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Ultra-Wideband and Wide-Angle Insensitive
Absorber Based on TCDA-Under-Tightly
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Abstract— In this article, an ultra-wideband and wide-angle
insensitive absorber is proposed. The unit cell of the proposed
structure consists of a tightly coupled dipole array (TCDA2)
under another TCDA (TCDA1) that is twice the height of TCDA2
(TCDA-under-TCDA structure). TCDA1 of the unit cell acts as
either a lossless (or lossy) antenna when the frequency is out of
(or in) the operating frequency range of TCDA2. Reciprocity is
applied to design TCDA1 as an absorber when the frequency is
out of the operating frequency range of TCDA2 (lossless antenna
region). On the other hand, the multisection impedance matching
technique is applied for TCDA1 to be an absorber when the fre-
quency is in the operating region of TCDA2 (lossy antenna region
and reciprocity cannot be applied). In addition, a metasurface
(MS) and vertical metal strip (VMS) are employed to develop the
wide-angle insensitivity absorber. A −10 dB reflection bandwidth
of 0.63–6.55 (10.4:1) is achieved with a 0.126λlow at the lowest
operating frequency under normal incidence. The bandwidth is
moderately reduced to 0.69–6.75 (9.78:1) with a 0.138λlow for the
TE mode and 0.75–6.22 (8.29:1) with a 0.150λlow for the TM
mode under 45◦ oblique incidence. The measured results of the
fabricated absorber using the transverse electromagnetic (TEM)
cell are in good agreement with the simulated results.

Index Terms— Absorber, dual polarization, low-profile, tightly
coupled dipole array (TCDA), ultra-wideband, wide-angle insen-
sitivity.

I. INTRODUCTION

W ITH the advancement of radar technologies [1], [2],
several methodologies have been proposed to prevent

the generation of electromagnetic (EM) waves. One such
methodology is the use of an absorber to absorb incident EM
waves [3], [4]. Traditionally, the Salisbury screen in which a
homogeneous resistive sheet is located a quarter wavelength
above the ground plane is used as an absorber [5]. Since the
operating principle strongly depends on the electrical length
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between the resistive sheet and the ground plane, the band-
width is inevitably narrow. To widen the bandwidth, Jauman
introduced multilayer homogeneous resistive sheets at the
expense of the profile [6]. However, to satisfy the increasing
demands for widening the bandwidth of low-profile absorbers,
it is necessary to determine the theoretical performance limit
of their bandwidth and thickness characteristics. Rozanov and
Konstantin [7] calculated the limit of the bandwidth given the
thickness of the metal-backed absorber and determined that the
thickness and absorption bandwidth share a mutual trade-off
relationship.

To realize the ultimate performances of these absorbers,
several studies have been conducted. The performance of a
planar absorber is improved when the homogeneous resistive
sheet is replaced by a periodic resistive frequency selective
surface (FSS) [8], [9]. Absorbers with resistive FSS tech-
niques, such as circuit analog absorbers (CAAs) [10], [11]
and capacitive circuit absorbers (CCAs) [12], [13], have been
previously studied. The CAAs have several merits such as low-
profile, lightweight, and low-cost; furthermore, they can be
easily fabricated. However, owing to the RLC resonators used
in them, unwanted harmonic resonances are observed; there-
fore, they do not easily achieve ultra-wideband characteristics.
To avoid harmonic resonances, the application of a low-pass
RC circuit in absorbers, such as a CCA, is proposed, signifi-
cantly improving the bandwidth. This improvement is vital for
an ultra-wideband absorber. For example, the simulated profile
of the CCA in [12] almost reached the theoretical limit.

