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Abstract—This study focuses on electromagnetic and thermo-
mechanical optimal design for high-temperature broadband radome
wall with symmetrical graded porous structure. The position-
dependent porosity increases from the two surfaces of the structure
to its intermediate layer. Electromagnetic and thermo-mechanical
properties of the proposed structure are investigated simultaneously via
numerical simulations. Optimal results suggest that the symmetrical
porous structure possesses better broadband transmission performance
in the 1–100GHz frequency range, in contrast to a traditional
A-sandwich structure. The thermo-mechanical investigation also
indicates that the novel structure meets the requirement for high-
temperature (up to 1400◦C) applications.

1. INTRODUCTION

A radome [1–5] is applied to protection of the delicate antennas
mounted on diverse aircraft, such as airplanes or missiles, from severe
environments. Those radomes used on supersonic or hypersonic
aircraft, may encounter high levels of mechanical and thermal
loadings [6]. For example, the radome has to withstand a high
temperature of more than 1400◦C, if the aircraft is flying at a velocity
of more than 5 Mach [7]. More predominantly, the radome must
not interfere with the utility of the antenna, which is responsible
for communication, detection or imaging [8–11]. Thus, the material
that makes up the radome is required to possess relatively low
dielectric constant, low dielectric loss, excellent mechanical and
thermal properties. A material with better mechanical and thermal
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Figure 1. Radome wall structures, (a) thin wall, (b) half-wavelength
wall, (c) A-sandwich, (d) B-sandwich, (e) C-sandwich, (f) multilayer.

properties, however, does always exhibit higher dielectric constant.
Such contradiction demands optimal design for radome wall structures,
especially for high-temperature broadband applications.

Nowadays, radome wall structures, as shown in Fig. 1, involve thin
wall, half-wavelength wall, A-sandwich, B-sandwich, C-sandwich and
multilayer structures [12–14]. The thin wall structure has relatively low
mechanical properties especially for high frequency employments, since
its thickness is less than 5% of the operating frequency wavelength.
The half-wavelength wall, which is one-half wavelength thick, has a
narrow bandwidth of only 5%, and is not suitable for broadband
use. Sandwich structures composed of different dielectric layers
are commonly applied, due to their broadband properties and high
strength-to-weight ratio. For instance, an A-sandwich structure
(Fig. 1(c)), which consists of a lightweight and low-permittivity foam
core and two dense thin facings, has relatively lower weight but higher
strength. This kind of structure has better broadband transmission
ability than single-layered structures, and is always employed upon
frequencies less than 20 GHz [13].

In high-temperature environments, extreme thermal stress may
occur at interfaces of sandwich structures, due to significant
temperature gradients and laminations. Sandwich structures are made
of several layers with distinct mechanical and thermal properties.
Such differences between two bordering layers under high-temperature
conditions will result in thermal mismatch stress, which may be
the critically vital factor for radome destruction. Since the 1990s,
functionally graded materials have been investigated, since their
functionally graded designs can efficiently help reduce thermal
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Figure 2. (a) The symmetrical graded porous structure. (b) The
A-sandwich structure for comparison.

stress [15–17]. Hence, a symmetrical graded porous structure
(Fig. 2(a)) for high-temperature broadband applications is put forward
in this paper.

This study carries out investigations on electromagnetic and
thermo-mechanical properties of a symmetrical graded porous
structure. The transmission efficiency of the proposed structure
in the 1–100 GHz frequency range is investigated by the transfer
matrix method [18] based on the electromagnetic theory. The
thermo-mechanical property of the structure, which is a temperature-
dependent problem, is investigated via numerical simulation. Results
suggest that the symmetrical graded structure has broadband ability in
the 1–100GHz range, and succeeds in withstanding high-temperature
conditions. Its electromagnetic and thermo-mechanical properties are
demonstrated to be better than that of the A-sandwich structure for
comparison.

