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Meta-Dome for Broadband Radar
Absorbing Structure
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This study focused on the radome and proposed an absorber with a meta-dome structure for ultra-

: wideband radar absorption using an FR-4 dielectric material on the metasurface absorber for protection.
Accepted: 12 November 2018 © In addition to protecting the absorber, the metasurface absorber exhibited ultra-wideband frequency
Published online: 17 December 2018 : absorptivity from radar signals, with an absorptivity band from 4.6-12 GHz, including the Cand X

. frequency bands of radar signals. A wide incidence angle should also be considered in addition to the
absorption frequency band. Experimental results were obtained for all polarization angles at normal
incidence for 5-14 GHz. Sensitivity to incident angle from 0° to 40° in the transverse electric mode and
0° to 60° in the transverse magnetic mode were observed. The proposed concept was demonstrated
using full-wave simulation and experimental measurements.
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Radome is a compound word for a radar dome, a device that maintains radar performance and protects the radar
from the external environment'?. For example, since aircraft move at high speeds, it is essential to protect the
radar from wind pressure, lightning, hail, etc. For these radome technologies®*, dielectric materials are commonly
used that can protect while maintaining the characteristics of the radar™®. In addition, the dielectric materials can
be used to maintain the impedance matching for wide incident angle which is called as the wide-angle impedance
matching (WAIM)’. The WAIM techniques have been mostly applied in planar array antennas by loading the die-
lectric constant sheet, dielectric slab®?, or frequency selective surface (FSS)!°-' on the top of the antenna array.
When the WAIM concept is applied to electromagnetic absorbers, wide incidence angle and wide bandwidth
absorption can be achieved.

Figure 1 shows the concept of the proposed meta-dome application. Metamaterial absorber applications used
in stealth technology should be protected from external environments, such as wind pressure, bird strike, and
weather conditions, as well as be undetectable by radar signals. Hence, the radar-absorbing structures should
be outermost. However, radar-absorbing structures can be significantly affected by the external environment.
The proposed technology also offers ultra-wideband radar absorption to protect the radar-absorbing structure.
Metasurfaces were first proposed by Landy'® as radar absorbing structures. A metasurface is a structure where
an infinite number of artificial structures are periodically arranged. These metasurfaces can control material per-
mittivity and permeability, and various metasurfaces characteristics can be applied to electromagnetic absorbers
such as stealth technologies!'®"!%, sound waves'®-?!, human body??, super lenses?**, terahertz applications?®~?, and
electromagnetic interface (EMI)/electromagnetic compatibility (EMC) solutions. Metasurface based absorbers
have advantages over materials based absorbers, such as wedge tapered absorbers**-** and Jaumann absorbers®"*%
Wedge tapered absorbers have excellent absorptivity, but are bulky and ferrite used is an expensive material.

To overcome these drawbacks, Jaumann absorbers use quarter wavelength (\/4) thickness of dielectric mate-
rials. Although one can make thinner wedge tapered absorbers, they remain quite bulky since they must be X\/4
thick. In contrast, hand, metasurface absorbers are based on LC resonance and thus not affected by material
thickness. Consequently, metasurface absorbers exhibit high absorptivity, thin structure, and are easy to fabricate;
cost-effective.

Despite these metasurface absorber advantages, they have the disadvantage of narrow absorptivity bandwidth
because they use LC resonance for absorptivity. Broadband absorbers are required for practical applications radar
signals and comprise several frequency bands, hence metasurface absorbers should also have broadband absorp-
tivity to absorbing the various radar signals. Several methods have been proposed to construct broadband metas-
urface absorbers, including multiple resonance®-*>, resistive ink or pattern®-*%, and lumped elements®.

This study adopted lumped elements for the broadband radar-absorbing structure, since they, e.g. the chip
resistor method, provide excellent broadband absorptivity and are also easily applied on printed circuit boards.
in addition to broadband absorptivity, modern radar technologies use multi-static signals to detect objects, as
shown Fig. 1(b). Metasurface absorbers must be angle insensitivity to absorb multiple angle radar signals. Most
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Figure 1. Proposed meta-dome concept: (a) motivation and (b) structure roles as absorbers and meta-domes.

wide incidence angle metamaterial absorbers have been realized using angle insensitive unit cell designs, such
as the split ring cross resonator*!, circular sector*>*’ and surrounding via array**, subwavelength unit cell**, and
four-fold rotational symmetric electric resonator structure*®. Wide incidence angle absorption can be achieved
by loading a dielectric material on the metamaterial absorber, due to WAIM, which also increases the absorption
bandwidth due to the high loss of WAIM.