For the absorber’s design, a method based on antennas
in a two-port network was proposed using the reciprocity
theorem [14]. In this method, near-lossless antennas used
as radiating devices can be adopted as absorbers because
S11 = S22, where 1 is the antenna port, whereas 2 is the
Floquet port (FP) in the unit cell. A tightly coupled dipole
array (TCDA) is a low-profile and wideband array antenna [15]
employed as an absorber in [16] and [17]. In the existing
studies conducted on TCDAs, considerable effort has been
invested to lower their profile and widen their bandwidth
and scan range [18]–[22]. However, ultra-wideband TCDAs,
as reported in [18] and [19], cannot be directly used as an
absorber by means of reciprocity since the loss of the antenna
is not negligible (radiation efficiency > 73%), as reported
in [18], and the polarization-rotated reflected wave by the
polarization converter (PC) can be seen as a loss to the original
polarization, as reported in [19].
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In previous studies on CAAs-, CCAs-, and TCDA-based
absorbers, the wide-angle insensitivity was not remarkable;
furthermore, the absorption rate deteriorated, particularly in
the low-frequency bands, with an increase in the incidence
angle. For example, the incidence angle is strictly limited
to 30◦ owing to the degradation of the absorption rate [11].
The lowest operating frequency for an incidence angle of
45◦ in [16] was two times higher than that at 0◦. Several
studies focused on the profile and bandwidth for the Rozanov
limit. However, for the absorber to suit several applications,
the characteristic of wide-angle insensitivity is also essential.
Thus, although several studies related to the subject were
conducted, the bandwidths obtained for the absorbers are still
narrower than desired [23]–[25]. Therefore, this study aims to
realize an ultra-wideband, low-profile, and wide-angle insen-
sitive absorber. The TCDA-under-TCDA structure is proposed
to achieve ultra-wideband and low-profile characteristics. The
reciprocity is applied when TCDA2 is in OFF-state, whereas
the multilayer impedance transformer for matching plays a
significant role when TCDA2 is in the ON state. In addition,
we employ several techniques to achieve wide-angle insensi-
tivity for wide bandwidth [22], [26].

The rest of the article is organized as follows. We present
the design procedure, the equivalent circuit, and analysis of the
proposed unit element in Section II. The experimental results
obtained using the proposed 1-D array absorber and transverse
EM (TEM) cell are discussed in Section III. Finally, the current
study results are compared with those of existing state-of-the-
art studies. The conclusions of the study are summarized in
Section IV.

II. DESIGN OF THE PROPOSED

TCDA-UNDER-TCDA-BASED ABSORBER

A. Brief Description of the Operating Principle of the
Proposed Absorber and Equivalent Circuit

Fig. 1(a) shows the proposed basic unit structure. The
operating principle can be described depending on the bands
as shown in Fig. 1(f). In band1 (0 − f1), the dipole in TCDA2
can be regarded as an open circuit since the frequency is
too low compared with its operating frequency. Therefore,
the proposed structure can be thought of as an absorber
consisting of TCDA1 only. In band2 ( f1 − f2), TCDA2 is
operating as an absorber by itself. Thus, TCDA1 is consid-
ered equivalently to be in the free space since the down-
ward wave from TCDA1 is absorbed by TCDA2. In band3
( f2 ∼), the dipole in TCDA2 can be modeled as a highly
reactive element since the frequency is above its resonant
frequency. As a result, TCDA1 is located above a highly
reactive surface (RS), behaving as an absorber, based again on
reciprocity.

Fig. 2(a)–(c) shows the equivalent circuits of the pro-
posed structure based on the operating principle explained
above. In Fig. 2(d), the reflection characteristics of the equiv-
alent circuits are compared with the simulation result of
Fig. 1(a)–(c) structure. The results agree reasonably well
and show that the explanation of the operation mechanism
described above is accurate.

Fig. 1. Design of the proposed TCDA-under-TCDA absorber. E+
3 and E−

3
are the incident and the reflected electric field at port 3, respectively. FP and
DP indicate the Floquet port and discrete port (red cones), respectively. The
port impedances of DP1, DP2, and FP are 240, 200, and 377 �, respectively.
Resistances of lumped elements (blue cones) are 240 � for TCDA1 and 200 �
for TCDA2. (a) TCDA-under-TCDA absorber. The equivalent structures of
the TCDA-under-TCDA absorber at (b) band1, (c) band2, (d) band3, and
(e) TCDA2 alone. (f) Reflection characteristics of the structure (a), (b),
and (e). FP2 and DP2 have the same response of S22 by reciprocity.
S33 = E−

3 /E+
3 .

