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Abstract: In this work, the microwave propagation characteristics of a planar A-sandwich 
broadband radome wall structure (Glass epoxy/PU foam/Glass epoxy) were investigated 
using the characteristic matrix formalism. Theoretical results were compared with those 
from COMSOL Multiphysics software under varying parameters. At optimal thickness 
values of the skin (d1) of the Glass epoxy and the core (d2) of the PU foam layers, zero 
reflectance and minimal absorbance (< 2%) were observed at normal incidence, leading to 
a highly transparent sandwich structure with > 98% transmittance at 3 GHz. Optimization 
of the core thickness revealed significant improvement in transmittance versus frequency 
and angle of incidence. The A-sandwich with a skin layer thickness of 0.60 mm and a core 
layer thickness of 5 mm exhibited high transmittance for a broad frequency band, 
extending to the X-band at normal incidence. Also, the A-sandwich exhibited high 
transparency at all angles of incidence for electromagnetic waves with frequencies at the 
center of the S-band and the X-band. These results demonstrate the feasibility of 
optimizing planar A-sandwich as a broadband, high-performance radome wall structure for 
a wide range of frequencies and angles of incidence. 
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1. Introduction 

A radar dome (radome) wall constructed from 
dielectric-dielectric or dielectric-metal 
combinations is usually used to shield and 
protect transmitting and receiving antennas and 
electronic equipment against environmental 
damage [1–12]. The high performance of the 
enclosed antenna requires a radome wall with 
excellent transmission at operating frequencies. 
Consequently, extensive efforts were devoted to 
the design of radomes for broadband antenna 
operation [13–17]. 

 
Reflection losses and aberration caused by the 

radome wall depend on the dielectric constant 

and the loss tangent of the materials involved 
in the construction. Therefore, to minimize the 
impact of the radome on the performance of the 
antenna, combinations that lead to high 
absorption should be avoided. In addition, 
depending on the operational requirements of the 
antenna, the shape and thickness profile of the 
radome are also important parameters to meet 
the structural and environmental requirements 
[11, 17]. Different structures of the radome wall 
are usually considered, including thin dielectric 
walls, half wavelength walls, A-sandwich, B-
sandwich, C-sandwich, and multilayered 
structures [15, 16, 18–20].  
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 The A-sandwich structure, satisfying both the 
mechanical and electrical requirements, is a 
practical choice for weather radar radomes [13, 
19, 21]. Additionally, A- sandwich designs are 
used in a wide range of applications [2, 22]. A 
typical structure consists of two resin glass-fiber 
skin layers with a dielectric constant near 4 and a 
loss tangent of 0.015, along with a core material, 
such as honeycomb or foam, with a dielectric 
constant near 1.15 and a loss tangent of 0.002 
[23, 24]. The performance of a high-quality 
sandwich radome depends on the number of 
layers, the shape of the radome wall, the 
thicknesses of skin and core materials, and the 
overall thickness profile of the structure [1, 2, 5, 
6].  

The overall reflection, transmission, and 
absorption response can usually be obtained by 
adopting the scattering or the propagation 
matrices, the propagation of the impedances at 
the interfaces in analogy to transmission lines, or 
the propagation of the reflection responses [3, 4, 
6, 25]. These techniques with forward and 
backward layer recursions are of most 
importance for the investigation of wave 
propagation problems in dielectric thin films, 
radome wall design, and layered structures. A 
transfer (transition) matrix relates the 
electromagnetic fields at two different interfaces 
(it relates input to output fields), which can be 
arranged into a scattering matrix that relates the 
corresponding incoming to outgoing field 
amplitudes [26–28]. The elements of the 
scattering matrix (S-parameters) are used widely 
in the characterization of two- and multi-port 
networks at microwave frequencies. 

