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ABSTRACT: Electromagnetic absorbers are specially designed structures that absorb electromagnetic waves incident on their surface and
reduce reflections in a specified frequency range. They are used within a wide range of applications, including stealth technology, re-
duction of electromagnetic radiation, and electromagnetic compatibility. This paper provides a comprehensive review of radar absorber
design techniques, starting with basic homogeneous resistive sheet-based absorbers and progressing to advanced designs incorporat-
ing resistive frequency-selective surfaces. A separate detailed review is carried out on transparent absorbers designed for the optical
transparency requirement in canopies and windows. Focus is given to the recent development of tunable absorbers designed to control
resistive and reactive characteristics using an active element to tune various parameters that pertain to absorption. This paper summarizes
key approaches for achieving narrowband, broadband, ultra-wideband, multiband, polarization-insensitive, and wide-incidence-angle ab-
sorption. Recent advancements and technical challenges in absorber design, such as low profile, flexibility, transparency, and real-time
tunability, are systematically reviewed to guide future innovations in radar absorber technology.

1. INTRODUCTION

lectromagnetic (EM) radar absorbers are designed to re-

duce the radar cross-section (RCS) of a conducting struc-
ture. During World War 11, to improve radar performance and
reduce detectability, absorbers were designed. Absorbers are
mounted on the surface of objects to reduce RCS achieved by
providing a non-reflective surface for EM waves by reducing
the reflections of incident EM waves. The primary objective
of radar absorbers is to enhance their stealth by reducing tar-
gets’ RCS. In addition to stealth applications, radar absorbers
are extensively used in the mitigation of undesirable EM radi-
ation, EMC, wireless energy harvesting, and other applications
that require the control of EM propagation. Absorbers can ab-
sorb EM waves within a specific frequency range by impedance
matching technique, which is determined by the design and ma-
terial used.

Several review articles on electromagnetic absorbers have
been reported in the literature, but most of them focus on
specific absorber categories, including metamaterial absorbers,
frequency-selective surface (FSS) based absorbers, transpar-
ent absorbers, and tunable absorbers. In contrast, this re-
view presents a unified perspective, covering the complete evo-
lution of radar absorber technologies, beginning with classi-
cal quarter-wavelength absorbers and extending to contempo-
rary intelligent and reconfigurable absorber designs. The pro-
posed review paper summarizes recent developments in ab-
sorber technology and critically compares different absorber
technologies in bandwidth, profile thickness, fabrication com-
plexity, angular stability, polarization sensitivity, transparency,
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tunability, and practical design trade-offs. The review paper
also comprehensively discusses recent research trends, includ-
ing flexible absorbers, screen-printed absorbers, transparent ab-
sorbers, three-dimensional absorbers, adaptive intelligent tun-
able absorbers, and Al-assisted design. Consequently, the pro-
posed review article not only serves as a survey of existing lit-
erature, but it will also be a design-oriented reference for re-
searchers working on next-generation radar absorber technolo-
gies.

The electromagnetic waves incident on an absorber may be
from any direction, with arbitrary polarizations, and across
any frequency band. With the unpredictable nature of the EM
source, achieving an impedance-matching surface is a chal-
lenge. Requirements in the absorber design are a thinner pro-
file, a wider absorption bandwidth, and stable absorption for
varying polarization and incidence angle. Figure 1 illustrates
layers used in constructing a radar absorber and challenges in-
volved in the design, requirements, and applications of an EM
absorber. A basic form of radar absorber consists of three
layers, viz., (i) a perfect electric conductor (PEC): a metallic
ground plane to suppress any transmission or back radiation,
(ii) dielectric layer: quarter-wavelength (\/4) spacer that de-
cides the operating frequency, and (iii) lossy resistive layer(s):
key component for energy loss.

1.1. Classification of Radar Absorbers

Radar absorbers are built in various forms, ranging from a thin
absorber layer (paint coating) to thick pyramidal structures.
Paint-coated absorbers [1] are constructed by coating the object
with a lossy material so that EM energy is absorbed in a spe-
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FIGURE 1. Tllustration of the challenges involved in absorber design.
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FIGURE 2. Absorber construction: (a) Salisbury screen absorber, (b) multilayer Jaumann absorber, and (c) Dallenbach absorber.

cific frequency range. The coatings get scratched or spoiled,
leading to reduced lifespan and deteriorated absorbing prop-
erties, making this paint-based absorber unsuitable for stealth
applications. Radar absorbers are classified under various cat-
egories based on the material properties, impedance transition,
resonance conditions, and construction.

Absorbers can be classified as dielectric, magnetic, or mag-
netodielectric based on the materials used in construction [2].
Magnetic absorbers constructed with magnetic materials re-
sult in thin absorbers with absorption from 30 MHz to 10 GHz.
Dielectric absorbers are usually thicker and work at frequen-
cies ranging from 100 MHz to 20 GHz. Magneto-dielectric ab-
sorbers are thinner and constructed with magnetic and dielec-
tric elements to provide the widest absorption bandwidth from
30 MHz to 20 GHz.

Based on impedance transition, absorbers are classified as (i)
pyramidal, (ii) tapered load, and (iii) matching layer absorbers.
Pyramidal absorbers [3] are constructed using pyramid- or
wedge-shaped structures that extend in a direction normal to the
assembly and are loaded with lossy elements, offering a gradual
impedance transition, which finds its application in anechoic
chambers. The bulky, thick, brittle nature of these absorbers
makes them unsuitable for many applications. Tapering-load
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absorbers [4] are constructed with homogeneous resistive lay-
ers whose loading impedance increases along the propagation
direction or by dispersing a homogeneous lossy material into a
low-loss material parallel to the structure and with an increas-
ing gradient in the direction of propagation. These absorbers
are thinner but have poor absorption compared to the pyrami-
dal structure. In matching layer absorbers, the impedance of
the preceding layer gets transferred to the succeeding layer and
added together, and finally, the impedance of the absorbing
structure matches that of free space to offer absorption.

When the thickness of the absorber structure equals Ao /4,
free-space impedance matching is attained. In quarter-
wavelength-based absorbers, the absorbing structures are
designed with a thickness of A\g/4. Based on quarter-
wavelength resonance, absorbers are classified as (i) Salisbury
screen, (i) Jaumann, and (iii) Dallenbach absorbers. The
basic Salisbury absorber [5] shown in Fig. 2(a) comprises a
resistive layer located at a distance of one-fourth of a wave-
length from a metallic ground plane, and the structure offers
a narrow absorption bandwidth. To improve the absorption
bandwidth, a multilayer Jaumann absorber [6] is constructed
by employing two or more lossy layers cascaded in series,
as shown in Fig. 2(b). Even though these absorbers offer an
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FIGURE 3. FSS-based absorber: (a) Perfect absorber, (b) Broadband absorber, and (c) Transparent absorber.

improved bandwidth, their increased thickness makes them
unsuitable for practical applications. Dallenbach absorbers [7]
are thin absorbers constructed by using highly lossy layers
with magnetic losses and a metallic backplane, as shown in
Fig. 2(c). The use of magnetic materials makes the absorber
bulky and expensive. Resistive sheets are not used in these
types of absorbers, and the power dissipation is caused by the
lossy dielectric layer. Magnetic substances are mixed with an
organic binder to form a layer of the needed loss density.