The parameters of the equivalent circuits can be obtained as
follows. The self-capacitances, C2 and C4 and the inductances
of the dipole, L2 and L4 introduced in [27] are found by the
parametric study. The coupling capacitances C1 and C3 can be
obtained by extracting the odd mode capacitance by placing
a PEC wall at the center of the gap between the two dipole
arms. The self-inductances of the dipole, L1 and L3 can be
found by the following equation [28]:

L1,3 = μ0l1,3

4π
ln

2l1,3

ae1,3
(1)

where l1.3 = 2dw1.3 is the effective dipole length and ae1.3 =
0.25dh1.2 is the equivalent radius of a flat dipole [29]. dw1.3

and dh1.2 are denoted in Fig. 8(a); and μ0 is the permeability
of vacuum. The initial values of these four parameters are cal-
culated and optimized to be fitted with a full-wave simulation
of the TCDA without ground plane. Table I summarizes the
values of the parameters of the final equivalent circuit.
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Fig. 2. Equivalent circuit of the proposed absorber shown in Fig. 1 (a) for
whole band, (b) band1, and (c) band2. (d) Reflection characteristics, S33,
of each equivalent circuits compared with simulation results of proposed
absorber structure.

TABLE I

VALUES OF THE PARAMETERS OF EQUIVALENT CIRCUIT: β0 AND Z0 ARE

THE PROPAGATION AND CHARACTERISTIC IMPEDANCE

IN FREE SPACE, RESPECTIVELY

B. Design of the Proposed Absorber

Fig. 1(a) shows the basic structure of the proposed absorber
unit cell. Before describing in detail the design steps for each
structure, we summarize the unit cell design procedure as
follows.

1) Design TCDA1 first as shown in Fig. 1(a) with a height
of h1. The lowest operating frequency of TCDA is

roughly determined by flowest ≈ 0.09c/h, where c and
h are the speed of light and height of TCDA, respec-
tively [8]. Hence, for TCDA1, f1,lowest ≈ 0.09c/h1 and
for TCDA2, f2,lowest = f1 ≈ 0.09c/h2 = 2 f1,lowest

since h2 is designed to be h1/2.
2) Design TCDA2 with a height of h1/2 (≈ h2) as shown

in Fig. 1(e); it operates as an absorber by itself from
f1 to f2 (band2). It can be designed for an approximate
bandwidth of 5:1.

3) Insert TCDA2 into the empty space under TCDA1.
TCDA2 can be designed to operate in the frequency
range of f1– f2 ( f2 ≈ 5 f1) so that the operating
bandwidth of the whole absorber extends to 5 f1: f1/2
≈ 10:1.

4) Design the metasurface (MS) and vertical metal
strip (VMS) for wide-angle insensitivity as shown
in Fig. 6(a) (not shown in Fig. 1 for easy understanding
of the basic structure of the proposed absorber unit cell).

1) Design of TCDA1 and Operation in Band1: TCDA1 is
composed of the dipole and FSS1. The dipole of TCDA1
is designed with a p: h1 ratio of 1:2 to operate at band1.
Together with the two-layer impedance transformer, FSS1,
which will be designed in step 3), a bandwidth of 0.67–2 GHz
is obtained with a discrete port (DP) S11, as shown by the
dotted line in Fig. 1(f). In fact, in band1, although the dipole of
TCDA2 with lumped resistor does not affect TCDA1 since the
port of TCDA2 becomes almost open-circuited at a frequency
lower than f1 (band1) [15], FSS2 in Fig. 1(b) which is one
of the low-impedance transmission lines has a little effect
on TCDA1 and cannot be neglected. As a result, TCDA1,
as designed above, operates as a near-lossless antenna at
band1 even when TCDA2 is located under TCDA1, as in a
TCDA-under-TCDA structure. Therefore, reciprocity can be
applied to utilize TCDA1 as an absorber: S33 = S11.

2) Design of TCDA2: In this study, the TCDA2 antenna
is designed with the same ratio between the width and the
height of the unit cell, p: h2 = 1 : 1, such as in con-
ventional TCDAs [30]. Since the radiation resistance of the
absorber is 377 � at the FPs, it is difficult to transform this
impedance to the low impedance of the antenna input port
using a single-stage matching circuit. FSS1 and FSS2 are
low-impedance transmission lines acting as impedance trans-
formers in the equivalent circuit, by which the impedance
matching circuit becomes a multistage matching circuit to
widen the bandwidth. This results in an operating frequency
range of 1.3( f1)–6.22( f2) GHz (band2) with DP 2, as shown
by the dashed line in Fig. 1(e). Notice that TCDA2 is a
near-lossless antenna and becomes a wideband absorber when
it is in receiving mode [14]. In addition, it should be mentioned
that TCDA2 results in a perfect matched layer (PML) bound-
ary at P2 in band2, and this fact is used to design the FSS1 of
the TCDA1. Moreover, notice that the antenna impedance of
TCDA2 is very reactive when the frequency is in band3.