This study proposes a meta-dome to not only enhance broadband radar-absorbing structure and, but also to
protect the structure from the external environment. For example, meta-domes are placed on radar-absorbing
structures to protect them from mechanical damage. The proposed meta-dome structure has broadband absorp-
tivity in addition to its protecting properties. We also propose a polarization and incidence angle insensitive
structure for both transverse electric (TE) and transverse magnetic (TM) modes. Performance of the proposed
structure was demonstrated through full wave simulations and measurements. In particular, we studied the effects
of the dielectric materials on the top of the metasurface by comparing absorptivity of the metamaterial absorber
with and without the dielectric material.

Numerical Simulations

Figure 2 shows the unit cell geometry for the proposed meta-dome structure. The proposed meta-dome consists
of a metasurface absorber and a dielectric meta-dome as shown Fig. 2(a). We placed the dielectric meta-dome on
the metasurface absorber to protect it and used fire retardant or flame resistant 4 (FR4) substrates (dielectric con-
stant £,= 4.4 and loss tangent = 0.02) for the metasurface absorber and meta-dome, as shown Fig. 2(b). Substrate
thicknesses t; = t; = 2.4 mm, and we employed a fan shaped structure to achieve electromagnetic resonance, as in
shown Fig. 2(c). Since the proposed shape was symmetrical, the meta-dome is polarization and angle insensitive.
The conductive pattern dimensions were a =14 mm, L=3.02mm, r=4mm, b= 0.5mm, and ¢ = 0.35 mm. For
broadband absorption, we used chip resistors (R; =150 Q). It is impossible to avoid air gaps when the metasur-
face absorber and dielectric meta-dome are joined, hence we set an air gap ¢, = 0.4 mm. We employed the ANSYS
high frequency structure simulator (HFSS) for numerical simulations.

Absorptivity can be expressed as

Aw) =1-T(w) - T(w), 1

where I'(w) and T(w) are the reflection and transmission coeflicients, respectively. Since the bottom ground plane
of the proposed meta-dome was completely covered with copper, we can set T(w) =0, and the highest absorptivity
will be achieved when I'(w) =0.

For normal incidence,

[(w) = M,
Zy+ Zy (2)

where Zy=377 Q and Z,; are free space and metasurface impedance, respectively. Therefore, we can achieve
maximum absorptivity when Zy,=Z,, i.e., I'(w) =0. We can express Zy; as
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Figure 2. Proposed meta-dome unit cell geometry: (a) perspective, (b) side, and (c) top view. Conductive
pattern, substrate, and chip resistors are shown in ocher, green, and black, respectively.

oty (3)

where p, is the effective permeability, and €, is the effective permittivity. Therefore, impedance matching occurs
between Zy and Z, when p,=¢,.

However, for oblique incidence, absorptivity decreases as the incidence angle increases, due to the wave ampli-
tude reflected from the metasurface absorber varying. We can express the reflection coefficients for perpendicular
(Z,) and parallel (Z) polarization for oblique incidence as

_ Zycost; — Z, cosl,
Zyy cost; + Z, cosb, (4)

dl

and

_ Zypcost, — Z cost);
Zy cosl, + Z, cosb),’ (5)

Z

where 0; and 6, are the incidence and transmission angles, respectively. Therefore, we should consider an angle
insensitive metasurface unit cell®® to achieve maximum absorptivity for oblique incidence.

Figure 3 shows simulated absorptivity for various parameter values. When metasurface absorber substrate
thickness t; varied from 1.6-3.2 mm, absorptivity increased as ¢; increased. However, absorbance bandwidth
decreased as t; increased. Therefore, we set {;=2.4 mm, as shown Fig. 3(a). Similarly, absorptivity increased as
meta-dome substrate ¢, varied from 1.6-2.4 mm, as shown in Fig. 3(b). We also set t, = 2.4 mm since absorptivity
saturated above 2.4 mm. We set radome radius r= 5.5 mm since that offered maximum absorption bandwidth
(see Fig. 3 (c)). For broadband absorptivity, we used a chip resistor with best absorptivity at 150 2, as shown
Fig. 3(d).

Figure 4 shows the simulated electric field distribution for the proposed meta-dome unit cell. At 5GHz, the
electric field was distributed between the top and bottom sectors of the metasurface patterns and near the chip
resistors, as shown in Fig. 4(a). Similarly, at 8 and 12 GHz, the electric field was distributed between the right
and left sectors of the metasurface patterns and near the chip resistors, as shown in Fig. 4(b,c), respectively.
Consequently, electromagnetic resonance arises from each sector, and the resonance frequencies constitute the
absorptivity frequencies. The chip resistors also produce strong electric fields that consume energy near the elec-
tromagnetic resonance frequencies. Therefore, we can achieve broadband absorptivity using chip resistors.