In looking for a perfect transmitter with 
ignorable reflection and absorption responses, we 
adopt in this article a combination of dielectric 
materials to construct a planar A-sandwich 
consisting of a PU Foam dielectric core slab 
between two identical Glass epoxy skin slabs on 
either side. The reflection and transmission 
coefficients are evaluated within the frame of the 
global characteristic matrix approach [3, 25]. The 
propagation characteristics of the A-sandwich 
design with different choices of skin and core 
layer thicknesses are analyzed, and an optimal 
sandwich structure is suggested for broadband 
operation at all angles of incidence. 

In this article, theoretical results will be 
compared with those from COMSOL 

Multiphysics software. COMSOL Multiphysics 
is based on the finite element method. It is used 
to solve and simulate a wide range of physics 
and engineering problems, in particular, coupled 
phenomena and multiphysics [29–34]. The 
effects of skin and core slab thicknesses on the 
transmission, reflection, and absorption 
behaviors with the increase of the incident wave 
frequency and angle of incidence will be 
investigated by considering representative 
numerical analysis from theory and simulations. 
In particular, we are looking for the feasibility of 
optimizing the A-sandwich radome wall for both 
TE and TM modes for a broadband high 
performance at all angles of incidence. The 
article is organized as follows: In Sec. II we 
present the geometry and model equations used 
in characterizing the A-sandwich radome 
performance. A conventional field-matching 
technique is used for deriving the global 
characteristic matrix and the corresponding 
reflection and transmission coefficients. In Sec. 
III, we present the transmittance, the reflectance, 
and the absorbance of electromagnetic waves by 
the A-sandwich with different layer thicknesses 
and discuss the dependencies of the performance 
of the A-sandwich on the frequency and the 
angle of incidence. Finally, we present the main 
conclusions of this study in Sec. IV. 

2. Model Equations 
Figure 1 shows the A-sandwich geometry 

with free space serving as the input and output 
media. When the radius of curvature of the 
radome wall is significantly larger than the 
wavelength of the incident wave, the radome 
wall can be treated as a planar multilayer 
structure with an infinite extent in the xy-plane 
and with finite width in z [6]. We use for the A-
sandwich panel two Glass epoxy (G) slabs with 
௥ߝ = 4 and a loss tangent tan ߜ௘ = 0.015, having 
thicknesses ݀ଵand ݀ଷ. The core layer consists of  
PU foam (F), with ߝ௥ = 1.15, tan ߜ௘ = 0.002, 
and slab thickness ݀ଶ [23, 24]. 

 The characteristic matrix formalism and its 
relation to impedance propagation are presented 
below, along with derivations of expressions for 
the global reflection ρ and transmission τ 
coefficients in terms of the elements of the 
global matrix of a laminated medium [3, 4]. 
Then we apply the results to analyze the three 
slabs of the A-sandwich radome wall structure. 
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FIG. 1. A-radome wall of three lossy dielectrics with ∆z2 = z3 − z2 = d1, ∆z3 = z4 − z3 = d2, and 

∆z4 = z5 − z4 = d3. 
Let the plane of incidence be the xz-plane 

such that ሬ݇⃗ ଴ = ݇଴ sin ොݔ ଵߠ + ݇଴ cos  where ,ݖ̂ ଵߠ
 ଵ stands for the angle of incidence on the firstߠ
interface. For the transverse electric (TE) mode, 
the electric field is perpendicular to the plane of 
incidence such that ܧሬ⃗ =  ො, whereas theݕ௬ܧ
magnetic field is in the plane of incidence such 
that ܪሬሬ⃗ = ොݔ௫ܪ ௭ܪ +  .ݖ̂

Considering the ݕ-independent plane wave 
solution with a typical layer between ݖ௠ିଵ and 
-௠ [3], the time-harmonic fields inside the ݉௧௛ݖ
layer of the multilayered structure are given by, 

௬ܧ = ൫ܣ௠݁ି௝థ೘ + ௠݁௝థ೘൯݁௝(ఠ௧ି௞೘௫ܤ ୱ୧୬ ఏ೘)   
(1)  

