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Abstract—In this paper, electromagnetic optimal design is carried
out for dual-band radome wall with alternating layers of staggered
composite and Kagome lattice structure. The novel wall structure
provides broadband transmission capability, along with excellent
thermal-elastic properties and mechanical performances for high
temperature applications. By optimizing the layer number (n) and the
thickness of the whole wall (d), the power transmission efficiency of the
novel structure in the frequency range of 1–100GHz is calculated via
boundary value method (BVM) based on electromagnetic theory. The
calculation results suggest that if the wall thickness is dimensioned
to be 6mm and the wall structure is designed as 5 layers, the
novel structure demonstrates excellent transmission performance. The
optimal design results show that the power transmission efficiency is
higher than 80% from 1 to 31GHz in the centimeter wave range and
from 59 to 100 GHz in the millimeter wave range, and the average
transmission efficiency over the pass band reaches as high as 91%.

1. INTRODUCTION

A radome, an acronym coined from radar dome, is a cover or
structure placed over an antenna that protects the antenna from
its physical environment [1–3]. Ideally, the radome must allow
transmission of electromagnetic waves and does not degrade the
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electrical performances of the enclosed antenna in any way. It can be
manufactured into a desired shape and is widely applied in marines,
aircraft, missiles, and other vehicles carrying radar. Structural
integrity of the radome competes with its electromagnetic transparency
and the level of competition depends on the requirements related to a
particular application environment. Thus, optimal design for the wall
structure is needed [4, 5].

Usually, radome wall constructions include half wavelength wall,
thin wall, sandwich wall and multilayer wall [6–8]. The half wavelength
wall possesses performances meeting the normal radome applications,
but it has relatively narrow bandwidth of about 5%. The thin wall
radome requires a thickness less than 5% wavelength of the operating
frequency in order to obtain satisfactory transmission capability. So
it finds little aircraft applications above X-band, since the wall would
be too thin to have enough mechanical strength [9, 10]. Multilayer
or sandwich radome wall which offers a high strength-to-weight ratio
satisfies the need for increased operating bandwidth [11]. Previously,
Mackenzie and Stressing disclosed a radome wall construction, an A-
sandwich construction, which included a sandwich of impact resistant
thermoplastic closed cell foam core bounded by epoxy/quartz laminate
facings [12]. The facings were dimensioned to be a half wavelength
wall for a 94 GHz wave and thin wall for a 9.345GHz wave. The
radome construction was used for Boeing 727/737/747 aircraft radome
and air transport aircraft while maintaining satisfactory transmission
efficiency for both the X-band radar and W-band radar. Fig. 1(a)
shows the prior art A-sandwich construction. Fig. 1(b) is a
computational plot of the transmission efficiency of the A-sandwich
construction as shown in Fig. 1(a). The transmission and reflection
of electromagnetic waves through a plate are basically affected by
the relationship between wavelength and thickness of the plate.
Such relationship will vary periodically when the frequency increases,
therefore, leading to periodic spikes in power transmission coefficient
curve of the plate. It is noted that although the A-sandwich has
relatively good transmission efficiency for both the X-band and W-
band, the bandwidth in the frequency range is relatively narrow.

For high speed applications, the radome structure must provide
appropriate weight, mechanical performances and thermal shock
resistance. Multilayer or sandwich structures made of two different
phases exhibit good fracture toughness, which can be 2–3 times
larger than that of the homogeneous materials, while keeping higher
bending strength [13]. However, thermal shock resistance of these
sandwich structures might be not so good, since the different coefficient
of thermal expansions (CTEs) between the two phases will lead to
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thermal mismatch stress. Current researches find that staggered
microstructure from bio-materials possesses better mechanical and
thermal-elastic properties, since the thermal mismatch stress between
staggered composite and the environment material or structure can
be efficiently reduced [14, 15]. Additionally, Kagome lattice structure
can provide the most optimum multifunctional performances, such
as elastic properties, improved mechanical strength, and ease of
fabrication at a specified structural weight [16].