To investigate the effect of the dielectric material above the metasurface, absorptivity under normal inci-
dence was simulated with and without the dielectric material, as shown in Fig. 5(a,b), respectively, and simulated
absorptivity in Fig. 5(c,d). The metasurface without dielectric material (Fig. 5(c)) has more than 90% absorptivity
from 7.8-13.9 GHz, corresponding to 56% bandwidth. On the other hand, the metasurface with dielectric mate-
rial (Fig. 5(d)) has more than 90% absorptivity from 4.6-12.2 GHz, corresponding to 90% bandwidth. Therefore,
wider bandwidth was achieved by using higher loss material.

Figure 6 shows simulated WAIM effects for the proposed meta-dome under oblique incidence from 0°
to 60°with and without dielectric material. For normal incidence, the metamaterial absorber without dielec-
tric material exhibited more than 90% absorptivity from 7.8-13.9 GHz, which decreased to 7.8-8.5 GHz and
8-9GHz for TE and TM mode at 40° incidence, as shown Fig. 6(a,b), respectively. On the other hand, metama-
terial absorber with dielectric material exhibited more than 90% absorptivity from 4.8-14.4 GHz under normal
incidence, which only slightly decreased to 4.8-10.4 GHz in TE mode, as shown in Fig. 6(c); and was maintained
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Figure 3. Simulated absorptivity for the proposed meta-dome for different (a) metasurface absorber substrate
thickness (t;), (b) meta-dome substrate thickness (t,), (c) conductive pattern (r), and (d) chip resistor values (R,).

at 4.8-14.4 GHz in TE mode up to 60° incidence, as shown Fig. 6(d). Table 1 compares 90% absorption band-
width under different oblique incidence with and without the dielectric material. Thus, the proposed meta-dome
absorber achieved wide incidence absorption.

Experimental Verification

To experimentally demonstrate the meta-dome structure, we constructed prototype sample 280 x 280 mm, con-
sisting of 20 x 20 unit cells. The metasurface substrate comprised top conductive patterns and bottom ground
plane, as shown Fig. 7(a). The top conductive patterns consisted of copper fan shaped patterns and 1.6 x 0.8 mm
chip resistors (1608 metric code). Each chip resistor has a resistance of 150 (), mounted by surface mount tech-
nology (SMT) processing. The meta-dome substrate contained only dielectric materials without any conductive
patterns. Overall size of the fabricated meta-dome substrate =280 x 280 mm, the same as the metasurface sub-
strate, as shown Fig. 7(b).

We set up two environments to measure the prototype samples. Figure 7(c) shows the mono-static measure-
ment environment. Since the bottom plane of the proposed meta-dome was totally covered with metallic ground,
transmission = zero. Therefore, we only needed to measure the reflection coeflicient from the sample. We placed
wedge tapered absorbers behind the sample to prevent unexpected reflection signals other than those from the
sample, and measured the reflected signal from the sample only using the time gating method. We set distance
between the sample and antenna = 1 m to satisfy the far-field condition, and measured the reflection coefficient
using a Dorado AN-GH1-18N horn antenna (frequency range 1-18 GHz) and Anritsu MS2038 vector network
analyzer (VNA). Calibration was achieved by setting the reflection coeflicient with the copper plate to 0 dB before
measuring the S parameters. To demonstrate polarization insensitivity, we measured the reflection coefficient for
different polarization angles by rotating the sample from 0° to 90°.

We set up the bi-state measurement environment shown in Fig. 7(d) to demonstrate angle insensitivity. We
employed two Dorado AN-GH1-18N horn antennas and Anritsu MS2038 VNAs using the two-port measure-
ment method. To measure both TE and TM modes, we rotated the antenna 0° and 90° and placed the antennas at
different incident angles from 0° to 60°.

Figure 8 shows the measurement results from equation (1) for the proposed meta-dome. Under normal inci-
dence, 90% absorptivity bandwidth was observed between 4.8-14.4 GHz. Since the proposed meta-dome was
symmetrical, we measured the absorptivity bandwidth at polarization from 0°-90°, as shown in Fig. 8(a), and
polarization insensitivity is evident from Fig. 8(d).