3) Operation of TCDA1 in Band2: FSS1 should be care-
fully designed so that TCDA1 has absorber characteristics
in band2. Since TCDA2 plays the role of a PML boundary
at P2 in band2, with respect to an antenna, CDA1 of the
TCDA-under-TCDA is no longer a lossless antenna. Therefore,
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Fig. 3. Structure in periodic boundary and the comparison of the reflection
coefficients (E−

0 /E+
0 ). (a) FSS1. (b) Two-layer dielectric superstrate. Relative

permittivity of each dielectric layer is 1.2 and 2.6. The length of these layers
is the same. (c) Smith chart in band2 where it is normalized to free space
impedance 377 �.

we cannot apply the conventional approach of reciprocity
to the design of an absorber from the design of a lossless
antenna [14]. Considering that our goal is to match the input
impedance of the FP 3 of the absorber looking from free-space
in Fig. 1(a), we propose a method where the FP3 is matched
by FSS1 after determining the reflection coefficient (�lower) at
P1 in Fig. 1(c).

A multilayer dielectric superstrate shown in Fig. 3(b) can
be a candidate for use as a wideband impedance transformer,
where the dielectric constants of the layers are 1.2 and 2.6 [31].
It can be observed that the real part of the reflection coefficient
(E−

0 /E+
0 ) in Fig. 3(c) is negative; therefore, the impedance

looking into the free space via the impedance transformer
decreases over wide bands. However, a dielectric superstrate is
large and expensive. In addition, it can generate surface waves,
resulting in an undesirable situation [32]. Therefore, a light-
weight and low-cost metal-based artificial superstrate (FSS) is
introduced. Furthermore, this FFS does not generate surface
waves [21]. The effective dielectric constant of the FSS is
determined using the patch width and the gap between them.
Using this principle, we designed the two-layer FSS1 in
Fig. 3(a) and demonstrated the characteristic of reflection
coefficients, as denoted by the green curve in Fig. 3(c).
Considering that the thickness of each layer is the same as that
of the two-layer dielectric superstrate and the characteristic
of reflection coefficients is very similar over wide bands,
the proposed FSS1 could be a suitable alternative.

For the equivalent structure shown in Fig. 1(c) at band2,
to identify �lower at P1, we use the results obtained from a

Fig. 4. (a) TCDA1 without FSS1: Geometry of an infinite dipole array in
free-space excited by a plane wave where Ei and Es are the incident and
scattered electric fields, respectively. The dipole array extends infinitely far
with period p in the x- and y-directions and has discrete port1 (red cones).
(b) S11.

previous study [33], in which it was identified that a dipole
array in free space can receive maximum power from the
normal incident wave when the scattering coefficient (Ascat) is
−1/2, as shown in Fig. 4(a), this phenomenon occurring when
the input impedance of the dipole array antenna is perfectly
matched. It should be noted that reference impedance of the
reflection coefficient is the air impedance (=377 �) and the
FSS1 should be ignored. Since the physical meaning of Ascat is
that of the reflection coefficient by definition and the reference
impedance of �lower is the free space impedance, the reflection
coefficient �lower is equal to Ascat . Fig. 4(b) shows S11 of the
TCDA1 without FSS1 (dipoles only) in free space. It indicates
that the dipoles are well-matched in the frequency range
of 1.3–6.22 (band2) except for the lower frequency part of
band2. Consequently, �lower is presumed to be approximately
−1/2, thus the TCDA1 receives the maximum power from the
normal incident wave in band2. Owing to this fact, for band2,
we do not need to consider the complex equivalent circuit,
such as that shown in Fig. 2(c).

Finally, if �upper is equal to �∗
lower, S33, in Fig. 1(c), will

be 0 [34]. As mentioned before, the reflection coefficient
(�lower) between the perfectly matched dipole array antenna
and free space is approximately −1/2, as shown in Fig. 5(a).
In addition, because the imaginary part of �lower is sufficiently
small, its conjugation is not considerably different from �lower.
As a result, S33 becomes well-matched due to �upper ≈ �∗

lower
as shown in Fig. 5(b); therefore, our objective is attained for
band2.