To decrease the thickness, FSS structures are incorporated
in the absorber design. FSS-based absorbers are classified
as perfect absorbers and broadband circuit analogue absorbers
(CAA). The perfect absorbers are narrow-band absorbers, con-
structed with a bottom ground plane and a conducting layer
consisting of periodically arranged FSS patterns at the top,
with a dielectric layer in between, as shown in Fig. 3(a). The
broadband CAA employs one or more lossy FSS layers in ab-
sorber design, as shown in Fig. 3(b). In this type of absorber,
the incident EM wave is dissipated as ohmic loss and dielec-
tric loss. The CAAs offer a wide bandwidth with reduced
thickness. The lossy layer can be designed using a metallic
FSS with lossy lumped elements, a resistive sheet, resistive
ink, or carbon-based materials. These types of absorbers have
a lesser profile thickness and offer broadband, angularly sta-
ble, polarization-insensitive absorption. Transparent absorbers,
shown in Fig. 3(c), are designed for scenarios where opti-
cal transparency is needed for designing see-through windows
and curved surfaces in stealth applications. Tunable absorbers
are designed to attain impedance matching over dynamically
changing EM conditions by tuning the resonance frequency and
absorption bandwidth. The literature of the above-listed ab-
sorbers is reviewed in detail in succeeding sections.

2. CONVENTIONAL ABSORBERS

Conventional EM absorbers, including Salisbury and Jaumann
absorbers, are the primitive form of absorbers, which work on
the principle of impedance matching of resistive layers, and this
is achieved by quarter-wavelength spacing from the back plane.
These absorbers are usually very simple to design and offer
predictable performance at desired frequencies. Their depen-
dency on fixed spacer geometry and material properties results
in relatively large physical thicknesses and fixed operational
bandwidths. These absorbers are typically bulky and optimized
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for specific frequency bands and incidence conditions. Due to
these constraints, their application is limited in recent EM radar
absorption systems.

2.1. Salisbury Absorber

The Salisbury screen absorber shown in Fig. 2(a) is the sim-
plest form of absorber with a narrow absorbing bandwidth. It
consists of a thin resistive screen with impedance equal to free
space (377 Q) placed at a distance d equal to A/4 in front of
a PEC ground plane, usually separated by an air-gap spacer,
first proposed by W. W. Salisbury [5]. The resistive screen is
placed at a quarter-wavelength distance so that the wave trav-
elling ahead of the resistive screen travels half a wavelength
distance and undergoes a phase shift of 180°. The incident
wave cancels the wave reflecting from the surface of the resis-
tive sheet, thus nullifying the reflected wave. The spacer thick-
ness can be reduced by replacing the air gap with a material of
high permittivity at the cost of reduced bandwidth. As these ab-
sorbers show a narrow band around the resonant frequency and
require a thickness of A/4, they are not widely used in most ap-
plications. The equivalent circuit (EC) of the Salisbury screen
consists of a short-circuited A/4 transmission line.

A lot of work has been done on the Salisbury screen to im-
prove its bandwidth. In [8], the resistive sheet in the conven-
tional Salisbury screen is replaced by a resistive strip grating,
and the ground plane is replaced by a parallel conducting grat-
ing, and an absorber has been designed for 10 GHz. This design
achieves —45.2 dB return loss and —0.23 dB insertion loss for
TE mode and TM mode, respectively. The design’s shortcom-
ing is that it remains transparent for TM polarization. Analyt-
ical expressions are proposed in [9] for the sheet resistance to
yield the maximum bandwidth for a specified reflectivity level,
incidence angle, and polarization. In [10], an optimized high-
permittivity skin layer is placed above the resistive layer to im-
prove the absorption (—20 dB bandwidth from 3 to 9 GHz) at
normal incidence. In addition, the skin layer offers protection
against mechanical or environmental damage. The absorber’s
overall thickness is 9.1 mm, and the thickness of the skin layer
is 1 mm. In [11], square Salisbury screens with thicknesses be-
tween 0.5 and 7.5\ are analyzed for edge scattering using the
method of moments (MoM) technique by optimizing resistiv-
ity and spacer thickness. In [12], a chip resistor grid network
on cloth of thickness 0.075 mm is designed for absorption at S,
C, and X bands. In [13], analytical expressions for optimum in-
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FIGURE 4. Physical topology of Jaumann absorber

ductance are calculated using a non-Foster matching technique,
and the reflectivity of the Salisbury screen at oblique incidence
is calculated. Negative inductance is employed in the analy-
sis to provide broadband matching. In [14], a V-shaped ab-
sorber is developed by modifying the conventional Salisbury
screen. The PEC ground is inclined to 45°, and the resistive
sheet is placed vertically, providing uneven spacing between
the PEC ground and resistive sheet. In [15], a 9 mm-thick
polarization-insensitive, wide-bandwidth (3.74-18.5 GHz) Sal-
isbury absorber is developed, where the metallic ground plate
is substituted by the reflective square patch.

Due to the narrow bandwidth limitation of the Salisbury
screen absorber, it cannot be used in a wide range of applica-
tions which demands a broad operational band. The key solu-
tion to increase bandwidth is to increase the number of resonant
frequencies, and this can be done by increasing the number of
layers.

2.2. Jaumann Absorbers

Jaumann absorbers are constructed by placing more than one
layer of resistive sheet separated by dielectric spacers, with the
highest resistance on the incidence side and the lowest resis-
tance at the backplane to overcome the bandwidth limitation of
the Salisbury absorber. This technique increases the absorber’s
bandwidth. Fig. 4 shows a typical n-layer Jaumann absorber.
In [16], the performance of Jaumann absorbers, when they are
used in cylindrical structures, has been evaluated by modifying
Richmond’s cylindrical stepping theory. A five-layer design
has been designed with the diameter of the composite structure
nearly triple that of the conducting cylinder, and the results sug-
gest that Jaumann absorbers should not be considered for cylin-
ders less than a wavelength in diameter. In [17], analytical for-
mulas have been developed for multiple electric/magnetic Sal-
isbury screens for the planar and cylindrical surfaces of two-
and three-screen planar stackups.

In [6], a synthesis procedure is presented for designing ab-
sorbers with layers up to 20. An equiripple solution is de-
scribed for a given number of layers and specified maximum
reflection coefficient,showing a wider bandwidth than the cor-
responding maximally flat solution. In [18], a Chebyshev-like
iterative approach is used to find unknown sheet resistivities
that will minimize reflection for a given frequency bandwidth.
In [19], numerical optimization based on the genetic algorithm
(GA) is used to design multilayer Jaumann absorbers with opti-
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mum oblique angle performance for TE and TM modes. Three-
and four-layer Jaumann absorbers are designed, and the perfor-
mance is analyzed for 45° and 60°, respectively. In [20], syn-
thesis algorithms based on Butterworth, equiripple, and Cheby-
shev absorption properties are used to calculate the absorber’s
sheet resistance with optimal bandwidth response. The results
for normal incidence are given in lookup tables to assist in the
design of practical Jaumann absorbers. An adaptive GA using
adaptive mutation for fast convergence with a minimum pro-
file is proposed in [21], considering one dielectric material for
the spacers. A five-layer Jaumann absorber is developed, and
the algorithm successfully reduces the absorber thickness by at
least 45% compared to the conventional absorber. In [22], a
lookup table for the design of a Jaumann absorber showing the
resistive sheet values to achieve a wider bandwidth is proposed.
These tables also help calculate specific narrow-bandwidth ab-
sorbers. Instead of using design formulae or lookup table, the
resistance value of the multilayer resistive sheet is calculated
using the Smith chart in [23, 24], allowing designers to visual-
ize how the design achieves the desired bandwidth.

