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a b s t r a c t

Nowadays, radomes that are employed to protect antennas inside from physical environment are
required to have dual-band or even multi-band transmission performance. In this paper, a design scheme
based on the theory of small reflections is proposed for the design of dual-band and multi-band A-
sandwich radomes. Subsequently, two A-sandwich composite radome walls are designed and fabricated
according to the design scheme. Finally, both numerical simulations and experiments are conducted to
verify the electromagnetic characteristics of the radome walls. Results indicate that one of the A-sand-
wich radome walls has two passbands in 4.0e11.4 GHz and 25.2e40.0 GHz, while the other one has three
passbands in 4.0e8.2 GHz, 18.0e20.5 GHz, and 29.1e40.0 GHz, respectively. The proposed method is
experimentally demonstrated to be an effective approach for designing dual-band and multi-band
dielectric radome walls for both centimeter and millimeter wave applications.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Radomes, which are usually composed of one or more layers of
dielectric materials, are extensively used as protection of onboard
antenna or radar systems from their physical environment [1e4].
They are required to, opposed to microwave absorption materials
[5,6], have excellent transmission performance at operating fre-
quencies. In the meanwhile, radomes must be capable of with-
standing lightning strike, rain erosion, aerodynamic and
thermodynamic loads. With the increasing demand of multiple
functions for onboard radar systems, a radar system may be
simultaneously responsible for communication, imaging, detection,
etc., leading to more than one operating frequency band [7,8]. As a
result, the design of dual-band and multi-band radomes becomes
necessary. Besides, sandwich structures are widely applied as
hou), peiyu_wang@163.com
.com (A. Zeng), lqtang@scut.
ypliu@scut.edu.cn (Y. Liu),
cn (D. Fang).
radome walls due to their high strength-to-weight ratio as well as
superior transmission performance [1]. Among them, the A-sand-
wich structure, which has found extensive applications in aviation
and aerospace industry [9e12], is the promising candidate for
design of dual-band and multi-band radomes.

In the literature, intensive efforts were devoted to the design of
broadband radomes operable at a certain frequency band [13e21].
However, dual-band or multi-band radome designs were not
commonly reported [8,22e27], because they are much more diffi-
cult to design as compared with those operating a single frequency
band. Some of the dual-band or multi-band designs were accom-
plished by employing frequency selective surfaces (FSSs) composed
of similar periodic metal arrays [22e24,26,27]. This results in more
difficulty in fabrication of the materials, though the introduction of
FSSs sometimes makes it easier to design a dual-band or multi-
band radome. It should be noted that only a few designs reported
completely applied dielectric materials to achieve dual-band or
multi-band properties [8,25]. Furthermore, most of the designs
were feasible for centimeter-wave band, and merely a few radome
designs were feasible for both centimeter and millimeter wave
applications [8,23,25,26]. All these existing issues necessitate the
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development of design methods for dual-band or multi-band ra-
domes, especially for those entirely made of dielectrics and feasible
for both centimeter and millimeter wave applications.

In this study, a design scheme based on the theory of small re-
flections (TSR) is proposed for design of dual-band and multi-band
radome walls. Two A-sandwich composite radome walls, one for
dual-band application and the other for multi-band use, are
designed and fabricated. A free-space microwave measurement
system is also built to characterize their electromagnetic properties
in the 4e40 GHz frequency range. Both numerical and experi-
mental results show that the dual-band radomewall possesses two
passbands in 4.0e11.4 GHz and 25.2e40.0 GHz, while the multi-
band radome wall has three passbands in 4.0e8.2 GHz,
18.0e20.5 GHz, and 29.1e40.0 GHz, respectively. The design
method is experimentally demonstrated effective to design dual-
band and multi-band dielectric radome walls for both centimeter
and millimeter wave applications.
2. Design of dual-band and multi-band A-sandwich radome
walls