Taking into account the advantages of the staggered composite
and Kagome lattice structure mentioned above, we report a novel
multilayer structure with alternating layers of staggered composite and
Kagome lattice structure, aiming at better transmission performance
with better thermal-elastic and mechanical properties. The odd layer
made of staggered composite is dimensioned to be a half wavelength
wall for a 90GHz millimeter wave and thin wall for a 9 GHz centimeter
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Figure 1. (a) Schematic section of a prior art A-sandwich radome
wall construction. (b) Transmission efficiency verses frequency of the
A-sandwich construction as shown in (a) over the range of 1–100 GHz.
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wave. The even layer, which is electromagnetically similar to free
space, is made of Kagome lattice structure with a higher strength-
to-weight ratio. A homogenization method is adopted to evaluate
the dielectric constant, for both the staggered composite and Kagome
lattice structure. By optimizing the layer number (n) and the thickness
of the whole wall (d), the power transmission efficiency of the multilayer
structure with alternating layers in the frequency range of 1–100 GHz
is calculated via boundary value method. Results show that the
novel construction is feasible for dual-band radome used in both
centimeter and millimeter wave ranges, and the transmission capability
is efficiently elevated compared to traditional construction.

2. NOVEL CONSTRUCTION AND METHODS

2.1. Novel Multilayer Construction with Alternating Layers

In order to obtain broadband transmission capability, we present a new
radome construction as shown in Fig. 2. The construction actually
presents a multilayer structure compared to the three-layer structure
in Fig. 1(a). The novel construction is symmetric and has odd layer
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Figure 2. The novel Alternating Layers of Staggered Composite and
Kagome Lattice Structure. (a) Mathematical model. (b) Schematic
diagram of the checkerboard mixture, a three dimensional 0-0 type
binary mixture. (c) Schematic diagram of the 2-D Kagome lattice
grids. (d) Unit cell of Kagome structure and staggered composite in
x-y plane.
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number (n). Staggered composite, which has better thermo-elastic
properties, is chosen to form the odd layer. The staggered composite
consists of two different phases which have different dielectric constant
and dielectric loss (loss tangent), as can be seen in Fig. 2(b). It
represents a 0-0 type of connectivity, where both phases are distributed
as checkerboard type of three-dimensional structure and both are non-
connected. Typically, the even layer is made of foam material which
is electromagnetically similar to free space. Kagome lattice structure,
as shown in Fig. 2(c), is chosen to form the even layer, for the fact
that it has relatively low density and better mechanical properties.
The effective dielectric constant of the Kagome lattice structure can
be controlled through varying the wall thickness of Kagome cell.

2.2. Homogenization Method for Estimating the Equivalent
Dielectric Constant

To estimate the equivalent dielectric property of staggered composite,
a versatile formula which contains many predictions of the effective
dielectric constant is adopted [17]:

εff − ε1

εff + 2ε1 + v(εff − ε1)
= f

ε2 − ε1

ε2 + 2ε1 + v(εff − ε1)
(1)

where ε1 is the dielectric constant of the environment, ε2 is the
dielectric constant of the inclusions, f is the volume fraction of the
inclusion phase and εff is the equivalent dielectric constant. Different
values of the parameter v lead to various mixing rules: v = 0
gives the fundamental Maxwell Garnett rule [18], v = 2 gives the
Bruggeman formula [19], and v = 3 returns the so-called coherent
potential approximation. Even though all these rules are limited to the
conditions that the inclusions are spherical and small compared with
the wavelength of the operating electromagnetic field, results given in
Refs. [20, 21] indicate that the homogenization models can be accurate
for periods as large as 1/2 to 1 free space wavelength, and possibly even
larger for lossy structures. Often, these mixing formulas are applied to
a wider class of mixtures with reasonable success, especially when the
dielectric contrast k = ε2/ε1 is small, such as 3 [22, 23].

For the checkerboard type of composite analyzed in this paper,
the homogenization formula achieves reliable dielectric constant if the
parameter v is 1.5 [24]. Considering extreme aerodynamic stresses
and loading requirement, the staggered composite must have higher
density. Here we can choose Si4 N3 and BN to form the staggered
composite which has been manufactured and verified to possess
better mechanical performances and thermal-elastic behaviors [25–
27]. Plastic forming methods, including extrusion and roll compaction,
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respectively, followed by hot-pressed sintering can be used to prepare
ceramic staggered composites [28]. By controlling the porosity,
the ceramic can be manufactured into a material with desired
electromagnetic and mechanical properties. As porous Si4N3 with a
dielectric constant of 2.8 satisfies the mechanical requirements, here
we choose the dielectric constant and dielectric loss of Si4N3 as 2.8
and 0.002 respectively. And we choose 4.1 and 0.006 as the dielectric
constant and dielectric loss of BN. In this case, the effective dielectric
constant and dielectric loss of the staggered composite obtained from
Eq. (1) are approximately 3.4 and 0.0038 respectively.

