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ABSTRACT: This research introduces a new, compact, absorptive frequency-selective reflector, or notched absorber (AFSR), which is
low-profile and polarization-insensitive. The objective of the proposed study is to create a miniaturized FSS-based notched absorber that
exhibits a high level of angular stability and a robust operational bandwidth of 110% (4.1 to 14.1 GHz). It consists of a reflecting band
situated between two absorption bands. The absorption bands are 4.1 to 5.7 GHz and 9.0 to 14.1 GHz, respectively. A low insertion loss
of 0.40 dB is achieved at approximately 6.8 GHz, and a wide reflection window with a —3 dB band is extended from 5.8 GHz to 8.0 GHz.
The proposed notched absorber comprises three layers with a metal sheet at the bottom. The intermediate layer serves as a band-pass
filter, which passes the in-band signal while working as a ground plane for out-of-band absorption. In contrast, the top layer is responsible
for broad out-of-band absorption. The total thickness of the band notch absorber is 0.36 A (where A stands for the wavelength associated
with the lowest operating frequency). The equivalent circuit model of the proposed structure has been developed to understand better
how band-notch absorbers work at their most basic level. In addition, we examined the distribution of surface current. The notched
absorber that was designed is fabricated, and measurements have been done in a semi-anechoic chamber. The measured results are in
excellent agreement with the simulated ones. The proposed notched absorber can be employed in radomes, to reduce electromagnetic
interference and protect sensitive equipment from unwanted electromagnetic radiation, superstratum on an antenna, RCS reduction and
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stealth characteristics.

1. INTRODUCTION

bsorbers are frequency-selective surfaces that absorb in-
Acoming electromagnetic waves. They are commonly used
in stealth technology, reducing RCS, in radomes, for electro-
magnetic shielding, and in numerous other applications to limit
or selectively lower the reflection or transmission of electro-
magnetic waves. In 1952, Salisbury [1] proposed the first ab-
sorber with a quarter-wavelength thickness, marking the begin-
ning of research on absorbers. This absorber utilises the /2
path difference between the incident wave and the absorber.
Destructive interference at the absorber’s interface, caused by
the A/2 path difference between the incoming waves and those
that reflect them, cancels out waves.

Salisbury screen suffers from limited bandwidth, so enhanc-
ing the multilayer absorber structure (jaumann absorber [2]) is
implemented; however, it leads to an increased thickness of the
absorber. The wedge-tapered absorber [3] that was proposed in
1971 demonstrated the highest absorption rate, despite its cum-
bersome structure.

The primary demand for absorbers is stronger absorption ef-
fects, wider bandwidth, slimmer, and lighter structures.

Many investigations have been conducted to improve the
all-round performance of the absorbers. Multi-resonant struc-
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tures are implemented to achieve wideband absorption; a com-
bination of resonators tuned to various frequencies can be
used. Multiple absorption peaks are possible with this approach
and collectively span a wide frequency range [4,5]. Better
impedance matching over a wide frequency range is made pos-
sible by gradient-index metamaterials, which gradually switch
from one impedance to another. The bandwidth of metama-
terial absorbers (MMAS) can be greatly increased using this
design approach [6,7]. To increase the absorption bandwidth,
the thickness of the dielectric substrate supports should be in-
creased. However, a larger absorber’s total size is the trade-off.
An important trade-off in the wideband MMA design is opti-
mizing thickness [8]. Using resistive materials such as resistive
sheets, lump resistors, and resistive inks [9], frequency selec-
tive surface (FSS)-based microwave absorbers can be designed
to absorb a broad spectrum of frequencies. But with this type
of FSS, there is no scope for communication.

At the same time, it is important to allow electromagnetic
waves to pass through the radomes in the operation band in spe-
cific application scenarios, such as radomes, without compro-
mising the absorption and radiation performance of the anten-
nas. Frequency selective rasorbers (FSRs) are specific varieties
of FSSs that produce a transmission window between two ab-
sorption bands [10, 11]. In certain applications, it is necessary
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FIGURE 1. Absorption and reflection phenomena of the notched absorber. (a) Notched black box. (b) A-R-A frequency response.

to enhance the radiation efficacy. To achieve this, we employ
an absorptive frequency-selective reflector.