௫ܪ =
− ଵ

ఎ೘
൫ܣ௠݁ି௝థ೘ −

௠݁௝థ೘ܤ ൯݁௝(ఠ௧ି௞೘௫ ୱ୧୬ ఏ೘)            (2) 

߶௠ = ݇௠(ݖ − (௠ݖ cos ௠ߠ ,           (3) 

௠ߟ = ఠఓ೘
௞೘

sec ௠ߠ , ݇௠
ଶ = ߱ଶߤ௠߳௠           (4) 

where ߱ is the frequency of the incident wave, 
 ௠and ߳௠are the permeability and permittivityߤ
of the ݉௧௛-layer, respectively, and ߠ௠ is the 
refraction angle at the ݉௧௛  interface relating the 
layers ݉ and ݉ − 1. The continuity of ܧ௬  at all 
interfaces implies ݇௠ sin ௠ߠ = ݇଴ sin  ଵ for allߠ
݉-values, namely, 

cos ௠ߠ = ට1 − ௦௜௡మఏభ
ఢ೘

, ݉ = 2, 3, 4.          (5) 

At the interface ݖ =  ௠, the fieldݖ 
components ܧ௬ = ௠ܧ   and ܪ௫ = ௠ܪ   are as 
follows: 

௠ܧ = ௠ܣ) + ௠)݁௝(ఠ௧ି௞೘௫ܤ ୱ୧୬ ఏ೘),          (6) 

௠ܪ = − ଵ
ఎ೘

௠ܣ) − ௠)݁௝(ఠ௧ି௞೘௫ܤ ୱ୧୬ ఏ೘).        (7) 

Similarly, at ݖ =  ௠ିଵ, the field valuesݖ 
 ௠ିଵ, are given byܪ ௠ିଵ andܧ

௠ିଵܧ =
൫ܣ௠݁௝୼థ೘ + ௠݁ି௝୼థ೘൯݁௝(ఠ௧ି௞೘௫ܤ ୱ୧୬ ఏ೘),  
             (8) 

௠ିଵܪ =
− ଵ

ఎ೘
൫ܣ௠݁௝୼థ೘ −

௠݁ି௝୼థ೘ܤ ൯݁௝(ఠ௧ି௞೘௫ ୱ୧୬ ఏ೘),          (9) 

Δ߶௠ = ݇௠(ݖ௠ − (௠ିଵݖ cos ௠ߠ =
݇௠Δݖ௠ cos ௠ߠ .          (10) 

Upon solving Eqs. (6) and (7) 
simultaneously for ܣ௠ and ܤ௠ in terms of 
௠ܧ  and ܪ௠, we get 

௠ܣ2 = ௠ܧ) − ௠)݁ି௝(ఠ௧ି௞೘௫)ܪ௠ߟ ୱ୧୬ ఏ೘ ,     (11) 

௠ܤ2 = ௠ܧ) + ௠)݁ି௝(ఠ௧ି௞೘௫)ܪ௠ߟ ୱ୧୬ ఏ೘ ,     (12) 

By substituting ܣ௠ and ܤ௠  into Eqs. (8) and 
(9), we obtain the following relation between the 
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input fields (ܧ௠ିଵ, ܪ௠ିଵ) and the output (ܧ௠ , 
௠ܪ ) in matrix form, namely, 

൬ܧ௠ିଵ
௠ିଵܪ

൰ =  ൭
cos Δ߶௠ ௠ߟ݆− sin Δ߶௠

− ௝
ఎ೘

sin Δ߶௠ cos Δ߶௠
൱,   

(13) 

