
enclosure.

I. INTRODUCTION
Radomes are commonly used to protect antennas

from adverse environmental effects in modern electronic
systems. To meet aerodynamic requirements in various
complex environments, a multitude of types of radomes
have been developed [1, 2]. During long-distance flight
of high-speed vehicles, temperatures within the radome-
enclosed space can rise sharply, potentially degrading
the performance of communication or radar systems.
To mitigate damage risk from excessive heating, an
additional dielectric shield, termed a thermal protective
enclosure (TPE), is often placed between the antennas
and the radome (see Fig. 1). Since the radome itself
affects antenna performance [2–4], it is evident that

addition of a TPE will inevitably further distort the
radiation pattern. Therefore, it is desired to evaluate the
overall electromagnetic (EM) properties of the radome-
TPE-antennas (RTAs) in the preliminary stage of system
design.

From the viewpoint of computational electro-
magnetics, the radome-antenna system is typically a
large-size, multi-scale structure, making accurate and
efficient analysis of its EM performance highly chal-
lenging for the existing full-wave methods [3, 5–12].
The addition of TPE further increases the difficulty
of full-wave analysis due to increased requirement of
computational resources. On the other hand, although
high-frequency methods can predict radiation patterns
of the radome-antenna systems in some scenarios
[13–15], they lack sufficient accuracy for arbitrarily
shaped radome. In contrast, the hybrid methods leverage
domain-decomposition concept and use suitable solu-
tions in different regions [16–22], thus some of them
inherit high efficiency from high-frequency methods
while possessing acceptable accuracy. However, the
existing hybrid methods seldom account for the mutual
coupling between radome and antennas, which limits
their applicability in situations where high accuracy
is demanded. Recently, a method called VSIE-MSI-
MLFMA [23] was proposed to handle large/medium-
sized complex radome-antenna structures, which con-
sidered the interactions among the antennas and radome
in an iterative manner, resulting in high efficiency and
accuracy. Nonetheless, for the RTA structures, it is hard
to simply consider the radome and TPE as a single
multilayered radome, because the gap between them is
often large in terms of wavelength, and direct use of the
VSIE-MSI-MLFMA method will result in low precision
due to poor accuracy of the local planar approximation
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used in the MSI process for transmission matrix compu-
tation [1, 23].

In this paper, we construct a new mathematical
model that not only includes all mutual interactions
among the antennas, TPE, and radome in an RTA struc-
ture, but also eliminates the main difficulty in apply-
ing the VSIE-MSI-MLFMA method to deal with the
large air gap between the TPE and the radome. The
remainder of the paper is organized as follows. Section II
details the derivation of the new mathematical model
and its implementation, highlighting improvements over
our previous work. In section III, numerical examples
are used to verify the accuracy and efficiency of the
proposed method. Conclusions are drawn in section IV.

II. FORMULATIONS
A. Approximate equivalence model for EM analysis
of RTAs

The configuration of a typical RTA structure is
shown in Fig. 1. The entire RTA can be decomposed into
three regions: the antenna region, which contains com-
plex antenna structures requiring full-wave methods for
accurate solutions; the TPE region, which typically has
low permittivity to preserve the EM performance of the
antennas while preventing excessive temperature rise;
and the radome region, which contains of an arbitrarily-
shaped, large-size, multilayer dielectric radome with
variable wall-thickness.

First, we use a virtual surface STPE
v (green dashed

line in Fig. 1) to enclose the TPE. According to
the equivalence principle, the radiating EM fields
(E⃗TPE, H⃗TPE) outside the space bounded by the surfaces
which are marked by green solid/dash lines in Fig. 1
are given as the superposition of the fields ξ⃗ TPE

1 (ξ is
either E or H, and l is either e,b, or v) produced by
the equivalent EM currents on the outer surface STPE

e ,
bottom surface STPE

b , and virtual surface STPE
v of the TPE{︄

E⃗TPE = E⃗TPE
e + E⃗TPE

b + E⃗TPE
v

H⃗TPE = H⃗TPE
e + H⃗TPE

b + H⃗TPE
v

. (1)

If we keep the TPE structure unchanged and replace
the material of TPE by vacuum, the radiating fields
outside the same surfaces become{︄

E⃗TPE_vac = E⃗TPE_vac
e + E⃗TPE_vac

b + E⃗TPE_vac
v

H⃗TPE_vac = H⃗TPE_vac
e + H⃗TPE_vac

b + H⃗TPE_vac
v

, (2)

where ξ⃗
TPE_vac
1 are the partial EM fields produced by

the equivalent EM currents on the surfaces STPE
l of

the auxiliary vacuum TPE. Apparently, for vacuum
TPE, (E⃗TPE_vac, H⃗TPE_vac) are the same as the radiation

(E⃗Ant, H⃗Ant) from the freestanding antennas, i.e.{︄
E⃗TPE_vac = E⃗Ant

H⃗TPE_vac = H⃗Ant
. (3)

Fig. 1. Schematic diagram of a typical RTA structure.