2. SYMMETRICAL GRADED POROUS STRUCTURE

In this study, a symmetrical graded porous structure, as shown in
Fig. 2(a), is proposed. The position-dependent porosity increases
continuously from the outermost and innermost surfaces to the middle
of the structure. For simulation simplicity, the proposed structure is
assumed to be composed of plenty of layers. Each layer is equal in
thickness and has a homogeneous porosity. The porosity distribution
is given by the following equation as

Pi = Pm

(
i− 1
m− 1

)n

(i = 1, 2, . . . , m), (1)

where m is one half of the total layer number (2m), Pi is the ith
layer porosity and n is the graded index that determines how fast
or gradually the porosity varies due to position variation. For a
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symmetrical structure, one may derive the porosity of each layer to
be

Pi = P2m+1−i (i = 1, 2, . . . , 2m). (2)

From Eqs. (1) and (2), the outermost and innermost layer
porosities P1 and P2m are both evaluated as zero, which means that the
outermost and innermost layers are made of fully dense material. In
this study, the intermediate layer porosity Pm or Pm+1 is the maximum
porosity, and will be given in Section 3.1. Fig. 3 depicts porosity
distributions of the symmetrical graded porous structure as the graded
index n varies. It is seen that the porosity decreases simultaneously in
each layer when the graded index becomes greater, except for P1, Pm,
Pm+1 and P2m, which are given as fixed values. If the graded index
tends to zero, each layer excluding the outermost and innermost layers,
has a porosity equal to the maximum porosity Pm or Pm+1. Thus, the
whole structure resembles an A-sandwich structure with a thick foam
core and two extremely thin dense skins bounded to the core on its two
sides. As the graded index n tends to be infinite, all layers, except for
the mth and (m + 1)th layers, are fully-densely made. The structure
turns to be a sandwich structure with two thick skins and an extremely
thin core in this situation.

A traditional A-sandwich structure (Fig. 2(b)) is applied to
comparison with the proposed symmetrical graded porous structure
(Fig. 2(a)) in this study. It is assumed that the two structures are
made of the same material with the same mass. Once the skin and
core porosities Ps and Pc, the skin and core thicknesses ds and dc of
the A-sandwich structure are given, the thickness of each layer ∆d in

Figure 3. Porosity distributions
of the symmetrical porous struc-
ture as the graded index n varies.
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the proposed structure can be derived as

∆d =
(1− Ps) · ds + (1− Pc) · dc

2m∑
i=1

(1− Pi)
. (3)

Once the graded index n is given, Pi can be determined by Eqs. (1)
and (2). Subsequently, ∆d can be evaluated from Eq. (3). And the
entire thickness of the symmetrical graded porous structure is obtained
as

d = 2m ·∆d. (4)

It is seen that the entire thickness d depends on the graded index n, if
the mass of the whole structure is given.

3. METHODS

3.1. Transfer Matrix Method

The transfer matrix method (TMM) [18] is used to investigate
electromagnetic property of the symmetrical graded porous structure,
since it exhibits high efficiency in dealing with transmission and
reflection problems of a stratified medium. Consider a plane
wave incident upon a stratified medium with boundaries at z =
z0, z1, . . . , z2m, as shown in Fig. 4. It is assumed that the 0th and
(2m + 1)th layers are half-infinite, and in this study they are air
media. The transfer matrix method displays the relationship between
the incident, reflected and transmitted waves as[

A0

B0

]
= [V0][V1] . . . [V2m] ·

[
A2m+1

B2m+1

]
=

[
V11 V12

V21 V22

] [
0

B2m+1

]
, (5)

where [Vi] is the forward propagation matrix, A0, B0 and B2m+1

represent the amplitudes of the reflected, incident and transmitted
waves respectively. Thus, the transmission efficiency is found to be

te = 1/ |V22|2 . (6)

Before using Eq. (6) to estimate the transmission efficiency of
the symmetrical graded porous structure, one should first obtain the
permittivity of each layer. The permittivity of porous material can be
evaluated by Maxwell-Garnett’s Formula [19]:

εi

ε1
= 1 +

3Pi

3ε1/(1− ε1) + (1− Pi)
, (7)

where ε1 is the permittivity of the first layer with fully dense material,
and εi is the ith layer permittivity. In this study, silicon nitride
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Figure 5. The transmission efficiency of the A-sandwich structure in
the 1–100 GHz frequency range.

is chosen as the construction material, for it has excellent thermal
and mechanical properties with relatively low permittivity. The
permittivity of fully dense silicon nitride is approximately 8.0 [20].
Hence the ith layer permittivity can be estimated by Eq. (7), if Pi is
given.