In [25], the reflection characteristics of the multilayer ab-
sorber are analyzed using the transmission line model. The
Smith chart is used to analyze the effects of sheet resistance
on reflection performance, and it is found that the number of
layers in the design corresponds to the number of nulls in the
reflection curve. In [26], either or both front and back faces of
the panel of the Salisbury screen and Jaumann absorbers are in-
clined with respect to the incident radar signal. Here, a quasi-
optical technique is used to predict the scattering parameters,
since electrically large panels are considered. In [27], a numer-
ical study is performed to find the bandwidth-to-thickness ratio
of'the radar absorber as a function of reflectivity for suppressing
waves incident normally. Single- and multi-layer dielectric ab-
sorbers are studied, and a simple empirical relationship among
thickness, bandwidth, and reflectance level is derived. In [28],
a knowledge-based selection of a GA objective function to in-
crease the absorber’s bandwidth without increasing thickness at
oblique angles of incidence is proposed.

In Jaumann absorbers, by increasing the number of lay-
ers, a better bandwidth can be achieved, but the thickness and
weight of the absorber structure will also gradually increase,
which makes it unsuitable for practical applications. To make
absorbers best suited for practical applications, the absorbers
should afford high bandwidth with a thin, lightweight struc-
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ture. An innovative design approach is required for designing
absorber structures with a lower number of layers. This paved
the way for the design of FSS-based absorbers, which afford
broadband absorption with thinner absorbers.

3. FSS-BASED ABSORBERS

FSS-based absorbers consist of a two-dimensional array of con-
ductive patterns on a dielectric layer supported by a ground
plane. These absorbers offer broad absorption bandwidth with
comparatively less thickness than Salisbury and Jaumann ab-
sorbers. An FSS is a thin, repetitive, periodic arrangement of
metallic arrays, either patches or apertures on a dielectric sur-
face, which are designed to reflect or transmit EM fields de-
pending on the field frequency [29, 30]. As FSS has both resis-
tive and reactive properties, impedance matching is attained for
a larger bandwidth, resulting in wider absorption with a thinner
profile. These FSS-based absorbers aim at generating multiple
resonances in the frequency range, reducing the overall thick-
ness, offering a broader bandwidth, polarization insensitivity,
and an angularly stable response.

Extensive research has been conducted on FSS structures
employing elements of different sizes and shapes. The ab-
sorbers can be classified as narrow-band perfect absorbers or
broadband CAA. The narrow-band absorbers make use of res-
onating metallic structures, and the broadband absorbers con-
sist of non-resonating lossy structures.

3.1. Narrow-Band FSS Absorber

“The electrically thin profile absorbers offer near-unity absorp-
tion at a desired frequency for normal incidence and are termed
perfect absorbers” [31]. These absorbers consist of metallic
FSS on the top and a homogeneous metallic ground plane at
the bottom. The absorber’s resonant frequency is governed by
the geometry of the FSS periodic elements. The substrate’s
dielectric properties and absorber thickness determine the res-
onating frequency. At the resonant frequency, the incident EM
wave energy is dissipated as ohmic and dielectric losses in the
metallic FSS and substrate, respectively. Combined electric
and magnetic effects enable the absorber impedance to match
the impedance of free space, reducing reflection, resulting in
near-perfect absorption.

Research works were carried out on various shapes of
resonating elements, from simple square/circular patches
and square/circular/octagonal rings to advanced shapes like
split-ring resonators (SRRs), cross/Jerusalem cross (JC)
structures, meandered and fractal geometries, etc. Perfect
absorbers guarantee absorption levels greater than 95% for
normal incidence and a better angular stability, determined by
the periodicity and symmetry of the unit cell. The low-profile
thickness of these absorbers makes them suitable for conformal
applications.

The first metamaterial absorber is proposed in [31], with
the absorption of 96% at 11.5GHz. In [32], a 3.2 mm thick
absorber with Minkowski fractal geometry is proposed for
multipath mitigation. The absorber offers 98% absorption at
0.868 GHz for incidence angles up to 45° and 60° for TE and
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TM polarizations, respectively. In [33], a high Q-factor (69.8)
0.127 mm metamaterial absorber is designed with an inverted-
cross-star metal patch to resonate at 12.5 GHz. The design of-
fers 85% absorption with angular stability of 70° [34] investi-
gated a narrowband perfect absorber based on an InSb cylinder
structure array for 99.9% absorption at 1.9 THz with a 120.9
Q-factor. In [35], a circularly polarized four-element array and
a wall of the double-layer slotted cross patch metamaterial ab-
sorber are proposed to reduce mutual coupling between anten-
nas in the array operating in 1.24-1.28 GHz. In [36], an opti-
mal approach is used in the SRR design, which improves the
signal-to-noise ratio (SNR) from 3.39 to 28.59 dB. In THz[4],
GA is developed to optimize the absorption bandwidth by re-
trieving the physical dimensions and effective ¢, and p,- of an
absorber with periodic metallic strips for a 9 GHz center fre-
quency. In [37], an absorber with square patch arrays on a per-
forated dielectric slab for metallic vias between FSS and ground
is designed for perfect absorption at 3.5 GHz. This enhances the
TM absorption bandwidth and absorption performance but has
no effect on the TE polarization.

Due to the near-unity single-frequency absorption, applica-
tions are limited, and henceforth, to obtain multiple resonant
frequencies, different resonating structures are included either
horizontally or vertically to create multiple resonating struc-
tures. In [38], a triple-band absorber with a thickness of \ /153
is designed on a polyethylene terephthalate (PET) substrate,
offering resonances at 6.16, 9.22, and 11.6 GHz with absorp-
tivities of 95, 96, and 97%, respectively. In [39], a modified
segmented SRR absorber is fabricated with four resonances at
11.23, 14.18, 17.37, and 19.18 GHz with absorption of 85.51,
99.13, 98.19, and 90.8%, respectively. In [40], an absorber is
realized by interlaced I and square metallic stripes to produce
four resonances at 2.24, 2.8, 4.3, and 5.8 GHz with absorptivi-
ties of 96, 93, 93, and 95%, respectively, and the design attains
a negative ¢, and p,.. In [41], the unit cell is replicated along
the ring lattices to obtain the dual-ring three-layer absorber.

In [42], a dual-side, deca-band, FSS absorber based on sur-
face plasmonic resonances is designed for X- to K-band appli-
cations with a thickness of 0.07\ 1, offering an absorption of
94.6%. In [43], the FDTD method is used to design an absorber
with four absorption peaks derived from the 3rd to 6th reso-
nance mode couplings in the near-infrared band using a Fabry-
Perot structure to offer the narrowest absorption bandwidth of
24 nm with a Q-factor of 37.6. Consequently, when a wider ab-
sorption bandwidth is required, multi-resonant structures can be
designed to resonate at nearby frequencies to offer wide absorp-
tion bandwidth. In [44], an absorber with a thickness of 0.07\
is designed by realizing a periodic structure of SRR for provid-
ing 90% absorption from 8.3 to 11.3 GHz. In [45], dual-band
absorbers are designed with a layer of 2 symmetrical metallic
resonators (circle, square, hexagon, JC) to resonate at 2.4 and
5 GHz by using a lossy dielectric layer, and air medium is used
as a spacer. In [46], an absorber consisting of a pair of co-
centered resonating JCs printed on an FR4 substrate cascaded
with a high-loss, dielectric layer and a metallic back plane for
absorption from 7.8 to 12 GHz with a fractional bandwidth of
42.42%. Table 1 shows a comparison of narrow-band absorbers
reported in the literature.
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TABLE 1. Comparison of metallic FSS-based radar absorbers.