According to the equivalence principle, the selec-
tion of the shape and position of the virtual surface
STPE

v can be arbitrary, so we placed it completely outside
the radome-covered space. For typical RTA structures,
the ground plane (also a part of the antenna region)
of the antennas usually seals the bottoms of TPE and
radome, so the field intensities on the virtual surface
are much weaker, compared to those in the interior
region. Therefore, we assume that the field distributions
on STPE

v do not vary drastically as the materials of TPE
change, i.e. {︄

E⃗TPE
v ≈ E⃗TPE_vac

v

H⃗TPE
v ≈ H⃗TPE_vac

v

. (4)

If we replace (2)–(4) into (1), an approximate rep-
resentation of the radiating EM fields (E⃗TPE, H⃗TPE) from
the combination of the antenna and TPE regions can be
obtained ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

E⃗TPE ≈ E⃗Ant +(E⃗TPE
e + E⃗TPE

b )

− (E⃗TPE_vac
e + E⃗TPE_vac

b )

H⃗TPE ≈ H⃗Ant +(H⃗TPE
e + H⃗TPE

b )

− (H⃗TPE_vac
e + H⃗TPE_vac

b )

, (5)

where ξ⃗ TPE
l and ξ⃗

TPE_vac
l (ξ = E,H and l = e,b) are

transmitted EM fields through the realistic and vacuum
TPE, respectively.

To calculate the radiation from the entire RTA,
we (Z)nsider the combination of antennas and TPE
as a new antenna structure. By enclosing the radome
through a virtual surface SRAD

v (blue dash line in Fig. 1)
and utilizing the equivalence principle again with the
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assumption similar to (3), i.e. the EM fields on the virtual
surface SRAD

v remain approximately unchanged with the
radomes material, the radiating EM fields (E⃗RTA, H⃗RTA)
outside the RTA (blue solid/dash lines in Fig. 1) can be
calculated in the similar way as those in (1)–(5)⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

E⃗RTA ≈ E⃗TPE +(E⃗RAD
e + E⃗RAD

b )

− (E⃗RAD_vac
e + E⃗RAD_vac

b )

H⃗RTA ≈ H⃗TPE +(H⃗RAD
e + H⃗RAD

b )

− (H⃗RAD_vac
e + H⃗RAD_vac

b )

(6)

Fig. 2. Field interactions among the antennas, TPE, and
radome.

where ξ⃗ RAD
I and ξ⃗

RAD_vac
I are the partial EM fields

produced by the equivalent EM currents on the surfaces
SRAD

l of the realistic and auxiliary vacuum radome,
respectively. If we substitute (5) into (6), we obtain⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

E⃗RTA ≈ E⃗Ant +(E⃗TPE
e + E⃗TPE

b + E⃗RAD
e + E⃗RAD

b )

− (E⃗TPE_vac
e + E⃗TPE_vac

b + E⃗RAD_vac
e

+ E⃗RAD_vac
b )

H⃗RTA ≈ H⃗Ant +(H⃗TPE
e + H⃗TPE

b + H⃗RAD
e + H⃗RAD

b )

− (H⃗TPE_vac
e + H⃗TPE_vac

b + H⃗RAD_vac
e

+ H⃗RAD_vac
b )

.

(7)
Equation (7) represents a new approximate equiva-

lence model for acquiring the EM radiation of the entire
RTA structure.