As for the A-sandwich structure for comparison, the thicknesses ds

and dc, the permittivities εs and εc are chosen as 0.6 mm, 5.6mm, 8.0
and 2.0 respectively. The porosities Ps and Pc estimated by Eq. (7) are
0% and 81.0% respectively. Fig. 5 shows the transmission efficiency of
the A-sandwich structure in the 1–100 GHz frequency range by TMM.
It is seen that the structure is feasible for employments in the 1–12 GHz
and 82–96 GHz frequency ranges. In the 12–82 GHz range, however,
the structure is limited in its ability to provide sufficient transmission
efficiency.

In this study, the outermost and innermost layers of the
symmetrical graded porous structure are assumed to be made of fully
dense material, namely P1 = P2m = 0. And the maximum porosity Pm

or Pm+1 is assumed to be equal to Pc. Thus, the transmission efficiency
of the proposed structure only depends on the graded index n. And
we can investigate the effect of the graded index on the transmission
efficiency using TMM.

3.2. Method for Steady Temperature Field

The steady temperature field should be obtained in advance before
estimation of the steady thermal stress field. As shown in Fig. 4, the
temperature at the interface z = zi is assumed to be Ti, which is a
variable to be determined. The boundary conditions for the steady
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heat conduction problem are T0 = 1400◦C and T2m = 20◦C. As for
the ith layer, the one-dimensional steady heat conduction equation is
given as

d

dz

[
λ(T, Pi)

dT

dz

]
= 0, (8)

where λ (T, Pi) is the temperature-dependent and porosity-dependent
thermal conductivity. The thermal conductivity due to porosity
variation [21] is given as

λ(P ) =
λ0(1− P )
1 + P/2

, (9)

and the thermal conductivity due to temperature variation [22] is
presented by

λ0(T ) =
(
43.03 · e−T/495.59 + 15.64

)
W/(m ·◦ C). (10)

By substituting Eq. (10) into Eq. (9), the double-variable-dependent
conductivity is obtained as

λ(T, P ) = g(P ) · λ0(T ), (11)

where g(P ) = 1−P
1+P/2 is the porosity factor.

Substituting Eq. (11) into Eq. (8) yields

d

dz

[
g(Pi) · λ0(T )

dT

dz

]
= 0. (12)

The implicit solution for Eq. (12) is found to be

g(Pi) ·Ψλ0(T ) = Miz + Ni, (13)

where Ψλ0 (T ) is a primitive function of λ0 (T ), Mi and Ni are constants
to be determined.

At the boundary z = zi (i = 1, 2, . . . , 2m− 1), one may obtain

λ(T, Pi)
dT

dz

∣∣∣∣
z=zi

= λ(T, Pi+1)
dT

dz

∣∣∣∣
z=zi

. (14)

The boundary condition leads to

M1 = M2 = . . . = M2m = M. (15)

For the ith layer, we may obtain the following equations:

g(Pi) ·Ψλ0(Ti−1) = M · zi−1 + Ni (16)

and
g(Pi) ·Ψλ0(Ti) = M · zi + Ni. (17)
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By subtracting Eq. (17) from Eq. (16), one can obtain

Ψλ0(Ti−1)−Ψλ0(Ti) =
(zi−1 − zi)

g(Pi)
·M. (18)

Thus, one may have
2m∑

i=1

[Ψλ0(Ti−1)−Ψλ0(Ti)] =
2m∑

i=1

[(zi−1 − zi)/g(Pi)] ·M. (19)

Hence, M can be determined as

M =
Ψλ0(T0)−Ψλ0(T2m)
2m∑
i=1

[(zi−1 − zi)/g(Pi)]
. (20)

By substituting Eq. (20) into Eq. (13) and using the boundary
conditions, Ni can be determined. Thus, the implicit solutions for the
steady temperature filed are acquired.