Honeycomb composite of hexagonal lattice geometry similar with
Kagome is analyzed in Ref. [29] by using Hashin-Shtrikman (HS)
upper bound to estimate the effective dielectric property, where the
agreement between the HS upper bound and the finite element method
(FEM) results is excellent. The maximum relative error compared
to the HS upper bound is less than 1% over the entire interval. At
the same time, effective conductivity of Kagome lattice structure is
indeed predicted using HS upper bound, which also agrees well with
the topology optimization results [16]. It is pointed out that results
obtained for the effective electrical conductivity translate immediately
into equivalent results for the effective dielectric constant, thermal
conductivity, and magnetic permeability for reasons of mathematical
analogy [16]. Consequently, we choose

εff = εs
(2− f)ε0 + fεs

fε0 − (2− f)εs
(2)

as a proper best-fit, where εs and ε0 are the complex dielectric constant
of bulk material and free vacuum.

The Kagome lattice structure is made of glass fiber reinforced
composite (GFRC) which has the dielectric constant and dielectric
loss of 2.7 and 0.04. The Interlocked Composite Grid and Extrusion
molding process are mainly manufacturing methods to make Kagome
lattice structure [30, 31]. In this paper, the structural parameters H,
W and L shown in Fig. 2(d) are designed as 2.7 mm, 1.56 mm and
0.3mm respectively, so the volume fraction of GFRC of the Kagome
lattice structure is chosen as 0.04. Therefore, the effective dielectric
constant and dielectric loss of the Kagome lattice structure can be
calculated as 1.05 and 0.001 by HS upper bound.

The thickness of the staggered composite layer which has higher
density and dielectric constant is normally 0.762 mm or greater in
order to provide sufficient structural properties [1]. A staggered
composite layer of 0.9mm in thickness meets the requirements of a
half wavelength wall for a 90 GHz wave and a thin wall for a 9 GHz
wave. Therefore, each odd layer of the proposed construction in this
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paper is dimensioned to be 0.9 mm in thickness, in order to form a
dielectric matching layer with sufficient mechanical properties. For
calculation of power transmission efficiency of the multilayer structure
with alternating layers of staggered composite and Kagome lattice
structure, the effects of the dielectric constant and dielectric loss of
each layer, the layer number, the thickness of each layer should be
taken into consideration. Based on the fact that the material of each
layer and the thickness of the staggered composite layer have been
decided, and the even layer of Kagome lattice structure is assumed to
be equal in thickness, we only need to consider the whole thickness of
the wall and layer number of the structure.

2.3. The Boundary Value Method for Calculating the
Transmission Efficiency

Before calculations of power transmission efficiency, some hypotheses
are made as follows:

(1) Plane wave solutions are used in mathematical descriptions of
wave propagation in order to synthesize more complicated wavefronts.

(2) The theory of plane wave propagation through a plane
dielectric sheet is used for radome design because a curved radome can
be approximated as locally planar. This paper describes propagation
vertical into flat sheets only.

(3) Permittivity and dielectric loss of each material keep invariable
at the whole calculation bandwidth.

The analysis of microwave transmission for a flat multilayer
lamination can be achieved via a boundary value solution of the N -
layer dielectric wall, the solution takes the form [32, 33]:
[

E+
0

E−
0

]
=

[
N∏

i=1

1

Ti

(
ejγiti Rie

−jγiti

Rie
+jγiti e−jγiti

)]
1

TN+1

[
1 RN+1

RN+1 1

] [
E+

N+1

0

]
(3)

where E+
0 , E−

0 and E+
N+1 represent the amplitudes of electric fields of

the incident wave, reflected wave and transmitted wave respectively, ti
is the thickness of the ith layer, Ri and Ti are Fresnel reflection and
transmission coefficients at the interface between the (i− 1)th and ith
layers. γi is the propagation constant normal to the boundary within
the ith layer, as given by

γi = k0
√

εri cos θi (4)

in which εri is the relative permittivity of the ith layer (a complex
quantity), k0 is the wave number in free space, and θi is the ray angle
within the ith layer measured with respect to the surface normal.
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The angle in each layer can be found from the well-known Snell’s
law:

θi = sin−1

(√
εr(i−1)√

εri
sin θi−1

)
(5)

By carrying out the matrix multiplication in Eq. (2) and gathering
terms together, the equation can then be written as:

[
E+

0
E−

0

]
=

[
A11 A12

A21 A22

] [
E+

N+1
0

]
(6)

The transmission voltage coefficient is given by

Tw =
1

A11
(7)

Both the reflection coefficient and the transmission coefficient are
complex and can be expressed in terms of its magnitude and the
insertion phase delayer (IPD) angle.