Figure 8(b,e) show measurement results for oblique incidence TE mode. Comparing Fig. 8(b,e), the pro-
posed meta-dome absorptivity was similar to simulation outcomes, except between 0°-40° for TE mode.
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Figure 4. Simulated electric field distribution for the proposed meta-dome unit cell at (a) 5, (b) 8, and (c)
12GHz.
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However, measured absorptivity was very similar to the simulation results from 0°-60° for TM mode as shown in
Fig. 8(c,f). Thus, we confirmed that normal incidence was insensitive to 0°-90° polarization within 4.8-14.4 GHz,
and oblique incidence was insensitive to 0°-40° and 0°-60° incidence angle in TE and TM mode, respectively.
Therefore, the proposed meta-dome showed excellent agreement between the fabricated prototype and simula-
tion outcomes.
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Figure 6. Metasurface simulated absorptivity for oblique incidence without dielectric material for (a) TE and
(b) TM mode; and with dielectric material for (¢) TE and (d) TM mode.

0 4.6-12.2 7.6 7.8-13.9 6.1
10 4.6-11.3 6.7 7.8-13.5 5.7
TE 20 4.6-10.8 6.2 7.8-9.5 1.7
30 4.6-10.4 5.8 7.8-9.0 12
40 4.6-10.4 5.8 7.8-8.5 0.7
0 4.6-12.2 7.6 7.8-13.9 6.1
10 4.6-12.2 7.6 7.8-9.5 1.7
20 4.6-12.2 7.6 7.8-9.5 1.7
™ 30 4.6-12.2 7.6 7.8-9.5 1.7
40 4.6-12.2 7.6 8.0-9.0 1.0
50 4.6-12.2 7.6 N/A N/A
60 4.6-12.2 7.6 N/A N/A

Table 1. Metasurface 90% absorption bandwidth with and without dielectric material under normal and
oblique incidence. "BW = Af/f , where Af = fi. = f,, and [, = (. + fi, )12

Methods

Numerical Simulations. We used the ANSYS high frequency structure simulator (HFSS), a full-wave
simulator, to perform simulations. After designing the unit cell, we set two pairs as master and slave and
assumed an infinite periodic structure, assigning two XZ, YZ planes as master/slave pairs. Two floquet ports
were used as excitation ports. The air box was 14 x 14 x 15 mm. The copper used for the conductive pattern had
resistivity =58 x 10°S/m.
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Figure 7. Proposed meta-dome experimental verification: fabricated (a) metasurface absorber top view, (b)
meta-dome structure top view; and (c) mono-static and (d) bi-state environment measurement setup.
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Figure 8. Proposed meta-dome prototype measurement results for (a) normal incidence; (b) oblique incidence,
TE mode; (c) oblique incidence, TM mode; and specular angle of the proposed meta-dome for (d) different
polarization angles, and oblique incidence (e) TE and (f) TM mode.

Experimental Verification. To perform the experimental measurements, we used the setup for normal and
oblique incidences in free space, and placed wedge tapered absorbers behind the sample. to prevent unexpected
signal reflections. Since the bottom plate of sample was completely covered with copper ground, we measured
only the reflection coefficient, using two DORADO AN-GH1-18N devices (frequency 1-18 GHz) horn antennas
and an ANRITS MS2038 vector network analyzer (VNA). We used the time-gating method to measure only
signals reflected from the sample. To satisfy the far-field condition, we set the distance between the sample and
horn antennas = 1 m. For normal incidence, we used a horn antenna, measuring each polarization 0°-90° each
10° and measured TE and TM for oblique incidence using two horn antennas from 0°-60° incidence every 10°.

Discussion

Broadband absorptivity is required for modern stealth technology applications, because radar signals are detected
through multiplexed frequency bands. This paper proposed a meta-dome structure for ultra-wideband radar
absorption, and we placed dielectric materials on the metasurface absorber o protect the metasurface absorber
from the external environment, and incorporated fan shaped conductive patterns in the metasurface absorbers.
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The proposed radar antenna and radome achieved broadband absorptivity with chip resistors and demonstrated
polarization and angle insensitivity when absorbing multi-static radar signals.

We simulated the proposed device using a full-wave simulation tool to demonstrate operational performance,
and fabricated a 280 x 280 mm sample of 20 x 20 unit cells. The fan-shaped conductive patterns were fabricated
using PCB etching, and employed SMT chip resistors. Mono and bi-static measurements stations were setup for
experimental validation. We used horn antennas and VNAs to measure normal incidence, and a time-gating
method to measure the reflected signals. Two horn antennas and a VNA were employed to measure oblique inci-
dence incorporating time-gating to obtain TE and TM mode outcomes simultaneously.

Consequently, we confirmed that normal incidence was insensitive to 0°-90° polarization with 90% absorp-
tivity for 4.8-14.4 GHz. The proposed meta-dome was angle insensitive 0°-40° for oblique incidence in TE mode
and 0°-60° in TM mode.

Thus, the proposed meta-dome successfully improved radar detection demonstrated through full-wave sim-
ulations and experimental verification.
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