Authorized licensed use limited to: Seoul National University. Downloaded on September 04,2021 at 04:32:35 UTC from IEEE Xplore.  Restrictions apply. 



5686 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 69, NO. 9, SEPTEMBER 2021

Fig. 5. (a) �upper and �lower are shown in a Smith chart where the results
are normalized to free space impedance. (b) S33.

In band3, TCDA2 is in an OFF state again, thus it produces
a high RS at P2 and the downward wave from TCDA1 is
minimally absorbed at TCDA2. As a result, TCDA1 in the
TCDA-under-TCDA becomes a near-lossless antenna again,
therefore reciprocity can be applied and the overall structure
becomes an absorber.

4) Design of the MS and VMS: In existing studies on
TCDAs, several approaches have been employed to real-
ize wide-angle insensitivity for the TE mode [22] and TM
mode [26]. In [22], a split ring resonator (SRR)-based MS was
proposed, where the SRR exhibits a symmetric geometry in
the E- and H-planes. The MS is composed of 4 × 4 SRRs and
positioned at 2 mm above TCDA1, as shown in Fig. 6(a). In
this study, the SRR patterns were modified into resistive SRR
patterns using a resistive film [MS (film)] of 100 �/square
(https://ohmega.com) since this film is more suitable than the
pure imaginary series LC tanks of the nonresistive SRR [MS
(copper)] at high-frequency bands, as confirmed in Fig. 7.
In addition, Fig. 7 illustrates that the reflection coefficient (S33

) in the TE mode under a 45◦ oblique incidence is improved
at 1–4 GHz by employing the MS (film).

For the TM mode, the decrease of the electrical length
of h2 at the oblique incidence angle significantly affects the
impedance characteristic of the TCDA [26]. Nevertheless,
it can be made insensitive by using a VMS, which makes
the wavenumber move in the z-direction and wave impedance
of the TM mode to be constant with the incidence angles [26].
As a result, the bandwidth can be extended from 0.99 to
6.26 GHz without VMS to 0.75 to 6.22 GHz with VMS,
being thus widened by 32%, whereas the lowest operating
frequency is decreased by 25%. It should be noted that the

Fig. 6. (a) Proposed unit cell of the absorber based on the structure
in Fig. 1(a) with added VMS and MS. Crossed overlapped patches in the
back of the PCB are enlarged. (b) Structure of the orthogonal PCBs inserted
into each other for the polarization insensitive absorber.

MS (film) and VMS do not significantly affect S33 under
normal incidence. In addition, these operate independently
so that the MS has little effect on the TM mode and vice
versa. In summary, the bandwidth of 0.63–6.55 (10.4:1) for
S33 < −10 dB is achieved with a 0.126λlow at the lowest
operating frequency under normal incidence. Furthermore,
under 45◦ oblique incidence, the bandwidths of 0.69–6.75
(9.78:1) and 0.75–6.22 (8.29:1) are achieved with a 0.138λlow

and a 0.150λlow for the TE mode and TM mode, respectively.
By introducing the VMS and MS (film), the bandwidth and
lowest operating frequencies for the TE and TM modes are
almost constant with respect to the incidence angles. It should
be noted that the bandwidth of the proposed structure under
normal incidence is not so different from that of the structure
without the VMS and MS (film).

For the absorption of the orthogonal polarization, a crossed
TCDA-under-TCDA structure should be used [20]. Also, over-
lapped patches are employed to increase the mutual coupling
between adjacent TCDAs, as shown in the enlarged pho-
tographs of Fig. 6(a). Since these are crossed, the patches are
modified to a U-shape, whereas one of the two PCBs should
be separated to join each other as shown in Fig. 6(b).

The actual geometrical dimensions of the proposed absorber
unit cell are shown in Fig. 8 using FR-4 boards (εr = 4.3 and
tanδ = 0.025) with a thickness of 0.2 mm.

Fig. 9 shows the S33 polarization dependence. Although the
U-shaped patches are asymmetrical, the responses at different
polarization angles are almost the same.