The notched absorber is a unique type of FSS that ab-
sorbs electromagnetic waves from both sides of the reflec-
tion window within a specific frequency range. In addition,
notched absorbers or absorptive frequency-selective reflectors
(AFSRs) [12,13] can be utilised as the ground plane for an-
tennas and function as a frequency-selective surface (FSS) re-
flector. These absorbers are specifically developed to achieve
antennas with low radar cross section (RCS) [14].

The objective of the research is to design a miniaturized,
wide-reflecting window dual-polarized notched absorber. The
proposed notched absorber boasts a relatively high fractional
bandwidth, as well as a low insertion loss and improved angu-
lar stability. The symmetrical design of the structure renders
it insensitive to polarization. The incorporation of notched ab-
sorbers not only reduces RCS but also mitigates the interfer-
ence effects of the co-located radar system, as they function as
a substrate when being used as a ground plane for the antenna.
The structural electrical equivalent circuit is developed using
Advanced Design System (ADS) software to enhance our com-
prehension of its physical operation. Finally, we fabricate the
proposed notched absorber using printed circuit board (PCB)
technology and measure it in a semi-anechoic chamber using
a vector network analyser (VNA). The simulated results are in
excellent agreement with the measured ones.

2. THEORETICAL BACKGROUND

The notched absorber comprises three layers. The upper layer
is responsible for the absorption of the signal; the middle layer
is used for the proper frequency selective reflective band; and
the bottom layer is used for the ground plane for the reflection
phenomena. For an ideal notched absorber, the reflection co-
efficient (S1; = 0) and transmission coefficient (S2; = 0)
for absorption phenomena and (S1; = 1) and (S2; = 0) for
reflection phenomena are calculated by Equation (1) [15].

A(UJ) =1- |511|2 - ‘521|2 (1)

where A(w), |S11|%, and |S21|? are absorption, reflected power,
and transmitted power respectively, but the notched absorber
phenomena are different from absorber as shown in Figure 1.

The overall frequency regime of the notched absorber can be
divided into three parts, i.e., lower absorption band ( f1 ), reflec-
tion window ( f2), and upper absorption band ( f3).

For an ideal notched absorber at f; and f3, S1; and So;
should be zero, and at f5, S2; should be zero, and S1; = 1.

The notched absorber, as illustrated in Figure 2, has been in-
telligently designed to produce these phenomena. Specifically,
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FIGURE 2. Absorption and reflection phenomena based on parallel
plate waveguide of the notched absorber.

the structure functions as an absorber when the impedance of
the upper layer is equal to the free-space impedance, and the
middle layer is zero. To obtain a selective reflective window,
the upper and middle layers must resonate simultaneously.

3. UNIT CELL GEOMETRY

The geometry of the unit cell in the proposed notched absorber
comprises three distinct layers. To obtain the top layer, a mod-
ified split ring resonator is affixed to an FR4 substrate with di-
electric loss tangent and permittivity of 0.02 and 4.4, respec-
tively, which functions as a parallel Ly-Cy resonator circuit.
One finger of the split ring functions as an inductor, while the
coupling between the fingers functions as a capacitor in parallel
with the inductor.

In order to achieve wide out-of-band operation, four chip re-
sistors (R = 350£2) were incorporated into each unit cell be-
tween the circular ring resonators to function as a series circuit
Ry-L4, as illustrated in Figure 10.

Once the top layer is designed, we need to design a mid-
dle layer that functions as a band-pass filter, which works as a
ground plane for the out-of-band operations and selective trans-
mission for the reflection window. To achieve band-pass fil-
ter functionality, slots are carved into the rectangular portion
kept in FR4 that functions as parallel L3-C's (bottom layer) res-
onators to resonate at the same frequency during the selective
reflective window as the Lo-C5 (top layer) resonator circuit.
The gap between different layers of the proposed design is sep-
arated by foam as an air spacer, which is characterized by a
refractive index close to that of air. To create a selective re-
flection window between two absorption bands, a metal sheet
is incorporated at the bottom of the structure. The bottom layer
metal sheet reflects the incoming waves that pass through the
upper and middle layers. The composite and side views of the
unit cell design are shown in Figure 3.
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FIGURE 3. Proposed notched absorber unit cell structure. (a) Top layer. (b) Bottom layer. (¢c) Composite view. (d) Side view of the rasorber.