                 =  ൬݇ଵଵ ݇ଵଶ
݇ଶଵ ݇ଶଶ

൰ ൬ܧ௠
௠ܪ

൰,         (14) 

where ݇௠  stands for the ݆݅th element of the 
characteristic transmission matrix of the ݉th 
layer. Note that ܧm, ܪm, ܧm-1, and ܪm-1 are the 
fields on both sides of the ݉th interface, thus, 
relating the fields in both layers ݉ and ݉ − 1. 
The incident transverse magnetic (TM) mode 
with ܧሬ⃗  being parallel to the plane of incidence can 
be treated in the same manner without any 
difficulty. The only change in the above 
formalism for transverse magnetic waves is to 
replace the slab intrinsic impedance ߟ௠

்ெ =
ఠఓ೘

௞೘
sec ௠ߟ ௠ byߠ

்ெ = ఠఓ೘
௞೘

cos  .௠ߠ

A repeated application of the above matrix in 
a recursive order results in the following relation 
between the input and the output fields: 

൬ܧଵ
ଵܪ

൰ =  ∏ ൬݇ଵଵ ݇ଵଶ
݇ଶଵ ݇ଶଶ

൰ ൬ܧெ
ெܪ

൰ெ
௠ୀଶ ,        (15) 

where ܯ =  5 for the A-sandwich under 
consideration. Note that ܯ =  2 and ܯ =  3 
correspond to a single interface and a slab, 
respectively. The above product of slab matrices 
defines the global matrix ܭ of the whole 
multilayered structure which relates the fields on 
either side of the structure. Accordingly, we 
write 

൬ܧଵ
ଵܪ

൰ =  ൬ܭଵଵ ଵଶܭ
ଶଵܭ ଶଶܭ

൰ ൬ܧெ
ெܪ

൰,         (16) 

ଵܧ = ெܧଵଵܭ ெܪଵଶܭ + ,          (17) 
ଵܪ = ெܧଶଵܭ ெܪଶଶܭ + .         (18) 

In what follows, we express the fields 
ெܧ ,ଵܪ,ଵܧ , and ܪெ  in terms of the amplitudes 
of ܣଵ, ܤଵ, ܣெ , and ܤெ  by using Eqs. (6) and 
(7). Accordingly, we obtain, 

ଵܣ + ଵܤ = ெܣ)ଵଵܭ + (ெܤ +  ௄భమ
ఎಾ

ெܤ)  −    ,(ெܣ
(19) 

஻భି஺భ
ఎభ

= ெܣ)ଶଵܭ + (ெܤ +  ௄మమ
ఎಾ

ெܤ)  −  ெ),  (20)ܣ

Upon solving Eqs. (19) and (20) 
simultaneously, we put the result in the 
following matrix form: 

൬ܣଵ
ଵܤ

൰ =  ቀ
ଵଵݑ ଵଶݑ
ଶଵݑ ଶଶݑ

ቁ ൬ܣெ
ெܤ

൰.        (21) 

Here, the elements of the u-matrix are as 
follows: 

ଵଵݑ = ଵ
ଶ
ଵଵܭ)  − ଵ

ఎಾ
ଵଶܭ − ଶଵܭଵߟ + ఎభ

ఎಾ
 ଶଶ)    (22)ܭ

ଵଶݑ = ଵ
ଶ
ଵଵܭ)  + ଵ

ఎಾ
ଵଶܭ − ଶଵܭଵߟ − ఎభ

ఎಾ
 ଶଶ)    (23)ܭ

ଶଵݑ = ଵ
ଶ
ଵଵܭ)  − ଵ

ఎಾ
ଵଶܭ + ଶଵܭଵߟ − ఎభ

ఎಾ
 ଶଶ)    (24)ܭ

ଶଶݑ = ଵ
ଶ
ଵଵܭ)  + ଵ

ఎಾ
ଵଶܭ + ଶଵܭଵߟ + ఎభ

ఎಾ
 ଶଶ)    (25)ܭ

To obtain the microwave propagation 
characteristics of the A-sandwich of Fig. 1, we 
assume vacuum as the medium on both sides of 
the A-sandwich. Applying the above results for 
five media ܯ =  5 with four interfaces, waves 
will be transmitted in the output medium without 
any further reflection since the output medium is 
a free space with an intrinsic impedance 
ηெୀହ = ܼ଴ and extends to infinity. The 
characteristic matrix ܭହ is the unit matrix, 
therefore, the input as well as the output media 
will not alter the electromagnetic fields’ (ܧହ and 
 ହ) transmission through the topmost vacuumܪ
layer ܯ =  5. 

