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Abstract
This research investigates the design of a novel planar millimeter (mm)-wave absorber for RADAR application. The proposed 
mm-wave absorber is constructed using integrated and distributed elements to reduce the complexity of the design. The 
proposed absorber exhibits a dual resonance by exploiting the mutual coupling between two concentric square rings. The 
impedance matching is achieved by introducing corrugations between the square rings. The mm-wave absorber operates in 
the frequency range of 31.4–33 GHz (1.64 GHz) with a minimum absorptivity of 95–100%, respectively. The performance 
of the proposed absorber is demonstrated using equivalent circuit modelling. Owing to the symmetric nature of the unit cell, 
the proposed absorber offers stable performance for both TE and TM modes of operation. The prototype of the proposed 
absorber is fabricated on a single-layered FR-4 substrate with a thickness of �0

5.97
 and periodicity of �0

1.91
 , where �

0
 is free space 

wavelength at the lowest resonant frequency. The observed result is validated using experimental measurements in free space 
and has good agreement with the simulated results. Hence, the proposed mm-wave absorber is a promising entity for stealth 
engineering in military and defense systems.

Keywords  Absorber · Millimeter-wave · Metamaterial

1  Introduction

Radio detection and ranging (RADAR) is used for the detec-
tion and tracking of aircraft, spacecraft, ships, guided mis-
siles, motor vehicles, and so on. RADAR transmits elec-
tromagnetic (EM) waves which are reflected by the metals 
in the aircraft. The aircraft metals are easily detected by 
the RADAR signals which require the need for EM absorb-
ers on the aircraft. Anechoic chambers, electromagnetic 
compatibility control units, and concealment applications 
are some of the specified applications for EM absorbers. 

These absorbers are classified into three types such as wedge 
tapered absorbers, lossy absorbers, and metamaterial absorb-
ers. The wedge-tapered absorbers, which are pyramidal-
shaped, are arranged in an array to absorb the scattered 
electromagnetic waves in an anechoic chamber. Since these 
absorbers are bulky, they are undesired for portable applica-
tions. The lossy absorber is composed of material that uses 
either high permittivity or permeability with high absorptiv-
ity for wideband applications. Some of the absorbers achieve 
dual-band, multi-frequency bands, broadband. The metama-
terial absorbers are artificially engineered electromagnetic 
structure that is composed of frequency-sensitive metal pat-
terns developed on a dielectric substrate. Thus, researchers 
are interested in the development of absorbers for imaging, 
sensing, and stealth applications where the absorption of 
EM waves is of paramount importance. Amidst various 
purposes, this research work is focused on the design of a 
miniaturized metamaterial unit cell to focus on the needs of 
millimeter-wave stealth applications.

Stealth technology is termed as lower observable (LO) 
technology that provides a complete disappearance from 
the RADAR screen and is less likely to be targeted. In 
most stealth applications, the disappearance of the target 
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is implemented based on three different combinations such 
as applying paint to make it less visible and use Salisbury 
materials to nullify the effect by absorbing and exploit-
ing the angles or curves to return the beam to the trans-
mitter. This research is widely focused on the design of 
an EM wave absorber. The absorber for cloaking the EM 
waves must take a few considerations into account such 
as the change in the shape of the structure which affects 
the placement of the other devices, development cost, and 
change in the performance. These mm-wave absorbers are 
also used to reduce the RADAR signature and enhance 
the stealth aspects. The mm-wave absorbers are exploited 
to eliminate the undesired assailant radar signals. It can 
be designed to operate either in the narrowband or in the 
wideband which is based on the application requirement. 
However, the narrow bandwidth is limited due to its appli-
cations. Hence a wide bandwidth of absorption is achieved 
using multilayered structures [1], fractal structures, multi-
resonance structures [2, 3], and using lumped elements 
[4, 5].

The study on the design and characteristics of absorb-
ers in literature is discussed. In 2008, the metamaterial 
absorber was first introduced by Landy et al. [6]. Later, 
the researcher’s interest is focused on the development of 
millimeter-wave absorbers for various applications. In Ref. 
[1], the researchers have proposed a microwave absorber that 
has 22 pairs of layers using two different dielectric materi-
als and metals to achieve an ultra-wideband absorber. The 
size of the absorber in Ref. [1] is 2.31λeff × 2.31λeff operat-
ing between 3.5 and 18.5 GHz with an absorptivity greater 
than 93%. The authors in Ref. [3] have reported a wideband 
flexible microwave absorber that is composed of resonant 
rings, chip resistors, and metal wires with a footprint of 
0.77λeff × 0.77eff. The reported absorber operates between 
2.55 and 10.0λ7 GHz with an absorptivity of greater than 
90% using an air gap of 9.9 mm thick between the dielec-
tric and the bottom metal plate. In Ref. [7], the researchers 
have proposed an E-shaped fractal-based metallic split-
ring resonator with a footprint of 3.66λeff × 3.66λeff which 
achieves absorptivity of 80% between 20 and 30 GHz. An 
absorber with a metallic resonance structure that consists 
of two overlapping squares is designed in Ref. [8], with a 
footprint of 3.89λeff × 3.89λeff. The reported absorber obtains 
a minimum absorptivity of 80% from 20.59 to 43.73 GHz. 
The polarization sensitivity for pairs of angles such as 0° 
and 90°, 15° and 75°, and so on are discussed. A novel 
ultra-thin polarization-independent metamaterial absorber 
that operates for a triple-band is presented in Ref. [9]. The 
absorber is characterized by using narrow bandwidth, with a 
minimum absorption of 90% at 24 GHz. The researchers in 
Ref. [10] proposed millimeter-wave absorbers using various 
metals and dielectric constants. Since the research works on 
absorbers at the desired frequency range (31.4–33.04 GHz) 

for RADAR application are limited, the literature on differ-
ent frequency ranges is considered.