B. Implementation details of the proposed approach
and overcoming drawbacks

As shown in Fig. 2, the EM fields (E⃗Ant, H⃗Ant)
radiating from the antenna region (including the antenna
array and the ground plane) are accurately computed by
the full-wave VSIE solver [23], incident on the TPE and
then partly reflected multiple times to produce the reflec-
tion fields (E⃗Ant

1r , H⃗Ant
1r ),(E⃗Ant

2r , H⃗Ant
2r ), . . . . Another part

of (E⃗Ant, H⃗Ant) goes through the TPE to form the trans-
mitted fields (E⃗TPE

i , H⃗TPE
i ), and these waves impinge

upon the radome, giving rise to the fields transmitted
into free space and the internal multi-reflected fields
(E⃗TPE

1r , H⃗TPE
1r ),(E⃗TPE

2r , H⃗TPE
2r ) within the radome. These

reflected fields, in part, transmit back through the TPE
and subsequently generate higher-order reflection inside
the space enclosed by TPE. In turn, the reflected fields
from TPE act on the antenna region and alter the EM
currents on them. Ultimately, the modified EM currents
update the radiating fields (E⃗Ant, H⃗Ant) from antenna
region. The above process will be repeated until the
current distributions on the antenna region reach final (g)
uilibrium. In general, the following inequality is used to
quantitatively measure if the iterative process terminates

∥IAnt
k − IAnt

k−1∥/∥IAnt
k ∥ ≤ δ , (8)

Fig. 3. Locally planar approximation used in transmis-
sion matrix computation.

where IAnt
k is the coefficient vector of EM currents on the

antenna region during the k th iteration of the MLFMA,
δ is the preset threshold, and ∥ ·∥ means the 2-norm of a
vector.

The above reflection and transmission fields are
computed by using the locally planar approxima-
tion, ray tracing, and transmission matrix method
as employed in the previously proposed VSIE-
MSIMLFMA method [23] and in other high-frequency
approaches [20–22, 24, 25]. In implementation, each
curved surface of the TPE and the radome is discretized
into triangular meshes, and the number of triangles
on the outer (l + 1)th surface is always greater than
that on the inner lth surface. Consequently, during the
raytracing process, the incident points on the lth surface
can always find the exit points on the (l + 1)th surface.
However, a portion of triangles on the (l + 1)th surface
invariably lack corresponding exit points (gray points
in Fig. 3) corresponding to the incident points (black
points in Fig. 3) on the l th surface, resulting in null
EM fields on those triangles. This causes the outer
(l + 1)th surface be in a “broken state” as illustrated
in Fig. 3. When the gap between the l th and (l + 1)
th surfaces is small relative to the wavelength, as in
typical multilayer radomes without a TPE, the number
of unmatched points is negligible, rendering the “bro-
ken state” insignificant. However, in RTA structures,
the large air gap (relative to wavelength) between the



409 ACES JOURNAL, Vol. 41, No. 5, May 2026

Table 1: Material and geometrical parameters of the
radome and TPE

Layer εr tanδ min/max
thickness (mm)

Outer skin 3.8 0.03 1.2/2.4
Core 1.5 0.015 4.8/9.6

Inner skin 3.8 0.03 1.2/2.4
TPE 1.3 0.003 15

TPE and the radome leads to failure in identifying exit
points for numerous triangles on the outer surfaces.
This renders accurate EM field computation impossible
(necessitating zero-field approximation), substantially
compromising the algorithm’s accuracy. Therefore, for
a RTA system, the radome, the TPE, and the air gap
between them cannot be treated as a single multilayer
dielectric in the previous VSIE-MSI-MLFMA model.
In contrast, the new mathematical model, derived in
the preceding subsection, successfully decouples the
TPE and radome into distinct regions, overcoming the
difficulty in computing transmission matrices for RTAs
inherent in the previous method.

Fig. 4. Radome-enclosed 6 × 8 dipole array with a
hemispherical TPE: (a) layout of the dipole array, (b)
sideview of the radome and TPE, and (c) 3-D view of
the entire RTA structure.

III. NUMERICAL RESULTS
Numerical examples are presented in this section

to validate the proposed method. All computations are

performed on a workstation with a 2.4 GHz 16-core
CPU and 384 GB RAM. Unless otherwise specified, the
operating frequency is 10 GHz .

A. Radiation of a dipole antenna arrayhemispheri-
cal TPE-A-type sandwiched radome structure

The configuration of a 6× 8 dipole array enclosed
by a hemispherical TPE and an A-type sandwiched
radome is shown in Fig. 4. Each half-wave dipole ele-
ment has a length of 14.4 mm and the spacing between
two adjacent elements is 15 mm. The array is positioned
7.5 mm above a PEC ground plane with a diameter
of 570 mm that almost seals the bottom of the TPE.
The radome and TPE have the overall dimensions of
674.4×674.4×494.4 and 600.0×600.0×300.0 mm3,
respectively, and the material properties and thicknesses
of the radome and TPE are listed in Table 1.