The ratio of the globally transmitted to 
incident electric field amplitudes defines the 
global transmission coefficient ߬ of the A-
sandwich structure, which is simply ܣெ ⁄ଵܣ =
1 ⁄ଵଵݑ . On the other hand, using the relation 
ଵܤ = ெܣଶଵݑ =  ଵ, the ratio of the globallyܣଶଵ߬ݑ
reflected to incident electric field amplitudes 
ଵܤ ⁄ଵܣ =  ଶଵ defines the global reflectionݑ߬
coefficient. Accordingly, using Eqs. (22) and 
(24) we obtain the following relations for these 
coefficients, 

ߩ = ௄భభି௄మమା௓బ௄మభି௄భమ ௓బ⁄
௄భభା௄మమି௓బ௄మభି௄భమ ௓బ⁄          (26) 

ߩ = ଶ
௄భభା௄మమି௓బ௄మభି௄భమ ௓బ⁄          (27) 

Here, Z଴  =  377 is the vacuum impedance 
and ܭఈఉ is the ߚߙ௧௛-element of the global 2 ×
2 -characteristic matrix ܭ of the ܣ-sandwich, 
namely, ܭ =  ସܭ ଶ andܭ ସ. The matricesܭଷܭଶܭ
are the characteristic matrices of the skin layers, 
and ܭଷ is the characteristic matrix of the core 
layer. For the transverse electric (TE) wave 
incident at an angle ߠଵ, the relevant parameters 
for the analysis of the ܣ-sandwich performance 
are defined as follows: 
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ଶܭ = ቆ
cos ∆߶ଶ ଶߟ݆− sin ∆߶ଶ

− ௝
ఎమ

sin ∆߶ଶ cos ∆߶ଶ
ቇ,        (28) 

ଷܭ = ቆ
cos ∆߶ଷ ଷߟ݆− sin ∆߶ଷ

− ௝
ఎయ

sin ∆߶ଷ cos ∆߶ଷ
ቇ,        (29) 

ସܭ = ቆ
cos ∆߶ସ ସߟ݆− sin ∆߶ସ

− ௝
ఎర

sin ∆߶ସ cos ∆߶ସ
ቇ,        (30) 

∆߶ଶ = ఠ
௖బ

ଶݖଶ Δߝ√ cos ଶߠ , ଶߟ = ௓బ

√ఌమ 
sec ଶߠ ,    (31) 

∆߶ଷ = ఠ
௖బ

ඥߝଷ Δݖଷ cos ଷߠ , ଷߟ = ௓బ

ඥఌయ 
sec  ଷ,   (32)ߠ

∆߶ସ = ఠ
௖బ

ସݖସ Δߝ√ cos ସߠ , ସߟ = ௓బ

√ఌర 
sec ସߠ ,    (33) 

where ܿ଴ is the free space speed of light. For 
identical lower and upper media, the reflectance 
ܴ, transmittance ܶ, and absorbance ܣ can be 
calculated as follows [25]: 

ܶ = ߬߬∗, ܴ = ,∗ߩߩ ܣ = 1 − ܴ − ܶ,        (34) 

where ߬∗ and ߩ∗ stand for the complex conjugate 
of the transmission and reflection coefficients, 
respectively. 