No. of Absorpti Angular Stabili
Ref. | Layer Unit cell o0 sorption nguar Stabitity Absorption % Substrate thick (mm)
Freq. band Freq. (GHz) TE® T™°
[44] 1 SRR 1 8.3-11.3 0 0 90 FR4 4.5
. . FR4,
[45] 2 circular ring 2 2.4,5.15-5.89 30 30 90 9
Eccosorb
FR4
[46] 1 JC 1 7.8-12 40 60 90 ’ 4.1
Eccosorb
[47] 1 square ring 1 6.14 80 80 98 FR4 1
8.8,9,9.3, 97,97,
[48] 1 IC 5 60 60 FR4 2.4
9.4, 10 96, 99, 97
[49] 1 square patch 1 0.85 0 0 98 Card board 6.5
[50] 1 petal 2 16.6,24.4 70 70 80, 95 FR4 0.47
[51] 1 SRR 3 24,52,5.8 40 40 99, 98, 98 F4B 3
[52] 1 Octa ring, cross 2 12.2,15.5 90 30 99, 90 FR4 0.75
[53] 1 bow-tie dipole 1 2.45 0 0 96 RO 4003C 8
21.1,22.2,23.4 98,94, 97
[54] 1 SR + E-fractal 6 ’ ’ ’ 20 20 O FR4 1.6
24.9,27.9,29 97,95, 96
[55] 2 rectangle patch 2 11.3-13.5 30 30 90 FR4 4

These absorbers are employed in stealth enhancement
against monostatic radar systems [42,46,41], mitigate scan
blindness and pattern distortion in phased arrays [32], sens-
ing applications [33,34,43], electromagnetic compatibility
(EMC) and electromagnetic interference (EMI) suppres-
sion [36, 39, 44], antenna performance enhancement [35], and
EM energy harvesting [39,51]. The unity absorption, single-
frequency resonant absorbers are very sensitive to incidence
angle, polarization, parameter variations, and fabrication
tolerances.

The single-frequency absorption at the resonant frequency
results in high surface current and localized heating effects, lim-
iting power-handling capability. In a practical EM scenario,
maintaining strict resonance conditions is difficult. The limita-
tions of perfect absorbers can be resolved by including resistors
introduce ohmic loss into the resonant structure, which will be
reviewed in the next section.

3.2. Absorbers with Metallic FSS with Lumped Resistors

These absorbers are constructed with metallic FSS loaded with
lumped or distributed resistors on a dielectric substrate backed
by a metallic ground plane. The geometry of the FSS layer
provides capacitive and inductive resonance, and the resistors
offer ohmic loss and dissipate incident EM energy into heat.
When the impedance of the absorber (combined electric and
magnetic resonance) matches with the fre-space impedance, an
absorption band is obtained. The values of the lumped resis-
tor, gap width, metal trace length, substrate thickness, and unit
cell size control absorption level & bandwidth, capacitance, in-
ductance, magnetic coupling, and operating frequency, respec-
tively. Research outcomes were reported on various shapes of
resonating elements loaded with lumped resistors, from simple
square/circular patches and square/circular/octagonal rings to
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advanced shapes, such as SRR, cross, JC structure, and mean-
dered fractal geometry.

In [56], a single-layer absorber for 10 dB reflection reduc-
tion from 1.77 to 4.33 GHz is built with bow ties of differ-
ent sizes loaded with lumped resistors. A single-layer ab-
sorber with a thickness of 0.077A1, comprising a cross dipole
with lumped resistors and a central resonant patch is designed
in [57] to offer an absorption bandwidth of 108.67% from 3.58
to 12.10 GHz. In [58], a single-layer 0.08 A, -thick absorber
with 3 resonant modes is realized to offer a fractional band-
width (FBW) of 127.9% from 2.68 to 12.19 GHz. In [59-70],
absorbers are designed using multi-resonant phenomena with
square conducting loops loaded with lumped resistors to offer
absorption in a wide absorption bandwidth. In [62], a layer of
dielectric skin is included in the design for an increased res-
onance. In [59, 65, 66], GA-based optimization is used to ob-
tain the optimized parameters. In [68], periodic structures are
printed on both sides of the substrate to improve design freedom
for optimal performance. In [69,70], a double fractal square
loop structure is used to reduce the size of the unit cell for bet-
ter angular stability.

In [71], a 0.32\, thick absorber is designed with a pair of
rectangular patches and a loop loaded with resistors, which of-
fers absorption from 5.44 to 10.21 GHz, offering a stable re-
sponse for both TE and TM polarizations up to 75°. In [72], an
absorber with a double-circular-loop array with lumped resis-
tors is designed for absorption from 2 to 8.3 GHz for incident
angle variations up to 40° and analyzed with ECM and Mar-
cuvitz theory. In [73], a 0.101) . -thick 2-layer absorber with
meander lines and lumped resistors is printed on a perforated
substrate to offer a bandwidth ratio of 1 : 12.88. The perfo-
rated substrate and the air space in between are used to increase
the bandwidth. With an optimum air-spacer thickness, the ab-
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TABLE 2. Comparison of metallic FSS with lumped resistor radar absorbers.

Ref. | layer Unit cell Bandwidth Absorption Substrate Thick (mm)
fr fu | TE® | TM®

[56] 1 bow tie 1.77 | 4.33 0 0 Taconic 12.7
[57] 1 dipole, square patch 3.63 | 991 30 30 FR4 6.2
[58] 1 metallic strips 277 | 122 30 30 FR4 9
[59] 2 square loop 4.2 14 45 45 er =1.7,25 11.5
[61] 1 DSL 2.2 9 30 30 2.2 14.2
[62] 2 square loop 2 17.1 40 40 RT5880 15.0
[63] 1 square loop 8 18 0 RT5880 10
[64] 2 square loop 4.96 | 18.2 FR4 4.6
[65] 2 square loop 3 8.32 45 45 2.65 10
[67] 2 square loop 1.3 10 30 30 FR4 21
[68] 2 square loop 222 | 11.5 15 15 RO 4003 10.5
[69] 2 fractal square loop 1.98 | 8.64 | 30 30 FR4 13.6
[70] 1 Minkowski fractal loops | 5.5 17.5 30 0 er =2.25 4.5
[71] 1 square loop 544 | 10.2 75 75 3 17.5
[72] 1 circular loop 2 8.3 40 40 FR4 14.7
[73] 2 meander lines 1.03 | 133 30 30 FR4 29.6
[74] 2 circular sector 3.87 | 14.8 0 0 FR4 6.2
[75] 1 crossed dipole 53 11.2 30 60 FR4 4.47

sorption bandwidth is increased. In [74], a 2-layer absorber is
constructed by a periodic pattern of circular sectors with in-
serted lumped resistors for absorptivity in the frequency range
between 3.87 and 14.84 GHz.