The air gap is smartly adjusted to get out-of-band absorption
and in-band reflection. The optimal parameter of the proposed
notched absorber is as follows: ¢ = 15mm, b = 12mm, m =
3.5mm, Gap t = 3.0mm, and Gap_t1 = 9.0 mm.

4. DESIGN EVOLUTION

As mentioned before, the top layer is responsible for the wide
out-of-band absorption. On the other hand, the middle layer
was designed for the selective reflection window. Figure 4(a)
shows that the insertion loss of the reflective window is high,
and the out-of-band absorption bandwidth is low.

Reflection Coefficient (dB)

Frequency (GHz)

FIGURE 4. Design evolution of the proposed notched absorber.

We incorporate the middle layer, as illustrated in Figure 4(b),
to enhance the absorption bandwidth. However, the insertion
loss increases due to the electromagnetic (EM) wave’s leakage
to the opposite side. To overcome this issue, we employed a
ground plane at the bottom, as illustrated in Figure 4(c), which
prevents the signal from passing through it.

5. PARAMETRIC STUDY

The performance analysis with different values of the structural
dimensions is visualized with different parametric studies.
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5.1. Effect of Distance between the Top and Middle Resonator

The air gap between the top and middle layer is adjusted in such
a way that the middle layer acts as a ground plane for the out-
of-band operation and behaves as a band-pass selective filter to
get selective reflection for the in-band operation.

During the out-of-band operation when the signal is reflected
from the middle layer, it becomes again reflected from the top
layer, and these phenomena occur between the top and middle
layers multiple times to absorb the out-of-band signal and pass
the in-band signal to achieve a reflection window between two
absorption bands with a little insertion loss introduced due to fi-
nite loss tangent of the top and middle layers. To get the above-
mentioned design, we have adjusted the air gap between the top
and middle layers (Gap_t) from 2.0 mm to 4.0 mm. The opti-
mum reflection coefficient found at ¢,;,- = 3.0 mm is shown in
Figure 5.

5.2. Effect of Chip Resistor

The chip resistors are responsible for wide-band absorption in
out-of-band operation. The values of chip resistors vary from
R = 300Q to R = 4002 to get optimum response at R =
350 € as shown in Figure 6.

We can observe from Figure 6 that chip resistors are respon-
sible for only wideband absorption in the out-of-band regimes,
and the in-band reflection behaviour is unaffected by the chip
resistors. At the reflection window at around 6.8 GHz, the par-
allel Ly-C5 resonating circuit, formed by the top layer of the
notched absorber, resonates and leads to a high impedance of
the top layer, as shown in Figure 9. As a result, the surface
current distribution is very low across the chip resistors around
6.8 GHz, as shown in Figure 7(b). It indicates that the electro-
magnetic wave passes through the top layer without any loss.
A very small loss is introduced due to the non-zero loss tangent
of the top layer FR4 dielectric material.

At the absorption frequency on both sides of the reflection
window, due to the non-resonating behaviour of the parallel
L5-C5 resonator, large surface current flows through the chip
resistor as shown in Figure 7(a), which indicates that while the
wave passes at these frequencies, losses are introduced due to
chip resistors.
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FIGURE 5. Reflection coefficient of the proposed notched absorber for
different values of air-gap between the top and middle layer.
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FIGURE 6. Reflection coefficient of the proposed notched absorber for
different values of chip resistance.
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FIGURE 7. Simulated surface current density of the proposed notched absorber at the all the three layers, (a), (c), (e) at 12.0 GHz, (b), (d), (f) at

6.7 GHz.
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FIGURE 8. Simulated absorption and reflection coefficient for the pro-

posed notched absorber.
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FIGURE 10. Effective equivalent circuit model of the proposed notched absorber.