3. Results and Discussion 
In this section, we provide numerical 

examples of the propagation characteristics of the 
A-sandwich. For all numerical examples, the skin 
Glass epoxy (G) slab thicknesses are equal, i.e. 
∆z2 = d1, ∆z4 = d3 = d1, and the thickness of the 
core PU foam (F) slab is ∆z3 = d2. The complex 
relative permittivity of the skin Glass epoxy slabs 
is ߝଶ  = ସߝ   =  4 (1 − ݆0.015), while that of the 
core foam layer is ߝସ  =  1.15 (1 −  ݆0.002)[23, 
24]. Figures 2-4 illustrate the transmittance, 
reflectance, and absorbance of 3 GHz normally 
incident waves versus the ratio of core slab 
thickness to the free space wavelength λ0. To 
investigate the effect of the G-layer thickness, 
calculations were performed for d1 = d3 within 
the range of 0.60-0.70 mm. 

The curves of Fig. 2 show the transmittance at 
normal incidence versus the normalized core 
thickness d2/λ0 for different Glass epoxy slab 
thicknesses d1. The theoretical transmittance 
curves presented in this work align perfectly with 
those obtained from COMSOL Multiphysics 
software for all parameters at normal incidence. 
All curves show that the A-sandwich structure 
under consideration is primarily transparent to 
electromagnetic waves in the S-band at all layer 
thicknesses under consideration, with a minimum 
transmittance of ~96%. In COMSOL simulation, 

the A-sandwich model is studied for one unit cell 
with applied Floquet boundary conditions that 
describe the periodicity. The Floquet periodicity 
can be used to model infinite periodic structures 
and models involving plane waves interacting 
with periodic structures [35, 36]. 

However, the transmittance exhibited a 
periodic behavior as d2 increased, with a slight 
decrease in successive periods. The period of 
 ଴ is precisely half the wavelength in theߣ0.4660
core medium with ߝଷ = 1.15. Also, the 
reflectance exhibited similar periodic behavior 
with the same period as d2 increases, and the 
reflectance minima coincide with the 
transmittance maxima (Fig. 3). The first 
transmittance maximum (with the highest 
transmittance of ~99%) occurs at ݀ଵ = 0.60 mm 
and ݀ଶ  ≈  3.0 cm. The first transmittance 
maximum revealed an almost perfectly 
transparent structure with negligible reflection 
and only < 1% absorption as indicated by Figs. 
2˗4. The subsequent increase of d2 by a multiple 
of half wavelength in the core material 
reproduced the transmittance maxima and 
reflection minima, as seen in Figs. 2 and 3. 
Evidently, the maximum values of the 
transmittance are almost independent of the 
value of d1, which is a consequence of the 
vanishing effect of d1 on the reflectance minima 
and the negligibly small increase of the 
absorbance with the increase of d1, being ~ 0.1% 
across the whole range of d1. However, the 
effect of d1 on the minimum values of the 
transmittance is more pronounced owing to the 
more tangible increase of the maximum 
reflectance with the increase of d1 leading to a 
reduction in the transmittance. Nevertheless, this 
reduction is still negligibly small for practical 
applications (< 1%). On the other hand, the 
small monotonic decrease (~ 1%) of the 
transmittance maximum value with the increase 
of d2 from 0.3ߣ଴ to 1.2ߣ଴ is a result of the 
increase of absorption in progressively thicker 
layers of the core material. 

Noteworthy, the periodic behavior of the 
transmittance in Fig. 2 and the reflectance in Fig. 
3 are due to the dependence of ܭଷ from Eq. (29) 
on ߶ଷ. The sine and cosine of ∆߶ଷ vary with 
݀ଶ = and ݀ଶ ߣ݊  = (݊ +  between +1 and ߣ(1/2 
-1, respectively, giving the periodic behavior of 
the transmittance and the reflectance as defined in 
Eq. (27). 
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FIG. 2. Transmittance from theory and simulation for symmetric G-F-G unit cell. 