In [75], a 4.47 mm-thick absorber is designed using a syn-
thesis technique to reduce the RCS using an array of metallic
crossed dipoles with resistor elements to offer a reflection re-
duction bandwidth of 70.7% from 5.3 to 11.2 GHz. In [76], an
absorber is designed with a periodic array of microstrip lines
loaded with lumped circuit elements using the singular integral
equation method. In [77], a method for finding the optimal-
ity ratio of planar absorbers is proposed, and the thickness and
bandwidth of absorbers are evaluated and compared with the
possible optimum thickness. In [78], a single-layer absorber
is designed for absorption from 6.39 to 10.7 GHz, with an an-
chor and hat-shaped arm ring resonator with inserted load resis-
tors. In [79], a 0.1 -thick absorber is designed with lumped
resistor-loaded circular-loop arrays on an FR4 substrate to of-
fer reflectivity reduction in the frequency band 3.6-24.6 GHz.
In [80], a GA-based EC design approach is used to find the ab-
sorber’s optimized parameters, with operating frequency bands
and total thickness as inputs for designing single- and multi-
layer absorbers, with FBWs of 126 and 161%, respectively. Ta-
ble 2 shows a comparison of metallic FSS with lumped resistor
absorbers reported in the literature.

Although these absorbers can be used in broadband appli-
cations, the following limitations prevent practical use. The
lumped resistors soldered with the FSS increase the cost and
fabrication complexity for large-area absorbers. Dissimilari-
ties in soldering joints result in uneven distribution of surface
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resistance, leading to variation in the absorber’s performance
. Parasitic inductance and capacitance introduced in the sol-
der joints at higher frequencies changes the resonant frequency,
which results in the performance degradation of the absorber.
Moreover, these joints suffer from mechanical reliability issues
and reduced long-term stability. To overcome these limitations,
alternative approaches, such as thin-film resistive layers and
printed resistive inks, offer uniformity in resistance.

3.3. Resistive Screen-Based Absorbers

Resistive screen-based absorbers are thin EM absorbers that
employ a patterned lossy screen to dissipate incident EM en-
ergy. When the absorber’s impedance matches the free-space
impedance, reflection is minimized, and absorption is attained.
These resistive screen-based absorbers are further classified
based on fabrication technique: resistive film, conductive ink,
and transparent conductive oxide.

3.3.1. Resistive Film-Based Absorbers

In [81], a Salisbury is designed for 8-12 GHz with the PEC
ground replaced by a square patch artificial magnetic conductor
(AMC) and a 400 €)/ resistive sheet to offer reduced sensitivity
up to incidence angles of 40°. In [82], a three-layer capacitive
circuit absorber is designed with a bandwidth of 4-24 GHz and
a total thickness of 15.1 mm, with a 28% reduction in thickness
and a 57% increase in bandwidth in comparison to the Salisbury
screen. In this design, at low frequencies, the band-stop res-
onating FSS are replaced with low-pass capacitive ones, which
can be synthesized by resistive square patches, and it is shown
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TABLE 3. Comparison of resistive film-based radar absorbers.

Ref. | Layer Unit cell Bandwidth (GHz) | Absorption Substrate | Thick (mm)
fr fu TE® | T™M®
[81] 1 square patch 8 12 40 40 foam 10
[82] 3 square patch 4 24 0 0 foam 15.1
[83] 3 triangle lattice | 2.5 8.5 45 45 11.5
[84] 1 dipole 5.4 18 40 | 40 TLY-5 9
[85] 8 square patch 33 34.6 0 0 foam 14.5
[86] 1 square patch 11 29 30 30 foam 2
[90] 1 square patch 8.2 12.4 0 0 Glass fiber 2.93
[92] 1 hexagonal loop | 7.8 24 45 45 TLY-5 3
[93] 1 square patch 9.4 17 30 FR4 33
[94] 1 square patch 7.5 13.5 0 0 RO4003 3.5
[98] 3 square patch 4 50.9 60 60 PMI foam 7.4
that higher frequencies are not influenced by these modifica- is designed by merging reflection nulls created by the 4 loops.
tions. In [83], an ultra-wideband 3-layer absorber using square- In [93], a single-layer absorber with a square-patch FSS is de-
patch FSS as resistive sheets and high-permittivity spacers is signed for 9.4—17 GHz, which is constructed by placing a re-
designed for angular stability up to 45°, offering a bandwidth of sistive square patch on an FR4 substrate attached using adhe-
26 GHz. In [84], a high impedance surface (HIS)-based single- sive. In [94], a 3.5 mm-thick CAA with a resistive square-patch
layer absorber, in which two unequal-length printed dipole FSS FSS is designed to have absorption in 7.5-13.5 GHz, using the
with resistive elements sandwiched between the resistive sheet synthesis formula. In [95], a multiband resistive absorber was
and metallic backplane with a total thickness of 9 mm, is de- constructed using a 2-layer cross dipole FSS for absorption at
signed to enhance the absorption bandwidth from 5.4 to 18 GHz 4.9-7.3, 8.5-9.6, and 11.7-13.9GHz. A 12mm PET ITO re-
and angular stability for incidence angles up to 40°. sistive absorber with a JC unit cell is developed using a target-
In [85], an absorber with a bandwidth of 3.26-34.65 GHz driven inverse design by deep learning in [96] with a test accu-
and a thickness of 14.5 mm, which is only 0.7% thicker than racy of 93.5%. In [97], a 0.117\, thick absorber is designed
that of the theoretical limit proposed by Rozanov, is designed. for absorption from 0.2 to 1.1 GHz, based on the concept of
The unequal periods of the square-patch FSS make EM anal- a tightly coupled array and antenna reciprocity theory using a
ysis difficult, which can be simplified by using the EC model. patterned ITO. In [98], a multilayer absorber is designed using
In [86], a multiple resonant wideband absorber is designed with polymethacrylimide (PMI) foams and square patches of ITO
a single-layer treble-square loop resistive FSS to offer a band- resistive film FSS to offer absorption from 4 to 50.9 GHz. The
width of 10.7-29 GHz with a thickness of 2 mm. In [87], a 3- absorber uses two dielectric matching layers, an equivalent me-
layer 12 mm-thick absorber is designed, integrating a convo- dia layer with an €,. of 1.5, and PEEK (polyether ether ketone)
luted ring and a cross formed by sputtering ITO (indium tin material with an ¢, of 3.2 to enhance the absorbing stability at
oxide) onto a PET substrate and Teflon layers as the spacer. oblique incidences. Table 3 shows a comparison of resistive
The absorber offers more than 90% absorption rate in the fre- film-based absorbers reported in the literature.
quency range of 2.79-20.62 GHz. In [88], a 3-layer absorber
is designed with a thickness of 10 mm for a bandwidth of 3.7— .
11.9 GHz. In [89], a 16.8 mm-thick absorber with a hexagonal 3.3.2. Screen Printed Absorbers
resistive patc':h.FSS for the 1.7 to 25.GHZ band is Qeveloped. In these absorbers, resistive layers (homogeneous/patterned)
T}}e four resistive FSS layers are designed as electrlca.lly very are deposited by screen-printing onto dielectric substrates with
thin printed circuit boards (PCBs) using a 0.2 mm-thick FR4 printable conductive or resistive inks, made of carbon, graphite,
substrate jby accurate ph.otohthograph}c technf)k?gy. In [90], an graphene, or metal-polymer composites. In this process, the ink
absorber in the X—l?and 1 deglgned v.v1th.a resistive square FSS is forced through a patterned mesh screen onto the substrate
fmd a carbon fa'brlc composite, which is applied .to the lead- using a squeegee, and the printed geometry is defined by the
ing edge of a wing-shaped structure. The synthesis procedure screen’s open areas and then cured at moderate temperatures.
for low-profile .frequency-sele.ctlve EM absorbers with well- Due to the ease of bulk production and low fabrication cost,
dfifmgd absomthn and reflection bands as well as steep sele(?- screen-printed absorbers are designed for RCS reduction and
tivity is .detalled in [91]. A 2nd-order absor‘t?er. has been fab.rl- EMI/EMC mitigation.
cate.d using non-resonant 'sub—waveljcngth resistive patches with In[99], a 1 mm-thick absorber consisting of a square-ring ar-
a thickness of 8.9 mm, with abs9rpt10n from 8.7 to 11.6 GHz. ray printed with resistive ink on a thin grounded dielectric slab
In[92],a3 mm-‘thlck fqur.-re51stlvel}‘/-loaded hexagonal-loop to offer absorption in 7-20 GHz. In[100], an 0.076\ . -thick ab-
FSS absorber, which exhibits absorption from 7.8 to 24 GHz, sorber is realized by patterning the carbon ink as a square loop
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TABLE 4. Comparison of screen-printed radar absorbers.