6. ABSORPTION/REFLECTION PHENOMENA

The out-of-band absorption and in-band reflection obtained
from simulation for the proposed notched absorber are de-
picted in Figure 8. The response provides insights into the
frequency response and effectiveness of the notched absorber
regarding absorption and reflection coefficient across a spec-
ified range. The proposed notched absorber demonstrates its
functional range from 4.1 GHz to 14.1 GHz, indicating that it
exhibits the desired behavior of selective reflection and absorp-
tion within the aforementioned band. The proposed design ex-
hibits two distinct absorption bands, each achieving a minimum
of 90% absorption, demonstrating its effectiveness in filtering
specific frequency ranges. The first absorption band extends
from 4.1 to 5.7 GHz, and the second absorption band spans from
9.0 to 14.1 GHz. Between these two absorption bands, a reflec-
tion window is observed near 6.8 GHz. The response of the de-
sign notched absorber shows a wide —3 dB reflection window
of 2.2 GHz with an insertion loss of just 0.40 dB.

To understand the physical insight of the proposed notched
absorber, we have made an electrical equivalent circuit model
as illustrated in Figure 10. Different dielectric layers and air
spaces between them act as transmission lines.

During in-band selective reflection operation, the parallel
Ly-C) circuit of the top layer resonates with the EM waves in-
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cident on the design structure. This results in high impedance
of the top layer around the selective reflection window, as il-
lustrated in Figure 9, and as a result, a very low surface cur-
rent flows across the chip resistors, as illustrated in Figure 7(b),
which demonstrates that the EM wave passes through the top
layer without lumped element-introduced loss at these frequen-
cies. However, during the process, a small loss is introduced
due to the finite loss tangent of the FR4 dielectric material. The
L3-C'3 resonating circuit of the middle layer resonates when
EM waves reach the middle layer, acting as a selective band-
pass filter, and these waves are reflected back to the incident
side as bottom layer functions as a reflector, as illustrated in
Figure 7. At port 1, we receive these reflected waves as an in-
band reflection window around 6.8 GHz.

During out-of-band absorption on both sides of the in-band
reflection, the normalized impedance of the top layer is
matched to the free space impedance in the desired frequency
range shown in Figure 9 due to which EM waves enter the
structure with very low reflection but non-resonating behaviour
of the top layer parallel Ly-CY circuit, and the surface current
across the chip resistor increases drastically which is shown
in the Figure 7(a), indicating that EM waves lose some of
their energy through chip resistors while passing through the
top layer. When EM waves reach the middle layer, the gap
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FIGURE 12. Simulated reflection coefficient for the proposed notched
absorber for different polarization angles.

TABLE 1. Experimental and simulation results of the proposed rasorber.

Simulated Notched Absorber Measured Notched Absorber
Out-of-Band In-Band Out-of-Band In-Band
Absorption Reflection Window Absorption Reflection Window
T issi T issi
Absorption BW FANSIISSION =11 1 Apsorption BW ransmission -y
window window
More th: 4.1to 14.1 GH More th 4.0 to 13.8 GH
ore tatt 0 g 6.8GHz | 04dB| oo ° | 675GHz |045dB
80% 10.0 GHz 80% 9.8 GHz

of this layer is then excited to act as a ground plane which is
shown in Figure 7(c) with surface current high near the gap.
As the middle layer acts as a ground plane for the out-of-band
operation, EM waves are reflected and bounced between the
top and middle layers multiple times to absorb the signal.

By setting the initial set of lumped element values to the
best values, it is possible to get responses that are very similar
between the electromagnetic simulation done with Advanced
Design System (ADS) and the simulation done with CST Mi-
crowave Studio [16]. For the maximal absorption and reflec-
tion window bandwidth, the lumped elements’ final values are
as follows: R1 = 235.0Q, L1 = 0.001nH, L2 = 4.6nH,
C2 = 0.56 pF, L3 = 33nH, and C'3 = 0.54 pF. The reflection
coefficient from the circuit simulation is compared to that ob-
tained from the full-wave analysis, and the results are in good
accord, as illustrated in Figure 11. This confirms the equivalent
circuit of the proposed notched absorber.