 

  
FIG. 3. Reflectance for symmetric G-F-G unit cell. 
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FIG. 4. Absorbance for symmetric G-F-G unit cell. 

It is obvious from the above results that a skin 
thickness of d1 = 0.60 mm provides better 
performance compared to larger values of d1. 
Also, it is evident that the transmittance did not 
change appreciably with increasing core 
thickness d2. However, the analysis of the 
propagation characteristics of the A-sandwich 
versus frequency in the range of 0-18 GHz, 
covering the S-band (2− 4 GHz) and the X-band 
(8 −12 GHz), reveals optimal performance at 
lower core thickness values. Figure 5 shows the 
frequency dependence of the transmittance at 
normal incidence for two A-sandwiches with d1 
= 0.60 mm, the first having d2 = 0.5 cm and the 

second with d2 = 3.0 cm. Obviously, at d2 = 0.5 
cm the A-sandwich maintains a high 
transmittance (above 95%) up to 14 GHz, 
beginning to degrade at frequencies higher than 
12 GHz, reaching 77% at 18 GHz. In 
comparison, the transmittance of the A-sandwich 
with a core thickness of 3.0 cm exhibits 
oscillations in this frequency range, and a lower 
transmittance across the X-band and up to 15 
GHz. The transmittance of this sandwich drops 
down to below 90% in the central region of the X-
band, and down to 67% at 18 GHz. However, a 
slight improvement in performance is observed in 
a narrow frequency range of around 16 GHz. 

 
FIG. 5. Transmittance for symmetric G-F-G unit cell.
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The fluctuations observed in Fig. 5 represent 
periodic oscillations in transmittance due to the 
dependence of ∆߶ଷ on ωd2. Accordingly, as the 
core thickness d2 increases, the frequency range 
for a single oscillation period decreases. The 
superior performance of the A-sandwich with a 

core thickness of 0.5 cm is demonstrated by its 
low reflectance and absorbance across the X-
band (Fig. 6). Conversely, the sharp increase in 
reflectance at higher frequencies is the primary 
factor responsible for the decline in transmittance 
for frequencies above 12 GHz. 

 
FIG. 6. Absorbance and reflectance for symmetric G-F-G unit cell. 

To investigate the performance of the A-
sandwich at arbitrary angles of incidence, the 
dependence of the transmittance on the angle of 
incidence was evaluated at the center of the S-
band (3 GHz) and the center of the X-band (10 
GHz) for the sandwiches with d2 = 0.5 cm and d2 
= 3.0 cm. Figures 7 reveals high transmittance (> 
92%) at 3 GHz for the sandwiches with d2 = 0.5 
and 3.0 cm up to an incident angle of 60°. At 
higher angles, the transmittance of both 
sandwiches drops rapidly to zero at grazing 
incidence, but the rate of decrease of the 3.0-cm 
sandwich is faster. At 10 GHz (Fig. 8), the 0.5-cm 
sandwich exhibits similar behavior, but with a 
faster decrease of transmittance with the increase 
of the angle of incidence, exhibiting 75% at 60°. 
However, the 3.0-cm sandwich exhibits a slow 
drop from 90% to a local minimum of 82% at 30° 
and subsequently increases to a maximum of 96% 
at ~ 52°, and then decreases rapidly to zero at 
grazing incidence. This sandwich exhibits higher 
transmittance than the 0.5 cm sandwich in the 
angular range of 45°-63°, but at higher angles, the 
transmittance dropps to zero at a faster rate. 
Accordingly, the sandwich with d1 = 0.60 mm 
and d2 = 0.5 cm can be suggested as a highly 
transparent radome wall for broadband 
electromagnetic waves at all angles of incidence. 

The behavior of the transmittance at the two 
different d2 values in Figs. 7 and 8 is due to the 
dependence on ∆߶ଷ which is proportional to 
߱݀ଶ cos  ଷ increases above zero (normalߠ ଷ. Asߠ
incidence), the value of ∆߶ଷ decreases leading to 
the observed behavior for d2 = 3 cm.  