In our previous work, a general scheme based on TSR has been
proposed for design of dual-band radome walls [28]. The scheme
was numerically demonstrated feasible and effective to design a
multi-layered radome wall with an arbitrarily high-to-low oper-
ating frequency ratio, which determines the total layer number as
well as the thickness of each layer. In this section, two A-sandwich
composite radome walls, one of them is designed for dual-band
application while the other one is for multi-band use, will be
fabricated in accordance with the design scheme to experimentally
verify the effectiveness of the design method.
2.1. Design scheme

An A-sandwich radome wall configuration, as depicted in Fig. 1,
includes three dielectric layers in which a thick foam core layer is
sandwiched by two thin dense skin layers. Assume that the thick-
ness and relative permittivity of each layer are denoted by di and εr;i

(i ¼ 1;2;3), respectively. Because the A-sandwich structure is a
symmetric construction, one should note that d1 ¼ d3 and
εr;1 ¼ εr;3. By application of TSR [29], the reflection coefficient of the
A-sandwich structure under an incident plane wave can be
approximately estimated as

RzR0 þ R1 expð�2jq1Þ þ R2 exp½ � 2jðq1 þ q2Þ� þ R3 exp½
� 2jðq1 þ q2 þ q3Þ�; (1)

where Ri(i ¼ 1;2;3) refers to the reflection coefficient at each
boundary as presented in Fig. 1, and qi denotes the phase thick-
nesses of each layer. The reflection coefficient Ri can be expressed in
Fig. 1. Schematic diagram of an A-sandwich structure and the first reflections of mi-
crowaves at the boundaries between adjacent dielectrics.
terms of relative permittivity [29] as

8>>>><
>>>>:

R0 ¼ �R3 ¼ 1� ffiffiffiffiffiffiffi
εr;1

p
1þ ffiffiffiffiffiffiffi

εr;1
p

R1 ¼ �R2 ¼
ffiffiffiffiffiffiffi
εr;1

p � ffiffiffiffiffiffiffi
εr;2

pffiffiffiffiffiffiffi
εr;1

p þ ffiffiffiffiffiffiffi
εr;2

p
: (2)

It is evident that Ri is irrelevant to frequency and layer thickness. As
for the phase thickness, it depends on not only relative permittivity
but also frequency and layer thickness, as indicated by

qi ¼
2p,di

ffiffiffiffiffiffi
εr;i

p
l0

¼ 2p,f0di
ffiffiffiffiffiffi
εr;i

p
c

; (3)

where l0 refers to the wavelength corresponding to the frequency
f0 and c is the velocity of light in vacuum. It should be noted that the
expression of Eq. (1) has neglected multiple reflections, leading
itself to an estimation of the reflection coefficient for multi-layered
radome wall configurations. Nevertheless, the simplified formula-
tion provides a method for effective and efficient design of radome
walls with desired electromagnetic performance.

Assume that the A-sandwich structure in Fig. 1 needs to be
properly tuned, such that it possess dual-band transmission per-
formance at a lower operating frequency f0 together with a higher
one a,f0 (a>1). In this case, the phase thicknesses of the i th
dielectric layer at the two operating frequencies can be expressed
by

qiðf0Þ ¼ 2p, ffiffiffiffiffiffi
εr;i

p di
�
l0 (4)

and

qiða,f0Þ ¼ 2pa, ffiffiffiffiffiffi
εr;i

p di
�
l0; (5)

respectively. One may observe that, if the following equation

qiða,f0Þ ¼ qiðf0Þ þ npðn ¼ 1;2;3;/Þ (6)

is satisfied, the reflection coefficient R evaluated by Eq. (1) at f0
would be equivalent to the one at a,f0. This means that once the
thickness of each layer is properly chosen to satisfy Eq. (6), it is
possible to design a dual-band radome wall operable at both f0 and
a,f0 by only carrying out design for the lower frequency f0. Thus,
the problem of designing dual-band radomes can be turned into a
single-band design in this sense, making the design procedure
much easier. By substituting Eqs. (4) and (5) into Eq. (6), one can
find that the layer thickness would take the form

di ¼
nl0

2 ffiffiffiffiffiffi
εr;i

p ða� 1Þ : (7)