7. POLARIZATION-INSENSITIVE BEHAVIOR

7.1. Normal Incidence Results

To evaluate the polarization behavior of the proposed notched
absorber, a test was conducted where the direction of electro-
magnetic wave propagation remained constant while the orien-
tations of the electric and magnetic fields were rotated, chang-
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ing the polarization angle (¢) incremented by 30°. The exper-
iment aimed to determine whether the notched absorber main-
tained consistent performance despite polarisation changes.
As depicted in Figure 12, the simulated results demonstrated
that reflection coefficients remained stable across different po-
larization angles. It indicates that the notched absorber be-
haviour is unaffected by polarization variations, confirming
its polarization-insensitive characteristics. Such consistency
across varying polarization angles is highly desirable in appli-
cations where the orientation of incoming waves can vary or is
unpredictable.

7.2. Oblique Incidence Results

Equations (2) and (3) define the reflection coefficients for the
TE polarization ((I' L)) and TM polarization ((I'|)) under the
oblique incidence angle [17]:

_ Z(w)cos(0;) — Z,cos(0;)

Pi(w) = Z(w) cos(0;) + Z, cos(y) @
~ Z(w)cos(0;) — Z,cos(0;)

FH(W) o Z(w) Cos(ei) + Z, Cos(et) ®

where 0;, 0;, Z(w), and Z, denote the angle of incidence, angle
of transmission, an impedance of the notched absorber, and free
space impedance, respectively. Figures 13 and 14 illustrate the
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FIGURE 13. Simulated reflection coefficient of the proposed notched
absorber for TE polarization under oblique incidence.
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FIGURE 14. Simulated reflection coefficient of the proposed notched
absorber for TM polarization under oblique incidence.
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FIGURE 15. Fabricated proposed notched absorber. (a) Top layer. (b) Middle layer. (c) Side view.

variation in the reflection coefficient for a variety of incident
angles (6;) under electromagnetic waves with TE and TM po-
larizations. Figure 13 shows that the reflection coefficient for
out-of-band operation does not change much as the angle of in-
cidence goes up by 15°. It stays less than —10 dB for the given
frequency range up to 45°, though. Despite a modest reduction
in the insertion loss, the reflection window remains stable up to
an incidence angle of 45°.

In the case of TM polarization, while increasing the angle
of incidence the reflection coefficient in the out-of-band op-
eration band decreases. The reflection coefficient for the in-
band reflection window is divided into two parts for increasing
incidence angle, but insertion loss is almost constant which is
shown in Figure 14.

The air-space separating the top and middle FSS functions as
a transmission line, and its length is sensitive to oblique inci-
dence; consequently, oblique incidence alters the overall input
impedance of the transmission line, affecting the rasorber’s re-
flection and transmission coefficients.

8. PROTOTYPE FABRICATION AND VALIDATION

To validate the simulated design, all three layers were fabri-
cated using PCB technology and assembled for free space mea-
surement, and the 3.0 mm air gap between the top and middle
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layers and 9.0 mm between the middle and bottom layers are
maintained using foam. For the ease of fabrication and mea-
surement, FR4 of thickness 1.0 mm was taken to the top and
middle layers. The 11 x 11 unit cell was taken to fulfil the
requirement of 5\ lengths of the fabricated structure.

The fabricated structure, as illustrated in Figure 15, has an
overall dimension of 165 mm by 165 mm and consists of 121
unit cells. Figures 16(a) and (b) respectively illustrate the en-
larged views of the top and intermediate layer-fabricated sam-
ples. A schematic diagram of the measurement apparatus is
depicted in Figure 17, and the reflection coefficient of the fab-

(®)

FIGURE 16. Enlarged view of the fabricated proposed notched ab-
sorber. (a) Top layer. (b) Middle layer.
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FIGURE 17. (a) Schematic diagram of the measurement setup for reflection coefficient. (b) Experimental setup for the measurement. (c) Comparison
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TABLE 2. Comparison of the proposed rasorber with already published articles.