3.3. Method for Stress Field

For thermo-mechanical optimal design, the thermal stress field in the
steady temperature field is to be calculated. The strain only depends
on z and can be written as

ε(z) = ε(0) + κ · z, (21)
where κ is the curvature and ε (0) is the strain at z = 0.

And the thermal stress [23] is found to be

σ(z) =
E(T, P )

1− ν(T, P )
[ε(z)− α(T, P ) ·∆T ]

=
E(T, P )

1− ν(T, P )
[ε(0) + κ · z − α(T, P ) · (T − 20◦C)], (22)

where the temperature-dependent and porosity-dependent parameters
E (T, P ), ν (T, P ) and α (T, P ) are the Young’s modulus, Poisson’s
ratio and linear expansion coefficient, respectively. It should be
emphasized that the temperature T and the porosity P in Eq. (22)
are functions of the coordinate z.

The linear expansion coefficient α, Young’s modulus E, Poisson’s
ratio ν and strength σF due to porosity variation [24–26] are as follows:

α(P ) = α0, (23)

E(P ) =
E0(1− P )

1 + (5+ν0)(37−8ν0)
8(1+ν0)(23+8ν0) · P

, (24)

ν(P ) = ν0, (25)
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and
σF (P ) = σF0 · e−β·P , (26)

where α0, E0, ν0 and σF0 are the fully dense material parameters
respectively. The parameters due to temperature variation of Si3N4

ceramic [21, 27–29] are as follows respectively:

α0(T ) = 2.85× 10−6/◦C, (27)

E0(T ) = 320.4− 0.0151 · (273.15 + T ) · e−445/(273.15+T )(GPa), (28)
ν0(T ) = 0.267 (29)

and
σF0(T ) = 1.03− 8.26/(1505.20− T )(GPa). (30)

By substituting Eqs. (27) ∼ (30) into Eqs. (23) ∼ (26), the
material parameters as functions of T and P are obtained as follows:

α = α0, (31)

E(T, P ) =
E0(T )(1− P )

1 + (5+ν0)(37−8ν0)
8(1+ν0)(23+8ν0) · P

, (32)

ν = ν0, (33)

and
σF (T, P ) = σF0 · e−β·P , (34)

where β = 4.24 [30]. The linear expansion coefficient and Poisson’s
ratio obtained are not relevant to neither temperature nor porosity.

For free mechanical boundary conditions, the force and moment
equilibrium equations are as follows:

z0∫

z2m

σ(z)dz = 0, (35)

and
z0∫

z2m

σ(z) · zdz = 0. (36)

We can solve Eqs. (35) and (36) for κ and ε (0). Thus, the thermal
stress field can be given by Eq. (22).

4. RESULTS AND DISCUSSION

In this section, investigations both on electromagnetic and thermal-
mechanical performances of the symmetrical graded porous structure
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are enforced by computational simulations. Before the procedure of
optimal design, the symmetrical graded porous structure is assumed
to be composed of 500 layers, namely m = 250. In fact, five hundred
layers are rather sufficient to simulate a structure with continuously
graded porosity distribution, because each layer would be merely
0.02 millimeter thick for a radome wall structure with a conventional
thickness of approximately 10 millimeters. As discussed in Section 3,
the properties of the proposed structure merely depends on the graded
index n, in case that the entire mass is given as a constant value.
Thus, the influences of the graded index on the electromagnetic and
thermal-mechanical properties are simultaneously studied below.