If n is chosen as 1 for both the skin and core layers for Eq. (7)
(Case 1), then

di ¼
l0

2 ffiffiffiffiffiffi
εr;i

p ða� 1Þ ðCase 1Þ: (8)

By substituting Eq. (8) into Eq. (1), one arrives at the reflection
coefficient of the A-sandwich radome wall at the lower operating
frequency as

Rz2jexpð�3jDqÞ½R0 sinð3DqÞ þ R1 sin Dq�; (9)

where Dq ¼ p=ða� 1Þ. In order to obtain superior transmission
efficiency, the mode of the reflection coefficient R should be as
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small as possible. Note that this can be fulfilled by selecting an
appropriate value for Dq. A close look at the expression of (9) re-
veals that, when 3Dq falls within the interval ð0;p=2�, a cancellation
between the negative term R0 sinð3DqÞ and the positive term
R1 sin Dq may render a reduced reflection coefficient amplitude.
Considering that a greater thickness probably yields better me-
chanical properties, 3Dq should be a higher value, namely
3Dq ¼ p=2. Consequently, the layer thickness di and the high-to-
low operating frequency ratio a can be derived as

di ¼
l0

12 ffiffiffiffiffiffi
εr;i

p (10)

and

a ¼ 7; (11)

respectively. Therefore, it can be expected that the A-sandwich
radome wall would achieve superior transmission performance at
both f0 and 7f0. In addition, for the frequency 6k,f0ðk ¼ 1;2;3…Þ,
the two terms R0 sinð6k,3DqÞ and R1 sinð6k,DqÞ in Eq. (9) will
vanish, consequently resulting in the existence of extra passbands
around 6k,f0. In view of this, there exists a high expectation that
the A-sandwich radomewall would possess a first passband near f0
and a second one in the vicinity of the frequency interval ð6f0;7f0Þ.

If n is chosen as 1 for the skin layers and 2 for the core layer in
Eq. (7) (Case 2), respectively, then one will obtain

8>>>><
>>>>:

d1 ¼ d3 ¼ l0
2 ffiffiffiffiffiffiffi

εr;1
p ða� 1Þ

d2 ¼ l0ffiffiffiffiffiffiffi
εr;2

p ða� 1Þ

ðCase 2Þ: (12)

By substituting Eq. (12) into Eq. (1), the reflection coefficient R of
the A-sandwich radome wall at the operating frequency f0 can be
evaluated as

Rz2jexpð�4jDqÞ½R0 sinð4DqÞ þ R1 sinð2DqÞ�: (13)

Similar to the discussion for Case 1 above, 4Dq ¼ p=2 should be
satisfied in the aim of designing a dual-band radome wall structure
simultaneously with good mechanical performance. Consequently,
the layer thickness di and the frequency ratio a can be determined
as

8>>>><
>>>>:

d1 ¼ d3 ¼ l0
16 ffiffiffiffiffiffiffi

εr;1
p

d2 ¼ l0
8 ffiffiffiffiffiffiffi

εr;2
p

(14)

and

a ¼ 9; (15)

respectively. The results imply the three-layered radome wall may
have high transmission performance at both f0 and 9f0. In this sit-
uation, one can also find that for the frequency 4k,f0ðk ¼ 1;2;3;…Þ,
the two terms R0 sinð4k,4DqÞ and R1 sinð4k,2DqÞ in Eq. (13) will
vanish, resulting in the existence of extra passbands around 4k,f0.
As a result, the A-sandwich structure in Fig. 1 in this case is ex-
pected to exhibit three passbands near f0, 4f0 and the frequency
interval ð8f0;9f0Þ, respectively.
2.2. Design of dual-band and multi-band A-sandwich composite
radome walls