. —-3dB . Angular Stability (Fractional Bandwidth),
Unit Cell . (Reflection T . .
Ref. . Reflection (Degrees) /Polarization (—3dB Reflection Window)
Size (mm) . Peaks) /IL (dB) . .
Bandwidth Insensitive /(Overall Thickness)
15 (FR4 40(TE), 40(TM
[18] 5( ,) 0.87 GHz 4.9 GHz/0.17dB O(TE), 40(TM) (130.5%)/(0.18X)
(Economical) Yes
25 (F4B 45(TE), 30(TM
[19] (F4B) 1.6 GHz 3.5GHz/0.12dB (TE), 30(TM) (111.6%)/(0.22))
(costly) Yes
10.0 Duroid SO(TE), 40(TM)
[20] (Roger 5880), 0.5 GHz 13.5GHz/0.12dB {( (112.0%)/(0.25X)
es
Costly
21] 25 (Teflon) 0.41GHz |3.54GHz, 0.12dB 30(TE), 30(T™M) (95.4%)/(0.18)
(Costly) Yes
16 (Rogers 4350B) 45(TE), 45(TM)
[22] tand = 0.0037 0.54GHz | 7.41GHz, 0.29dB {( (111.5%), (0.22))
(Expensive) s
15 (FR4 45(TE), 45(TM
This Work ( . ) 2.2GHz 6.80 GHz, 0.4 dB (TE), 45(TM) (110%)/(0.36.1)
(Economical) Yes
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ricated notched absorber was measured in an anechoic chamber.
The Anritsu MS2037C Vector Network Analyser was hooked
up to two horn antennas that worked in the frequency range of
2—18 GHz for the experiment. We employed these two horn an-
tennas to transmit electromagnetic radiation and to receive the
reflected power of the fabricated structure. We calibrated the
network analyser using standard open-short-load (OSL) tech-
nology when we initially connected it to coaxial cables. We
positioned small pyramidal absorbers between the two horn an-
tennas to mitigate their coupling. The far-field requirements
have been met by positioning the fabricated notched absorber
at a sufficient distance from the antennas.

We first measured the reflection coefficient of a perfect re-
flector to eliminate the unwanted EM wave and propagation
loss. Subsequently, we found the reflection coefficient by po-
sitioning the fabricated structure at the same location. The real
reflection coefficient will be the difference between the two.
Figure 17(c) compares the simulated and experimental test re-
sults. It shows an insertion loss of 0.45 dB at around 6.75 GHz
and an absorptivity of over 80% from 4.0 GHz to 13.8 GHz.

Table 1 displays a comparison of the experimental and sim-
ulated results. Minor discrepancies between the experimental
and simulated results are identified and could occur because the
simulated result is for an infinite array of unit cells, whereas
the fabricated sample is of a finite dimension. Furthermore, the
measurement environment may differ from that of the simula-
tion. Fabrication tolerances and instrument inaccuracies may
also result in deviations.

Table 2 summarizes the comparisons between the proposed
metamaterial notched absorber and other related notched ab-
sorbers currently available in the literature. The table illus-
trates that the proposed notched absorber offers a wide reflec-
tion bandwidth with low insertion loss, stable wide-angle ab-
sorption to both sides of the reflection window, and high rela-
tive bandwidth on the right side of the absorption spectra. The
comparison table indicates that certain notched absorbers ex-
hibit minimal insertion loss and thickness, but they use mate-
rials more expensive than FR4, leading to high manufacturing
costs.

9. CONCLUSION

In this study, a novel notched absorber with a dual-polarized
wide reflection window, polarization insensitivity, and high
fractional bandwidth has been designed using CST software
and validated through circuit analysis and experimental testing.
The first out-of-band absorption bands extended from 4.1 GHz
to 5.7 GHz, and the second absorption band spans from 9.0 GHz
to 14.1 GHz. Between these two absorption bands a wide re-
flection window of —3 dB bandwidth of 2.2 GHz is observed
around 6.8 GHz with the insertion loss of only 0.4 dB. The pro-
posed notched absorber comprises three layers; the upper layer
is equipped with lumped resistors to facilitate broadband ab-
sorption, while the middle layer is carefully engineered to work
as a different filtering action for out-of-band absorption and in-
band reflection operation. The bottom layer acts as a ground
plane for the in-band reflection operation.
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Given these features, the proposed notched absorber could
be employed in various applications, such as radomes and elec-
tromagnetic compatibility solutions, to protect sensitive equip-
ment from unwanted electromagnetic radiation like radio waves
and microwaves. Moreover, when being used as a superstratum
on an antenna, the notched absorber can contribute to reduced
radar cross-section (RCS), enhancing stealth characteristics.
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