The power transmission efficiency can be rewritten as

|TW |2 =
∣∣∣∣

1
A11

∣∣∣∣
2

(8)

3. RESULTS AND DISCUSSION

An acceptable transmission efficiency usually requires a 70% minimum
transmission efficiency, preferably at least 80%, and most preferably at
least 85% transmission efficiency average over the frequency range. In
this study, we consider the acceptable minimum transmission efficiency
greater than 80%. As discussed in Section 2.2, the effective dielectric
constant and dielectric loss of each material have been estimated:
ε1 = 3.4, δ1 = 0.0038, ε2 = 1.05 and δ2 = 0.001. The thickness
of each odd layer has also been decided as d1 = 0.9mm. The effects
of the whole thickness and the layer number of the structure are to be
discussed below.

Firstly, we are going to optimize the layer number of the structure.
The initial condition for the wall thickness is d = 6 mm.

The effect of the layer number (n) on the transmission efficiency
of the novel multilayer structure in the frequency range of 1–100 GHz
is shown in Fig. 3. It is well known that multilayer radomes which
include low-density core materials and higher-density skin materials
are popular, because multilayer radomes have wider bandwidth and a
higher strength-to-weight ratio than monolithic radomes. However, as
the layer number increases, the whole thickness of staggered composite
layers with high dielectric constant also increases, which will decrease
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Figure 3. Power transmission efficiency of the novel alternate
structure as functions of the layer number in the frequency range of
1–100GHz.

the power transmission efficiency. So, optimizing the number of layers
which possess broadband properties with sufficient structural strength
is necessary. According to Fig. 3, if the structure is designed as 3 layers,
the structure has higher power transmission efficiency at passband,
but the bandwidth is narrow; if the structure is designed as 7 layers,
it has broader bandwidth at low frequency band, but bandwidth at
high frequency band is not wide enough; only if the layer number is
designed as 5, it can obtain broadband capability at both low and high
frequency bands. It can be seen that the power transmission efficiency
is more than 80% at frequency range of 1–31 GHz and 59–100GHz.
Thus, we choose n = 5 as the optimal layer number of the structure.

Secondly, the effect of the whole thickness of the radome wall is
taken into consideration. Taking into account that a certain thickness
is needed for mechanical requirements, we only discuss the case of wall
thickness greater than 6 mm. The initial condition is taken as n = 5.

Figure 4 shows the effect of the wall thickness (d) on the
transmission efficiency of the multilayer structure with alternating
layers in the frequency range of 1–100 GHz. According to Fig. 4, as
d increases from 6 to 10 mm, the bandwidth of passband decreases
gradually. When the thickness increases from 6 mm, the bandwidth
at high frequency band becomes narrower significantly, while the
bandwidth at low frequency band is slightly extended as the wall
thickness decreases. It is obviously seen that the proposed structure
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Figure 4. Power transmission efficiency of the novel alternate
structure as functions of the whole wall thickness in the frequency
range of 1–100GHz.

possesses the best broadband capability when the wall is 6 mm thick.
The transmission efficiency is all greater than 80% except the frequency
range from 31 to 59 GHz. Thus, the most optimal wall thickness of the
novel multilayer structure radome is chosen as 6mm according to the
discussion above. If the transmission efficiency is required to be above
70%, we can see in Fig. 4 that the radome wall which thickness is about
7 ∼ 8mm can be used in three-band applications.

From the above calculations we could conclude that, if the wall
structure is 6mm thick with 5 alternating layers, the structure obtains
the best broadband transmission efficiency. The power transmission
efficiency is higher than 80% at frequency range of 1–31 GHz and 59–
100GHz, and the transmission efficiency average over the frequency
range reach as high as 91%, which meets the requirements of broadband
radome.