In accordance with the design scheme described above, two A-
sandwich composite radome walls, one for Case 1 and the other for
Case 2, are designed and fabricated. Glass fiber reinforced resin
composite is employed as the construction material for the skin
layers, while Nomex honeycomb structure with a cell side length of
2.75 mm is used for the core layers. The relative permittivities of
the skin and core layers at X-band are presented below(
εr;1 ¼ ε

0
r;1 � jε

00
r;1 ¼ 4:35� ð1� j0:002Þ

εr;2 ¼ ε
0
r;2 � jε

00
r;2 ¼ 1:1� ð1� j0:0035Þ : (16)

For Case 1, a lower operating frequency of f0 ¼ 6:0 GHz is chosen
to design the dual-band A-sandwich radome wall. According to Eq.
(10), the thicknesses of the skin and core layers are evaluated as
2.0 mm and 4.0 mm, respectively. Due to manufacturing error, the
actual layer thicknesses of the fabricated dual-band radome wall
(Sample 1) for Case 1 are as follows�
d1z2:0 mm
d2z3:6 mm

: (17)

For Case 2, another operating frequency of f0 ¼ 5:0 GHz is cho-
sen to design the multi-band A-sandwich radome wall structure.
The thicknesses of the skin and core layers, obtained by Eq. (14), are
evaluated as 1.8 mm and 7.2 mm, respectively. Also resulting from
manufacturing error, the actual layer thicknesses of the fabricated
multi-band radome wall (Sample 2) are�
d1z1:9 mm
d2z7:2 mm

: (18)

Additionally, the two A-sandwich composite radome walls are
both manufactured in a 400 mm by 400 mm cross-sectional
dimension. In the following sections, verification of the dual-band
and multi-band transmission performance for the two samples is
executed by both experimental and numerical approaches.

3. Measurement system

In this study, a broadband free-space microwave measurement
system is constructed for transmission measurement of the two A-
sandwich radome wall samples. The measurement system, as
depicted in Fig. 2, mainly includes a vector network analyzer
(Keysight Technologies E8363C), three pairs of spot-focusing lens
horn antennas for transmitting and receiving microwaves, and a
fixture for holding the sample under test. The three pairs of an-
tennas are feasible for the frequency ranges of 4e8 GHz, 8e18 GHz,
and 18e40 GHz, respectively. Each antenna has a focal length of
approximately 500 mm. During the measurement procedure, one
pair of antennas are separated face to face at a distance of twice the
focal length. The fixture, used for holding the sample right at the
common focal plane, is placed at the center of the two antennas. To
eliminate edge refraction effects of microwaves, the minimum
transverse dimension of the sample under test should be at least
three times as large as the E-plane 3-dB beamwidth of the trans-
mitting antenna [30e32]. In our measurement system, the E-plane
3-dB beamwidths of the antennas are in the range from 35.0 mm to
120.0 mm, requiring a minimum transverse dimension of 360 mm
for the sample under test. As mentioned previously, the two
fabricated composite radome walls (Sample 1 and Sample 2) both
have a transverse dimension of 400 mm, and satisfies the
requirement for accurate measurements.

Before the measurements, a calibration should be implemented



Fig. 2. Schematic diagram of the broadband free-space microwave measurement
system.
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to eliminate systematic errors. In our measurement system, a gated
reflect line (GRL) calibration [31], which is incorporated into the
85071E Materials Measurement Software provided by Keysight
Technologies, is utilized for calibration. In the process of calibration,
firstly, GRL takes advantage of the time-domain gating technique to
isolate desired reflection or transmission impulses from other un-
desired multiple reflections. Secondly, a metal plate serving as a
reflect standard is held on the fixture. Finally, by removing the
metal plate from the fixture, an air line with a length equivalent to
the metal plate thickness is applied as the line standard. After
completing the GRL calibration, transmission measurement of the
two A-sandwich radome walls can be readily performed by the
free-space microwave measurement system.
4. Results and discussion