4.1. Effect of the Graded Index on the Transmission
Property

The effect of the graded index n on the transmission property of the
symmetrical graded porous structure is shown in Fig. 6. The figure
manifests a descending transmission ability of the structure due to an
increase in the graded index. As the graded index is barely 0.01, which
is considerably close to zero, the transmission efficiency maintains a
high lever (greater than 80%) in the whole frequency range. Such
superior transmission ability results from the fact that the symmetrical
graded porous structure tends to be a foam core with two extremely
thin facings, if the grade index approaches zero. As the graded index
approaches infinity, the graded structure tends to be composed of fully
dense material, because the intermediate porous layer is extremely thin
and can be neglected. Such a high-permittivity material apparently
results in deficiency of transmission ability. The simulation result
also indicates that the symmetrical graded porous structure satisfies
broadband transmission requirement in the 1–100 GHz range, if the
graded index is less than 0.1. It is seen that the graded structure,
with a graded index less than 0.1, exhibits much better broadband
transmission property than the A-sandwich structure, which is only
feasible in the 1–12 GHz and 82–96 GHz ranges.

4.2. Effect of the Graded Index on the Thermo-mechanical
Property

Figure 7 shows the stress ratio distributions when the graded index
varies. The stress ratio σ/σF , due to temperature gradients and
laminations, is required to be greater than −1.0 and less than 1.0
in order to withstand high-temperature conditions [31]. For the A-
sandwich structure, we can see that the stress ratio at the boundary of
the outer skin layer and the core layer is stepped. The stress ratio σ/σF
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Figure 6. The effect of the
graded index n on the transmis-
sion efficiency of the symmetrical
graded porous structure.

Figure 7. The effect of the
graded index n on the thermo-
mechanical property of the sym-
metrical graded porous structure.

at Point KH in Fig. 7 is merely −0.26, while it is approximately −1.0
(σ/σF = −0.96) at Point KL. The difference of the stress ratios is on
account of different strengths due to porosity variation at Points KH

and KL. It is seen from Fig. 7 that the stress ratio in the symmetrical
graded porous structure becomes as low as −2.3 near the outermost
skin (at Point IL), if the graded index n approaches zero. In fact,
the outermost skin material is fully dense, while the intermediate layer
consists of foam material with a maximum porosity, if the graded index
is equal to zero. The two bordering layers are significantly distinct
in thermal and mechanical properties. Furthermore, the strength σF

near the outermost skin is relatively low due to high temperature, and
the temperature gradient is relatively high as well. All these factors
result in the high thermal stress ratio near the outermost layer. As the
graded index increases, thermal stress is efficiently reduced, resulting
from impaired gradients of thermal and mechanical properties. Fig. 7
also indicates that the symmetrical graded structure is feasible for
high-temperature (up to 1400◦C) employments, if the graded index
n is in the vicinity of 0.09. It is seen that the thermal stress of the
graded structure is reduced in contrast to the A-sandwich structure,
especially at the interface between the outermost skin and its bordering
layer, where the stress ratio is at a considerably dangerous value (−0.96
at Point KL) for the A-sandwich structure and a relatively safe value
(−0.85 at Point JL) for the proposed structure. If a safe factor of about
1.05 is considered [31], the A-sandwich structure would fail to fulfill
the requirement of high-temperature conditions. According to the
discussion above, we come to a conclusion that the symmetrical graded
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structure is feasible for high-temperature broadband applications, if
its graded index is about 0.09. And its electromagnetic and thermo-
mechanical abilities precede that of the A-sandwich structure for
comparison.

5. CONCLUSION

This study focuses on both electromagnetic and thermo-mechanical
optimal design for high-temperature broadband radome wall with
symmetrical graded porous structure. Optimal results suggest that
the symmetrical graded porous structure possesses the best abilities
if the porosity graded index is chosen as approximately 0.09. The
symmetrical graded structure is demonstrated to be better than the
A-sandwich structure in the broadband transmission ability. And
the thermo-mechanical investigation also indicates that the novel
structure meets the requirement for high-temperature (up to 1400◦C)
applications.
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