Figure 5 shows the transmission efficiency of the optimum design
structure over the range from 1 to 100 GHz by finite element simulation
software HFSS and the boundary value method. The computational
speed of BVM is much faster than that of HFSS. While BVM takes
only 3 seconds, HFSS may expend 30 minutes or so because the micro-
structure is modeled directly in FEM simulation. The micro-structural
parameters of the subunits shown in Fig. 2(d) are H = 2.7mm,
W = 1.56 mm, and L = 0.3mm respectively in HFSS. It can be
obviously seen that the results calculated by the two different methods
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Figure 5. Power transmission efficiency of the optimal structure
calculated by simulation software HFSS and BVM in the frequency
range of 1–100GHz.

(a) (c) (d)(b)

Figure 6. (a) Novel alternate structure. (b) Double-intermediate-
layer structure. (c) A-quarter-wavelength structure. (d) Mixed
structure.

agree fairly well. Comparing to Fig. 1(b), it is seen that the bandwidth
both in the centimeter and millimeter wave ranges of the proposed
structure in this paper is much broader than that of the construction
from Ref. [9], namely construction of Fig. 1(a).

In a typical symmetric structure of five layers, namely C-sandwich
radome structure, the intermediate layer is typically made to be about
twice the susceptance of the inner and outer skin layers for electrical
reasons [34]. The susceptance of each layer is a function of the dielectric
constant of the material, its thickness, and the frequency of interest.
If the same material is used for all three layers, the intermediate layer
is typically twice as thick as the inner or outer skin layers. Meanwhile,



448 Pei et al.

the even layer of the C-sandwich structure, electromagnetically similar
to free space, has a thickness of approximately a quarter wavelength for
optimum cancellation of reflections caused by high dielectric constant
layer, namely approximately 8 mm. Fig. 6 presents four kinds of
C-sandwich radome structures with different dimensions: the novel
structure (Model a) shown in Fig. 6(a) is the structure proposed in
this paper; double-intermediate-layer structure (Model b) shown in
Fig. 6(b) has an intermediate layer twice as thick as that of the
novel structure; a-quarter-wavelength structure (Model c) shown in
Fig. 6(c) has core layer (even layer) of a quarter wavelength thick
compared to the novel structure; mixed structure (Model d) shown in
Fig. 6(d) has both double-thick intermediate layer and core layer of a
quarter wavelength thick. Fig. 7 shows the transmission efficiency over
the range from 1 to 100GHz for four different structures mentioned
above. It is seen that the novel structure has the best broadband
transmission efficiency among the four structures. We can see that
structures with uniform thickness of intermediate layer and outmost
skin layer have better broadband capability, compared to structures
with intermediate layer as twice thick as outmost skin layer. Although
a-quarter-wavelength structure and mixed structure possess greater
power transmission efficiency in their passband, the bandwidth is
relatively narrow. Among the four constructions, we can see that
the novel structure of dual-band radome obtains the best transmission
capability.
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Figure 7. Transmission efficiency verses frequency of the four
structures as shown in Fig. 6 over the range of 1–100 GHz.
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4. CONCLUSION

In this study, a novel multilayer radome wall structure with alternating
layers of staggered composite and Kagome lattice structure is proposed.
The multilayer structure is designed to satisfy broadband requirement
for centimeter and millimeter waves dual-band applications, along with
better thermal-elastic behaviors and mechanical performances. The
homogenization theory is adopted to estimate the effective dielectric
constant of the staggered composite and Kagome lattice structure.
And the power transmission efficiency of the construction is calculated
via boundary value method. Calculations indicate that if the radome
wall is dimensioned as 6 mm in thickness with 5 alternating layers, the
construction achieves the best broadband transmission performance.
The optimal result shows that the power transmission efficiency is
higher than 80% at frequency range of 1–31 GHz and 59–100 GHz, and
the transmission efficiency average over the frequency range reaches as
high as 91%. Compared to traditional C-sandwich radome structures,
the novel construction possesses better broadband capability. Our
calculation results suggest that the novel structure with alternating
layers of staggered composite and Kagome lattice structure is feasible
for dual-band radome applications.

It should be emphasized that all results are for normal incidence
only and are theoretical in our work. We will do more work on the
radome analysis techniques to predict a radome-enclosed antenna’s
performance, such as the geometric optics (GO) and physical optics
(PO) methods, in which the non-normal incidence and polarization
effects should be considered [35–37]. Experimental measurements
to confirm accuracy of homogeneous approximation of synthesized
radome material are another interest of our further research [38, 39].
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