(a)

(b)

Fig. 5. Radiation patterns of the RTA structure shown
in Fig. 4 in (a) yoz-plane (scanning angle is 0◦) and (b)
xozplane (scanning angle is 20◦).
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Figures 5 (a) and (b) show the radiation patterns
of the RTA in the yoz and xoz planes when the main
beam scans to 0◦ and 20◦, respectively. The proposed
method, an in-house full-wave VSIE solver [3], and
the commercial FEKO surface integral equation (SIE)
solver [26] are applied to calculate the RTA’s radiation
patterns for comparison purpose. Radiation distortion
of the array caused by the radome and TPE is clearly
observed in Figs. 5 (a) and (b), and the results of the
proposed method agree well with the full-wave ones in
the regions of main beam and nearby sidelobes (up to
±60◦) as the scanning angle changes. The accuracy of
the proposed method is reduced near the horizontal plane
(θ = 90◦), which may be caused by the approximation
used in (4). Table 2 presents the computational time and
memory usage of the methods, compared with the two
full-wave solvers, the proposed hybrid method reduces
the computational time from 19,000 s to 250 s and the
memory cost by more than 95%.

Fig. 6. Radome-enclosed 5×10 microstrip antenna array
with a TPE: (a) sizes of the antenna element, (b) layout
of the antenna array, (c) side view of the radome and
TPE, and (d) 3-D view of the entire RTA.

B. Radiation of a microstrip antenna arrayhemi-
spherical TPE single-layer radome

The second example is the computation of EM
radiation of a 5× 10 microstrip array (MSA) enclosed
by a single-layer radome and a TPE. The geometry
of the antenna element and the layout of the antenna
array are shown in Fig. 6. The relative permittivity of
the substrate used in the MSA is 2.2+ j0.01, and the
thickness and relative permittivity of the TPE are 15 mm
and 2.0+ j0.0002, respectively. The relative permittivity

Table 2: Comparison of time and memory usage of
different methods

Methods No of No of Time Mem
Triangles Tetrahedrons (s) (GB)

1 VSIE solver 73,169 3,507,620 18,972 251.9
FEKOSIE 617,080 – 19,413 240.6
Proposed 1,797,246 – 250 3.1

2 in [23] 1,286,758 11,365 223 2.8
VSIE solver 68,880 3,915,121 85,824 213.3

Proposed 1,286,758 11,365 389 5.1

of the radome is 3.3+ j0.08, and the thickness varies
from 12.3 mm at the top to 6.6 mm at the base.

(a)

(b)

Fig. 7. Radiation pattern of the RTA structure shown in
Fig. 6 in (a) xoz plane (scanning angle is 0◦) and (b) yoz
plane (scanning angle is 30◦).

Figure 7 shows the RTA’s radiation patterns calcu-
lated by the full-wave VSIE solver and the proposed
method. Compared to the freestanding array’s radiation
pattern, the major effects of the radome and TPE are gain
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reduction and increased ripples in the sidelobe regions.
For two different scanning angles, the results of the
proposed method match the full-wave solution in almost
the entire upper half-space. Figure 7 also includes results
(red lines) obtained by directly treating the TPE, air gap,
and radome as a single multilayer dielectric and apply-
ing the method from [23]. As expected, these results
significantly deviate from the full-wave solutions. This
not only reveals the inherent limitations of the original
method in analyzing RTAs but also demonstrates the
effectiveness of the new approach. Table 2 confirms that
the new method demands significantly less time and
memory compared to the full-wave solver.

IV. CONCLUSION
In this paper, a fast and efficient method is proposed

for EM analysis of the RTA structures. By applying the
approximate equivalence principle twice, a new mathe-
matical model is derived. This model separates the TPE
and radome into distinct regions, overcoming the fun-
damental difficulty in the existing VSIE-MSI-MLFMA
method when handling the large air gap between the TPE
and radome. The hybrid method takes into account the
mutual coupling among the antennas, TPE, and radome
in an iterative manner, and all interactions among the
three regions can be efficiently computed by virtue of the
MLFMA. Numerical results demonstrate the method’s
good accuracy and significant reductions in computa-
tional time and memory requirements compared to full-
wave solvers.
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