4.1. Verification of dual-band and multi-band transmission
performance

To begin with, numerical analysis is performed for the trans-
mission performance of the two A-sandwich radome walls. In
Section 2.1, the formulation in Eq. (1) is used for quick estimation of
the reflection or transmission properties for the A-sandwich
structures by taking merely the first reflection at each boundary
into account. For more accurate analysis of transmission perfor-
mance, the traditional transfer matrix method (TMM) [32] will be
applied in this work, because it involves multiple reflections in
simulations and exhibits high efficiency and accuracy for calcu-
lating transmission and reflection coefficients of multi-layered
structures as well. As shown in Fig. 3, power transmission effi-
ciency calculated by TMM for the two radome wall samples in the
frequency range from 4.0 GHz to 40.0 GHz is presented. One may
observe from Fig. 3(a) that numerical results of the dual-band
radome wall (Sample 1) show a first passband in 4.0e11.2 GHz
and a second one in 26.4e40.0 GHz. Further observation shows the
two passbands are near the frequency f0 (f0 ¼ 6:0 GHz in this case)
and the frequency interval ð6f0;7f0Þ, respectively. As for the fabri-
cated multi-band radome wall (Sample 2), the calculated trans-
mission values in Fig. 3(b) imply that it possesses three passbands,
the first one in 4.0e8.4 GHz, the second one in 18.3e20.8 GHz, and
the third one in 30.6e40.0 GHz. These passbands are near f0
(f0 ¼ 5:0 GHz in this case), 4f0, and the frequency interval ð8f0;9f0Þ,
respectively. As a summary, the simulation results by TMM are in
consistent with those predicted by the design scheme described in
Section 2.1, proving the effectiveness and feasibility of the design
method proposed in this paper.

The measured transmission efficiency by the broadband free-
space microwave system is presented by the curves in black in
Fig. 3 as well. It is observed that Sample 1 exhibits two passbands in
4.0e11.4 GHz and 25.2e40.0 GHz, while Sample 2 has three pass-
bands in 4.0e8.2 GHz, 18.0e20.5 GHz, and 29.1e40.0 GHz,
respectively. There exists a good agreement between experimental
results and numerical values, especially at centimeter-wave fre-
quencies (<30 GHz). At millimeter-wave frequencies (>30 GHz),
however, relatively greater difference is presented. The reason lies
partially in the utilizing of the X-band permittivity of the dielectrics
in numerical simulations, whereas dielectric constant and loss
tangent of the materials are in fact varied with frequency. Usually,
an increase in frequency leads to a greater loss tangent, conse-
quently resulting in lower transmission efficiency at millimeter-
wave frequencies, as can be seen from the results in Fig. 3. Be-
sides, it is known that if the cell size in the honeycomb structure of
the core layers is larger than a half wavelength, it is possible to
induce unwanted grating lobes which will degrade the trans-
mission performance [1]. In this paper, the side length of the
honeycomb cell is about 2.75 mm, which leads the periodic hon-
eycomb structure to have an element spacing (the distance be-
tween two adjacent parallel cell sides) offfiffiffi
3

p
� 2:75 mmz4:76 mm. That is to say, grating lobes are possible

to emerge if the operating wavelength is less than 9.52 mm (with
an operating frequency of 31.5 GHz). Therefore, the difference be-
tween the experimental and numerical results in Fig. 3 is also
partially due to the induced grating lobes by the honeycomb core at
millimeter-wave frequencies.