C. Discussion

In this work, the TCDA-under-TCDA structure has been
proposed to increase the upper frequency of the absorber
by five times without increasing the height of the original
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Fig. 7. Effects of VMS and MS on S33. MS (film) and MS (copper) indicate the MS composed of a resistive film and copper, respectively. Without VMS
and MS, the reflection coefficient is poor for an incident wave from 45◦ to 60◦, especially in the low-frequency band. S33 becomes less than −10 dB up to
45◦ by introducing the VMS and MS (film). The results are independent of φ, as shown in Fig. 9.

Fig. 8. Geometries of the proposed square unit cell. (a) Front (w1 = 3.8 mm,
w2 = 4.7 mm, w3 = 4.5 mm, w4 = 3 mm, w5 = 7 mm, dp1 = 9 mm,
f1 = 9 mm, f2 = 6 mm, f3 = 0.3 mm, f4 = 8 mm, f5 = 0.5 mm,
f6 = 16 mm, g1 = 6.5 mm, g2 = 1.5 mm, dp1 = 0.5 mm, dh1 = 5 mm,
dl1 = 6.88 mm, da1 = 40◦ , dw1 = 2.83 mm, dp2 = 0.5 mm, dh2 = 5 mm,
dl2 = 4.54 mm, da2 = 60◦ , dw2 = 5.32 mm, and p = 20 mm) and (b) back
side of the TCDA-under-TCDA (ce1 = 1.15 mm, ch1 = 5 mm, cu1 = 2.6 mm,
cw1 = 3 mm, ce2 = 1.6 mm, ch2 = 5 mm, cu2 = 2.6 mm, and cw2 = 4 mm).
(c) Unit cell of the 4 × 4 square MS which is positioned at 2.2 mm on the top
of the TCDA-under-TCDA. The red pattern is made of 100 �/square resistive
film (sl = 2 mm, sg = 0.5 mm, and sw = 0.25 mm). Total thickness of the
unit cell including the MS is 60.2 mm.

TCDA1 absorber. This goal can be achieved by ingeniously
placing a high-band TCDA2 into the empty space under
the original TCDA1. The role of the VMS and MS is to
help the TCDA-under-TCDA absorber to improve the TE
mode reflection characteristics in the lower band at large
incidence angles. To evaluate the contribution of each part to
the performance of the proposed final structure, the Rozanov

limit for the theoretical minimum thickness is considered [7]

dmin ≥
∣
∣∫ ∞

0 ln|�(λ)| dλ
∣
∣

2π2
≈

∣
∣
∣
∫ λmax

λmin
ln|�(λ)| dλ

∣
∣
∣

2π2
(2)

where �(λ), λmax and λmin are the reflection coefficient
of the absorber, the maximum, and minimum wavelengths
corresponding to the claimed bandwidth for |�(λ)| = −10 dB,
respectively. For TCDA1 only, the actual thickness-to-dmin

ratio is 3.33. On the other hand, for TCDA-under-TCDA
absorber without/with the VMS and MS, the actual thickness-
to-dmin ratio is reduced to 2.28/2.32, respectively. As a result,
it can be concluded that TCDA2 under TCDA1 does a key
role to widen the bandwidth of the proposed absorber without
the increase of the thickness of the original TCDA1 absorber
structure.

III. SIMULATED AND EXPERIMENTAL RESULTS FOR

THE PROPOSED 1-D ABSORBER

To measure the backscattering coefficient (�) of the
absorbers, a simple method with calibration has been
employed [35], [36]: Only a 1-D sample is fabricated and
measured using the TEM cell. A prototype of the proposed
1-D single-polarized absorber sample was fabricated and
shown in Fig. 10(c). Fig. 10(a) and (b) shows the front and
backside of the unit cell PCB, respectively. The lumped resis-
tance elements of 200 and 240 � are realized using resistance
chips (https://www.yageo.com). The PEC walls in Fig. 10(c)
are attached to the sample to realize the stable boundary
condition [37].

The TEM cell was designed to measure the 1-D sam-
ple, its geometry being shown in Fig. 11(a). The SMA
connector (MC002126, http://www.multicomp-pro.com) was
used for feeding the TEM cell at port1, whereas the other
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Fig. 9. S33 for normal incident wave with various polarization angles.