Finally, we evaluated the transmission 
characteristics of the A-sandwich with d1 = 0.60 
mm and d2 = 0.5 cm for perpendicular (TE) and 
parallel (TM) polarizations. At low angles of 
incidence, the sandwich revealed similar 
behaviors of the transmittance versus frequency 
with high transparency for both polarization 
modes in a broad frequency range (not shown for 
brevity). However, the frequency-dependent 
transmittance of the two modes showed different 
behaviors at higher angles of incidence. Figures 9 
and 10 show representative curves of the 
transmittance versus frequency at an incident 
angle of 30°. Evidently, the A-sandwich revealed 
a high transparency (more than 90%) for both 
polarization modes up to 16 GHz, above which 
the transmittance starts decreasing rapidly. 
However, the transmittance of the TE mode was 
generally lower than the TM mode across the 
frequency range up to the end of the Ku band (18 
GHz). 
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The average transmittance curves for both 
polarization modes at an angle of incidence 
ଵߠ = గ

଺
 are shown in Fig. 10. By decomposing 

an incident wave into TE and TM  wave modes, 
the average transmittance is obtained from 

௔ܶ௩ = ଵ
ଶ

( ்ܶா + ்ܶெ) [25]. Figure 10 shows that 
the theoretical results closely align with the 
simulation results, demonstrating almost 
identical transmittance values up to 18 GHz.  

 
FIG. 7. Transmittance for symmetric G-F-G unit cell. 

 
FIG. 8. Transmittance for symmetric G-F-G unit cell. 
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FIG. 9. Transmittance for symmetric G-F-G unit cell. 

 
FIG. 10. Average transmittance from theory and simulation for symmetric G-F-G unit cell. 

4. Conclusions 
We investigated the propagation 

characteristics of the A-sandwich constructed 
from two identical skin Glass epoxy slabs and a 
core PU foam slab. The effects of slab 
thicknesses on transmission, reflection, and 
absorption behaviors were analyzed as the incident 

wave frequency and angle of incidence 
increased, utilizing representative numerical 
analyses derived from both theoretical models 
and simulations. The A-sandwich, with a skin 
layer thickness d1 ranging from 0.60 to 0.70 mm 
and a core layer thickness d2 of up to 12 cm, 
exhibited high transparency at 3 GHz normal 
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incidence conditions. However, the dependencies 
of the transmittance on the frequency and angle 
of incidence revealed a superior broadband 
performance of the A-sandwich with a lower core 
thickness compared to that with a higher core 
thickness, as demonstrated by the transmittance 
curves of the sandwiches with d1 = 0.60 mm and 
core thicknesses of 0.5 and 3.0 cm. Generally 
speaking, the sandwich with a core thickness of 
0.5 cm exhibited a high transparency, exceeding  
95% at normal incidence across the frequency 
range from the S-band the X-band. Also, a high 
transmittance ≥ 92% at 3 GHz was observed for 
this sandwich at angles of incidence up to 60°. 
Even though the sandwich exhibited a small 
decrease of the transmittance at 10 GHz to the 
range of 98 − 82% at angles of incidence up to 
55°, its performance is still of considerable 

practical importance. In addition, the A-
sandwich exhibited a high performance for both 
TE and TM modes in a broad frequency range. 
These results from both theory and simulation 
indicate the feasibility of optimizing the A-
sandwich radome wall for a broadband high 
performance in a wide range of angles of 
incidence. Further optimization of the skin and 
core layer thicknesses may provide only slight 
improvements in the A-sandwich transmission 
characteristics compared to the configuration we 
proposed for optimal performance. However, the 
mechanical strength of the radome wall 
constructed from the proposed A-sandwich 
should be investigated to ensure durability, 
robustness, and applicability for practical 
applications. 
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