In summary, both numerical and experimental results demon-
strate that the proposed approach is effective to design dual-band
and multi-band dielectric radome wall structures for both centi-
meter and millimeter wave applications.
4.2. Transmission performance at oblique incidence angles

For streamlined radomes, power transmission efficiency is
usually degraded due to oblique incidence angle, which is caused
by the curved configurations of radomes as well as the changing
scanning angles of antennas. Thus, it is of importance to study the
transmission performance of radome walls at oblique incidence
angles. In this section, the transmission efficiency of the two
designed A-sandwich radome walls at various incidence angles is
calculated by TMM. In the simulations, only TE waves are consid-
ered because their transmission efficiency is in general lower than
that of TM waves [1]. As presented in Fig. 4(a), for the dual-band
radome wall (Sample 1), the two passbands do not vary dramati-
cally with incidence angle if the incidence angle is less than 30�.
However, as the incidence angle is increased from 30� to greater
values, frequencies of the passbands become higher and higher.
Such trend is more evident for the second passband which pertains
to millimeter waves. As for the multi-band radomewall (Sample 2),
as shown in Fig. 4(b), its passbands do not change remarkably when
the incidence angle is less than 20�. A degradation of transmission
performance is also observed as the incidence angle becomes
greater. Thus, the A-sandwich composite radome walls are suitable
to be used as electromagnetic windows, which do not encounter
high off-normal incidence angles. One should note that, before they
are used for curved radomes, the thickness of each layer should be



Fig. 3. Experimental and numerical results of transmission efficiency for: (a) dual-band radome wall (Sample 1); (b) multi-band radome wall (Sample 2).

Fig. 4. Calculated transmission efficiency (TE waves only) of the two A-sandwich radome walls at various incidence angles: (a) dual-band radome wall; (b) multi-band radome wall.
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tuned and optimized for superior transmission performance
[19,33].

4.3. Comparison between TMM and TSR

It should be noted that the reflection coefficient of a stratified
medium is the sum of the first reflection at each inter-dielectric
boundary as well as the multiple reflections between the bound-
aries. As mentioned above, the dual-band and multi-band design
scheme was based on TSR, which merely involves the first reflec-
tion and yields approximate reflection coefficient for stratified
medium. The error between the reflections obtained by TMM and
TSR should be investigated. As shown in Fig. 5, the reflection am-
plitudes at normal incidence angle for the two radome wall sam-
ples are calculated by both TMM and TSR. One can see that the error
is relatively larger for stop bands (with high reflection amplitude)
while smaller for passbands (with low reflection amplitude). Larger
error for stop bands comes from the fact that only the first reflec-
tion at each boundary is considered for TSR. Evenmore, some of the
amplitudes obtained by TSR is greater than 1.0, which is absolutely
impossible from the standpoint of physics. However, if multiple
reflections are taken into considerations, the reflections may
counteract with each other to reach a lower total reflection
amplitude as can be seen from the result by TMM. Nevertheless,
one can find that TSR is capable of estimating the passbands for
multi-layered radome walls efficiently, because the error is very
small as compared to the passbands estimated by TMM which is
used for accurate evaluation of reflection coefficient.
5. Conclusions

In this paper, a design scheme based on TSR is proposed to
design dual-band and multi-band A-sandwich radome walls. Ac-
cording to the design method, two A-sandwich composite radome
walls, one for dual-band application and the other for multi-band
use, are fabricated. Experimental results show that the dual-band
A-sandwich radome wall has two passbands in 4.0e11.4 GHz and
25.2e40.0 GHz, while the other one exhibits multi-band trans-
mission performance in the 4.0e8.2 GHz, 18.0e20.5 GHz, and
29.1e40.0 GHz frequency ranges, respectively. Experimental results
are also proved to be consistent with the simulation ones by the
transfer matrix method. It is experimentally demonstrated that the
proposed design method is effective and efficient to design dual-
band and multi-band dielectric radome walls for both centimeter
and millimeter wave applications.



Fig. 5. Comparison between the reflection amplitudes at normal incidence angle calculated by TMM and TSR: (a) dual-band radome wall; (b) multi-band radome wall.
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