Fig. 10. (a) Front and (b) back of the unit cell PCB. The hole in the bottom
helps joining the unit cell with the aluminum ground plane. (c) Prototype of
1 × 14 sample of the proposed absorber. Four plastic spacers and Rohacell
foams support the MS. PEC walls are employed to make stable boundary
condition.

port was matched-terminated. The width and thickness of
the TEM cell should be designed such that the characteristic
impedance of the TEM cell should be tapered for impedance
matching so that only the TEM mode is excited. To identify
�, S11 in three cases should be known: S11 without any
structures in the TEM cell (�open), S11 with the aluminum
plate (�short), and the sample (�sample) in the TEM cell.
In the calibration procedure, the inverse-Fourier transforms
of the three parameters (�open, �short, and �sample) and the
time-gate of these parameters was implemented for reducing
the multiple reflections. Finally, their Fourier transforms were
implemented, and � = (��

sample − ��
open)/(�

�
short − ��

open)
was calculated, where the prime denotes the time-gated
parameter. Fig. 11(b) and (c) shows the simulated and
measured results of S11 for the three cases and the backscat-
tering coefficient, respectively. The simulated bandwidth is
0.68–6.37 GHz (9.37:1) with a height of 0.136λlow and the
measured bandwidth is 0.69–6.53 GHz (9.46:1) with a height
of 0.138λlow. These are in very good agreement with each
other as well as with the unit cell simulation result shown
in Fig. 7.

Table II shows a comparison of the proposed absorber’s
performances with those of state-of-the-art absorbers in terms
of the thickness t , operating bandwidth, maximum oblique

Fig. 11. Simulation, measurement setup, and results for the backscattering
coefficient of the proposed absorber using TEM cell. (a) Perspective of the
simulated TEM cell with 1-D absorber sample. wd = 300 mm, ld = 500 mm,
l1 = 10 mm, y1 = 4.7 mm, ht1 = 1 mm, y2 = 108 mm, ht2 = 23.2 mm,
and lu = 300 mm. (b) Simulated and measured S11 of the three cases with
the port2 matched: open, short, and sample (left to right). (c) Simulated and
measured backscattering coefficient.

incidence angle θmax , and figure of merit PA normalized
to tmax . The parameter, t, is the thickness of the absorber
normalized to the wavelength at the lowest operating frequen-
cies of each bandwidth for the TEM, TE, and TM modes
when the oblique incidence angle changes from normal to
maximum. tmax is the maximum value of t among all three
bands. The figure of merit PA normalized to tmax is defined
as follows [38]:

N PA = PA/tmax = B log(1/|�max|)
tmax cos θmax

(3)

where B = ( fmax − fmin)/
√

fmax fmin: fmax and fmin are
the maximum and minimum operating frequencies within the
common bandwidths of the TEM, TE, and TM modes from
normal to maximum oblique incidence angles, respectively.
�max is the maximum reflection coefficient within that range.
In all the previous absorbers, either the incidence angle is lim-
ited for wide bandwidth operation or the bandwidth is severely
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TABLE II

COMPARISON OF SIMULATED RESULTS OF WIDEBAND
AND LOW-PROFILE ABSORBERS

deteriorated for wide incidence angle operation, particularly in
the low-frequency band. In contrast, the proposed absorber
shows ultra-wideband characteristics at the wide incidence
angle of 45◦. If a figure of merit normalized to tmax is used in
order to take the absorber’s thickness into account in addition
to the bandwidth and maximum incidence angle for a fair
comparison of the performances, the figure of merit of the
proposed absorber is much higher than that of others, although
the electrical height of the proposed absorber seems to be
higher than others.

IV. CONCLUSION

In this article, an ultra-wideband and wide-angle insensitive
absorber is proposed. The bandwidth can be extended by
employing the TCDA-under-TCDA structure (2:1 × 5:1 =
10:1 bandwidth). In the frequency range where TCDA2 is in
OFF-state, the conventional method using the reciprocity can
be applied for the absorber’s design. For the ON-state of the
TCDA2 band, the impedance down-transformer (FSS1) can
be used to match the impedance difference between P1 and
FP3; the reflection coefficient at boundary (P1) between the
dipole array and free space is −1/2. Finally, by introducing the
MS and VMS, which are commonly used in TCDA antennas,
the proposed absorber can be fabricated to be wide-angle
insensitive to the TE and TM waves. It is worth noting
that owing to our work, the antenna-based absorbers can be
designed using both lossless and lossy antennas; this technique

provides added flexibility in the design of antenna-based
absorbers.
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