Ref. | Layer Unit cell Ink Band width | Absorption Substrate | Thick (mm)
fr fu TE® | T™M®

[23] 4 square ring conductive | 8 12.2 15 30 FRP, PI 14.6

[99] 1 square ring resistive 7 20 30 30 FR4 2

[100] 1 square loop carbon 8 12 45 30 E-glass 34

[101] 3 Cross, square ring carbon 2 23 45 45 pet on PMI 33

[103] 1 circular ring carbon 8 20.1 45 45 paper 15.4

[104] 4 cross, square patch resistive 2 37.5 30 45 FR4 3.7

[105] 1 Modified JC silver 8 10.9 0 0 PET

[106] 1 cross, circular ring carbon 4 12 60 60 PI, glass 253

on glass fabric/epoxy laminate with grounded Cu foil, show-
ing absorption in the X-band. In [101], a 3-layer 0.1\ -thick
absorber is designed using resistive periodic square patches,
square loops, and cross layers printed on a PET substrate using
an inkjet printer with PMI spacers to offer absorption from 2
to 23 GHz. In [102], a 0.108 A -thick resistive ink-based mul-
tilayer absorber is printed on an FR4 substrate for absorption
in the 1.3-18.6 GHz band. In [103], a 3.36 mm-thick confor-
mal absorber is designed, including a resistive ring-shaped FSS
printed with carbon-based paint on a flexible photo paper sub-
strate for absorption from 8 to 20.12 GHz. In [104], a four-layer
resistive ink-based absorber is presented for absorption in 2.1
to 37.5 GHz, utilizing a space mapping algorithm to optimize
the reflection coefficient in the degraded frequency band. A
flexible CAA is realized in [105] using a screen-printing tech-
nique for absorption in the 8.3-10.9 GHz band. In [106], an
absorber is designed using a GA-based algorithm and screen-
printed with carbon ink on a polyimide (PI) film with a foam
spacer, for RCS reduction of curved aircraft wing structures of
UAVs with a curvature of 200 mm employing a pixelated meta-
surface for absorption in the C and X bands. In [107], the char-
acteristics of CAAs due to manufacturing uncertainty and fabri-
cation errors are examined by considering randomly fabricated
samples designed for the X band with a square loop printed with
non-uniform thickness of conductive inks on a PI film substrate
where the sample is sandwiched by fiber-reinforced plastic on
both sides.

Table 4 shows a comparison of screen-printed absorbers re-
ported in the literature is. The limitations of screen-printed
resistive-ink absorbers include limited printing resolution, non-
uniform sheet resistance, poor electrical stability over time, and
mechanical degradation under bending.

4. THREE-DIMENSIONAL (3D) ABSORBERS

A new type of absorbing structure referred to as a 3D EM ab-
sorber uses volumetric field interaction instead of just planar
surface resonance to achieve EM attenuation. Unlike conven-
tional two-dimensional absorbers, 3D absorbers exploit thick-
ness, geometry, and material gradients to enhance EM loss, en-
abling broadband, wide-angle, and polarization-insensitive ab-
sorption.
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In [108], hexachiral honeycomb dielectric slabs are used to
increase the mechanical and EM performance. Salisbury and
Jaumann absorbers are designed with hexachiral honeycomb
dielectrics for frequencies of 1.5 GHz and 0.5-2 GHz, respec-
tively. In [109], a GA-optimized absorber is designed using
a patterned resistive sheet placed in a planar direction with a
2 mm-thick substrate and metallic line arrays with a 0.4 mm-
thick substrate placed vertically to offer absorption from 8.2
to 19.5 GHz. In [110], a 3D absorber is realized with two lossy
layers constructed by metallic strips and resistors with a double-
sided parallel-strip line printed along the longitudinal direction
to offer absorption from 1.50 to 12.31 GHz. In [111], a 13 mm
thick absorber consisting of a planar array of resistance-loaded
metallic cross patterns and a vertical crossed mesh array with
resistance-loaded metallic ring patterns is realized to offer ab-
sorption between 2.11 and 3.89 GHz. A 3D absorber is de-
signed in [112], consisting of a vertical absorbing layer with
2 elliptical resistive rings and the horizontal metallic mean-
dered JC. Vertical and horizontal layers offer absorption from
12 to 18 GHz. A spoof surface plasmon polariton-based ab-
sorber proposed in [113] consists of 9 incurved metallic strips
loaded with lumped resistors to offer absorption from 6.95 to
17.54 GHz.

In [114], a 10 mm-thick pyramidal honeycomb absorber is
printed using carbon-loaded polylactic acid, with the 3D print-
ing technique, offering an absorption level greater than 22.9 dB
for a bandwidth of 2—18 GHz. In [115], a 3D absorber using
carbon-doped conductive silicone rubber composite material
based on a hauberk structure is designed to offer 80% absorp-
tion from 10 to 40 GHz. In [116], a two-layer 3D absorber is
designed for absorption from 5.9 to 19.17 GHz with a resistive
paint applied uniformly in the shape of strips on a Polylactic
Acid (PLA) Swiss cross-shaped substrate.

3D EM absorbing structures suffer from challenges, such as
fabrication complexity, size, weight, and integration with lin-
ear platforms. Ongoing research aims at addressing these issues
through lightweight materials, structural optimization, and re-
configurable volumetric designs. As fabrication technologies
emerge, 3D EM absorbers will play a significant part in forth-
coming wide-band, flexible, and adaptive EM absorption sys-
tems.
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TABLE 5. Comparison of transparent radar absorbers.

Ref. | Layer Unit cell Bandwidth (GHz) | Angular Stability Absorptivity % Substrate Thick (mm)
fr fu TE® T™®

[119] 1 square loop & patch 4 17.2 20 30 90 PET 5.7
[121] 1 square patch 9 17 0 0 90 PET 4
[122] 1 square silver mesh 73.5 110 45 30 90 PET 0.5
[123] 1 gear 3.86 15 15 45 90 PET, PMMA 4.5
[124] 2 cross 23.2 33.4 60 60 80 Glass 1.1
[125] 2 cross, square 2.6 19.8 0 0 PET 10
[126] 1 encapsulated water | 10.45 11.2 30 30 90 PDMS 9
[127] 2 octagonal patch 5.5 243 60 60 90 PET, PMMA 6.5

5. TRANSPARENT ABSORBERS

Metallic or carbon-based absorbers are good at EM absorp-
tion, but they are generally opaque and hence inappropriate for
applications in aircraft canopies, vehicle windshields, display
panels, sensor windows, and optoelectronic enclosures where
transparency is needed. To enable EM absorption without
compromising the optical functionality, transparent absorbers
are designed using transparent conductive oxides like 1TO,
graphene, and thin metallic meshes. A graphene-based trans-
parent Salisbury absorber [117] is developed using two oppo-
sitely doped graphene sheets separated by a A/4 lossless spacer.
A highly doped graphene acts as the ground, and absorption
higher than 90% is attained over a bandwidth of about 2 GHz.
In [118], a partially transparent Jaumann absorber for a fre-
quency band of 2—-16 GHz is designed with a triangular lat-
tice arrangement for an aircraft wing profile. Desired low-pass
characteristics for TEz polarization and blocking TMz polar-
ization is achieved by replacing the metallic sheet of the Jau-
mann by a triangular lattice FSS Gangbuster. This replace-
ment offers a transparent window for an antenna operating at
1 GHz. In [119], an optically transparent 5.65 mm-thick ab-
sorber, based on interdigital capacitive structures, is designed
with patterned ITO resistive films on PET sheets, resulting in
absorption from 4 to 17.20 GHz. In [120], an ITO resistive
sheet-based absorber is constructed with cross, square, and tri-
angular patches with absorption between 16 and 27 GHz and
added to a chip for EM suppression. In [121], an absorber
based on temporal coupled-mode theory is realized using ITO-
coated PET sheets to resonate at 12 GHz, offering reflection
reduction across the X- and Ku-bands. An algorithm to in-
volve phase response, including curvature change information,
is developed. In [122], a transparent and flexible mm-wave
absorber is proposed for absorption in the 73.5-110 GHz fre-
quency band. The structure’s top layer is fabricated with a sil-
ver mesh structure by the electrohydrodynamic printing tech-
nology. The transmittance of the absorber design in the visible
band is 58.1%. A transparent absorber using gear wheel-shaped
ITO FSS-coated PET sheets on a PMMA substrate and with a
thickness of 0.218)\, is designed in [123] to offer absorption
from 3.86 GHz to 15.04 GHz. In [124], a 0.079\-thick two-
layer transparent absorber is designed for EM radiation sup-
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pression of miniaturized electronic devices using ITO resistive
films in the 23.2 to 33.4 GHz spectra and perfect absorption at
28 GHz, with an absorption rate of 99.999%. The absorber is
integrated onto a system-level chip with a patch antenna for EM
radiation suppression up to 22 dB at a 3 m distance. In [125],
a 3-layer 0.091\, thick optically transparent absorber is de-
signed with a cross-square ring staggered rectangular conduc-
tive ITO FSS film to offer absorption from 2.62 to 19.81 GHz
for jamming of passive microwave remote sensing using the
benefits of metamaterial absorbers. In [126], a transparent ab-
sorber is realized using only dielectric materials (PDMS and
water) without a conducting layer to have a maximum absorp-
tivity at 10.8 GHz and 10.45-11.20 GHz. The water’s high per-
mittivity and high tangential loss make it suitable for absorbing
EM radiation. Table 5 shows a comparison of transparent EM
absorbers reported in the literature.

Significant research works have been done in the field of
transparent absorbers by using transparent conductive oxides
and multilayer FSS, enabling effective EM absorption without
compromising the optical transparency. The fabrication limi-
tation due to the brittle nature of the conducting oxides, which
results in cracking under conformal applications, can be recti-
fied by using ultra-thin ITO layers or by using metal nanowires,
graphene, or hybrid oxide-metal-oxide stacks.

6. TUNABLE ABSORBERS

As the Salisbury, Jaumann, and FSS-based absorbers discussed
in earlier sections are limited to predefined frequency bands
and angular stability, they do not provide effective suppression
against continuously changing agile radar signals. This chal-
lenge can be addressed by using reconfigurable and tunable ab-
sorbers that allow real-time tuning of the resonance frequency
and absorption bandwidth, ensuring impedance matching under
dynamically changing spectral conditions.

In [128], a theoretical phase-switched screen technique for
realizing active material dynamic control of RCS at microwave
frequencies (6—14 GHz) using a PIN diode-loaded bow-tie ar-
rangement is proposed. By periodically altering the surface ad-
mittance, the reflected wave is being binary phase-modulated
so that all the energy at the incident wave frequency is redis-
tributed into sidebands. A fixed and frequency-tunable Salis-
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bury absorber with reduced size is developed in [129] using
a polymer-loaded composite sheet that possesses resistive and
capacitive properties. Using a polypyrrole-loaded composite
layer with sheet capacitance of 100 fF/ reduces the absorber
thickness to 2 mm from 7.5 mm for f. = 10 GHz absorption,
at the cost of reduced bandwidth. In [130], a tunable intensity-
dependent metasurface absorber for continuous surface waves
is realized with PIN diode-loaded unit cells. With an increase
in the power level from 5 to 20 dBm, absorption is improved
from 19.4% to 92.7%, and the bandwidth is enhanced from
4.93 to 5.56 GHz. In [131], an active absorber is designed to
have switching rates more than 20 MHz with an active PIN
diode-loaded FSS to dynamically control the frequency range
over 9 to 13 GHz. In [132], an electrically thin (0.15)) adap-
tive Salisbury absorber backed with HIS ground is constructed
on a 250 um-thick liquid crystal substrate to obtain a reflectiv-
ity below —10dB in the frequency range 8.8-10.05 GHz. The
voltage-dependent anisotropic property of nematic state liquid
crystals is exploited to obtain a shift in the resonant frequency
of the radar absorber. In [133], a tunable absorber is designed
to vary the substrate thickness using PIN diodes so that the
absorption bandwidth is switched between two different fre-
quency ranges. When the diode is ON, the bottom plate acts as
a reflector, and the absorption band is from 2.08 to 4.94 GHz,
and under OFF conditions, the absorption band is from 3.68 to
11.80 GHz. In [134], a tunable absorber with varactor diodes
is designed where the frequency of the reflective notch is ad-
justed by varying the bias voltage for reflection reduction in
the frequency spectrum from 2 to 8 GHz. In [135], a transpar-
ent and flexible graphene-based absorber where the graphene is
patterned as periodic strip bands with a rectangular hole sand-
wich structure, transparent flexible PVC, and an ITO bottom
plate is designed. The graphene layer is tuned to have sheet re-
sistance of 70, 240, and 350 €/ to offer dual-band, wide-band,
and single-band absorption spectra, respectively.

In [136], a tunable absorber is realized with a four-patch ar-
ray loaded with PIN diodes. By changing the bias voltage,
absorption is tuned from 8.5 to 18.2 GHz. In [137], a dual-
band energy-selective surface is designed with an absorptive
layer and a switchable layer for transmitting low-power sig-
nals from 3.76 to 5.86 GHz and absorbing 1.81 to 3.43 GHz
and 4.1 to 5.59 GHz. In [138], a tunable CAA is realized with
a double-sided FR4 substrate by printing a square patch sur-
rounded by a split loop. Here, a PIN diode is used for tun-
ing the 1-2.5 GHz band, and a varactor is used to tune the
0.4-1 GHz band. In [140], a tunable absorber is designed for
changing the thickness electronically for two switchable op-
erations in frequency ranges from 0.85 to 1.88 GHz and from
2.66 to 5.23 GHz by controlling the path of the RF signal us-
ing PIN diodes. In [141], a reconfigurable graphene-based ab-
sorber with a thickness of 0.06\ 1, is designed by sandwiching a
layer of periodically patterned graphene on PVC and placing it
on the top of a metallic square patch. The bias voltage is varied
for additional distributed capacitance, and the gap between pat-
terned graphene can be altered, resulting in a dynamically tun-
able absorber from 13.9 to 16.4 GHz. An absorber consisting of
a graphene layer and a resistive FSS layer is designed in [142].
By changing the bias voltage, the resistance of the graphene
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layer can be varied from 120 to 700 £/, resulting in a tunable
absorption of 2.9 to 15.9 GHz. In [143], a graphene-based dy-
namically tunable absorber with a resistive layer whose surface
resistance is varied from 80 to 380 €2/ to tune the absorptiv-
ity between 80% and 50% in the frequency range from 5 to
31 GHz is designed. In [144], a reconfigurable absorber with a
split annular ring patch with integrated PIN diodes is proposed
with uniform control of reflectivity in the 4 to 18 GHz band by
varying the bias voltage. A 2-layer absorber [145] with dual
notch bands and 3 absorption bands is designed. The tunable
range of the center notch frequency is from 6.88 to 7.78 GHz
and 12.05 to 13.36 GHz for the lower and upper notches, re-
spectively. In [146], a CAA is realized with lumped resistors
inserted into a metallic square loop and an inner circular patch
connected to the PIN diode connected feed network through
metallic vias. When the diode is in the OFF state, the absorber
acts as a dual-band absorber, and when the diode is in the ON
state, the diode acts as a switchable radiator.

Table 6 shows a comparison of tunable EM absorbers re-
ported in the literature. Tunable EM absorbers play a vital role
in the progression to adaptive, intelligent EM absorbers capable
of absorbing in a varying frequency spectral environment. By
offering real-time control of the absorption frequency, band-
width, and magnitude, they overcome the shortcomings of pas-
sive absorbers. Finally, tunable absorbers will play a vital role
in the future of stealth and EMC solutions.

7. FUTURE TRENDS

Artificial intelligence, programmable metasurfaces, and mul-
tifunctional absorber architectures are emerging as important
research directions in electromagnetic absorber technology.
Conventional absorber design relies on repeated full-wave
electromagnetic simulations and iterative optimization, which
are computationally intensive. Recent advances in machine
learning (ML) and deep learning (DL) have enabled rapid pre-
diction of absorber performance, inverse design, and geometry
optimization with significantly reduced computational effort.
DL has been successfully employed to design thin, broadband,
polarization-insensitive absorbers, while ML-based opti-
mization techniques facilitate efficient exploration of complex
metamaterial design spaces [147]. Furthermore, programmable
metasurfaces employing electronically reconfigurable unit
cells based on PIN diodes, varactors, MEMS switches, or
integrated control circuits enable dynamic tuning of resonance
frequency, bandwidth, and absorption characteristics, thereby
supporting adaptive stealth and intelligent electromagnetic
environments [148,149]. In parallel, increasing attention
has been directed toward multifunctional electromagnetic
absorbers [150], which combine electromagnetic absorption
with additional functionalities such as EM shielding, antenna
integration, sensing, energy harvesting, and structural support.

Such integrated architectures [151] improve system com-
pactness, reduce weight, and enhance platform functional-
ity. Block-building architecture based on freestanding resistive
films has been demonstrated in [152] for broadband absorption
while simultaneously providing multifunctional structural ca-
pabilities. These emerging technologies are expected to play a
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TABLE 6. Comparison of tunable EM absorbers.

Bandwidth (GH: Absorpti
Ref. | Layer andwidth (GHz) sorption Thick (mm) | Tuning mechanism
fr fu % TE® | TM® | %
[134] 1 2 8 120 0 0 90 14 Varactor diode
[135] 2 8.52 17 66.3 55 55 80 3.33 Graphene
[136] 2 85 | 182 | 72.6 30 10 90 33 PIN Diode
[137] 2 1.86 | 6.3 108 0 0 80 15.5 PIN diode
[138] 1 0.4 2.5 144.8 45 45 90 25.15 Varactor diode
[139] 2 8 14 | 5454 | 30 45 90 Plasma
[140] 1 139 | 164 | 16.5 0 0 90 1.19 Graphene
[142] 1 29 | 159 132 20 20 90 15 Graphene
[143] 2 5 31 144 15 15 80 6 Graphene
[144] 1 4 18 127 30 30 90 6.25 PIN diode
7.1 7.6 7.6
[145] 2 30 30 90 6 PIN Diode
129 | 13.6 49
TABLE 7. Effect of design parameters on absorber performance.
Design Parameter Variation Effect on Absorber Performance
Number of layers Multiple Wider absorption bandwidth, enhanced angular stability
Number of FSS Multiple Multiple resonance, broadband absorption due to interlayer EM coupling
. Low Higher Q-factor, narrow bandwidth
Resistance value - - - - -
High Increased ohmic loss, wider absorption bandwidth
Dielectric thickness Increase Enhanced electric field, lower resonant frequency, increased thickness
Spacer thickness Increase lower resonant frequency, enhanced bandwidth, excessive thickness
. ) o High Miniaturization, lower operating frequency, reduced angular stability, increased dielectric loss
Dielectric permittivity - — - -
Low Improved bandwidth, enhanced angular stability, large unit-cell size
Unit-cell size Larger Lower r.esonant frequency, grating lobes at higher frﬁ:c.luenmes
Smaller Higher resonant frequency, better angular stability
FSS symmetry Symmetrif: Polariz.ati(.)n-insen.si'tive absorp'tion
Asymmetric Polarization-sensitive absorption

significant role in developing next-generation intelligent elec-
tromagnetic absorbing systems.

Absorber design involves balancing various absorber param-
eters such as absorption bandwidth, absorption magnitude, an-
gular stability, thickness, and fabrication complexity. There-
fore, an optimized design is required to have a balanced com-
promise between these parameters. Table 7 shows the effect of
various design parameters on the performance of the absorber.

8. CONCLUSION

This review paper outlines the trajectory from passive absorber
to intelligent tunable absorbers for their use in modern radar
and communication systems. A comparison of the various
absorber technologies in the proposed review article reveals
that no single approach simultaneously satisfies all electromag-
netic and practical design requirements. Despite simple de-
sign and low fabrication cost, the conventional Salisbury ab-
sorbers suffer from narrow bandwidth and quarter-wavelength
thickness. Bandwidth improvement is achieved through multi-
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layer Jaumann absorbers at the expense of increased thickness
and weight. FSS-based absorbers achieve an optimum balance
among bandwidth, low profile, angular stability, and polariza-
tion insensitivity, making them suitable for modern stealth and
EMC applications. Resistive screen absorbers offer broadband
performance through printed or resistive-film technologies with
simple fabrication techniques. Transparent absorbers offer op-
tical transparency in addition to electromagnetic absorption for
applications that require transparency, such as aircraft canopies
and sensor window at the cost of fabrication complexity and
material cost. Absorption in real-time changing electromag-
netic environment is enabled by tunable absorbers, but their ac-
tive biasing networks increase the system complexity, power
consumption, and implementation cost. Therefore, selecting
an absorber technology ultimately depends on the application-
specific trade-off among bandwidth, thickness, weight, fabri-
cation complexity, transparency, adaptability, and overall sys-
tem cost. Despite significant progress, achieving an optimal
balance among ultra-wideband absorption, low-profile design,
wide-angle stability, lightweight construction, and low fabrica-
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tion complexity within a single absorber architecture remains
a major challenge. Furthermore, scalable manufacturing and
practical integration of intelligent reconfigurable absorbers into
real-world platforms require further investigation.
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