In alignment with the aforementioned research various 
structures utilizing dual substrates [1], lumped elements, 
PIN diodes [3], high profile [11], and narrow bands [9], 
metasurfaces [12] have been presented. However, achieving 
a single band with higher absorption is a challenging task. 
To the best of the author’s knowledge, most of the absorbers 
presented in the works of literature have used higher profile 
[1–3, 11] to improve the bandwidth enhancement. A lin-
early polarized mm-wave absorber regime is proposed. The 
absorber’s bandwidth is enhanced by only using distributed 
elements such as slots and stubs. The mm-wave absorber 
offers a high absorptivity of 95–100% by integrating square 
ring resonators in a single PCB layer. The proposed absorber 
exhibits a stable performance in TE and TM mode, which 
portrays polarization-insensitive behavior. A prototype of 
40 × 40 cells is fabricated and tested using a lab-made exper-
imental setup exploiting high-frequency pyramidal absorb-
ers. Good agreement between the experiment and simulated 
result is observed. Thus, the proposed mm-wave absorber 
lowers the RCS and eliminates the undesired RADAR sig-
nals. Hence, the proposed mm-wave absorber is a promising 
entity for RADAR and military applications. The manuscript 
is prearranged as follows. The design, characterization, 
and performance of the proposed absorber are presented 
in Sect. 2, while the polarization stability is examined in 
Sect. 3. The fabrication, measurement, and angular stability 
of the proposed absorber are discussed in detail in Sect. 4. 
The simulated and measured results are discussed and ana-
lyzed in Sect. 5.

2 � Absorber principle

The proposed mm-wave absorber is suitable for the RADAR 
application since it works in the RADAR frequency range 
(31.4–33 GHz) as recommended by Federal Communica-
tion Commission (FCC). The proposed absorber signifi-
cantly reduces the RADAR cross-section and shields the 
electronic components and structures from electromagnetic 
waves []. The unit cell is designed by exploiting the distrib-
uted elements and achieves a minimum absorptivity of 95% 
throughout the operating bandwidth. In this work, an mm-
wave absorber is presented using a dual resonance structure 
that consists of concentric square rings with corrugations in 
between the square rings. The design of a novel single-layer 
mm-wave absorber is discussed in this segment.

2.1 � Construction

The geometry of the proposed mm-wave absorber is 
shown in Fig. 1. The footprint of the proposed absorber is 
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5 mm × 5 mm (0.090 λ0). The top conducting layer of the 
mm-wave absorber has a single resonance structure using 
two concentric square rings. The corrugations are created 
between the square rings which are facing each other as 
shown in Fig. 1a. Figure 1b, c illustrate the side and back 
views of the proposed absorber, respectively. Figure 1d rep-
resents the perspective view of the proposed absorber. The 
lossy 1.6 mm thick FR-4 substrate with a dielectric constant 
of 4.3 and loss tangent of 0.025 is used for the further devel-
opment of the absorber. The top metallic layers are created 
using copper annealed with a thickness of 0.035 which has a 
frequency-dependent conductivity of 5.8 × 107 S/m. Table 1 
shows the optimized dimensions for the proposed mm-wave 
absorber. The full-wave 3D electromagnetic solver, CST 
Microwave Studio Suite 2018, is used to simulate, charac-
terize and optimize the proposed absorber.

Figure 2 constitutes the equivalent circuit model (ECM) 
for the proposed absorber. The values of the inductance and 
capacitance are calculated by using the theoretical LC com-
ponent network analysis explained in Ref. [13]. The compar-
ison between the equivalent circuit model and the simulated 

result is shown in Fig. 3. It is developed and the values are 
verified by using ADS software.

The proposed mm-wave absorber is analyzed based on 
the reflection (R), absorption (A), and transmission (T) char-
acteristics. The finite integration technique in CST, which 
adapts the Floquet mode theory is used to investigate the 
characteristics of the absorber. The uniform plane wave exci-
tation is used to study the reflection and transmission proper-
ties of the proposed absorber. The electromagnetic wave is 
defined along the z-direction, while the periodic boundary 
conditions are defined along the ‘x’ and ‘y’ directions. The 
x and y direction represents the unit cell where Zmin and Zmax 
are set to Et = 0 and open to free space, respectively.

According to Munk’s theory [14], the equivalent circuit 
of the double square ring (DSR) is identical to the LC series 
resonance. This circuit exhibits a band stop characteristic and 
0% transmission [3]. In the modified ECM, Zd represents the 
impedance provided by the dielectric substrate and td is the 
thickness of the substrate. Furthermore, modelling the sub-
strate results in a transmission line with an appropriate char-
acteristic impedance. The Floquet mode theory in the analysis 
of subwavelength elements [15, 16], which are used in the 
periodic arrays to design the unit cell. Electromagnetic wave 
absorption is widely explained with the help of impedance 
matching in the design of the absorber. The dielectric imped-
ance (Zd) and the unit cell impedance (Zuc) are used to compute 

Fig. 1   Geometry of the proposed mm-wave absorber from a front 
view, b side view, c back view, d perspective view

Table 1   Dimension details of the proposed mm-wave absorber

Parameters l w l1 w1 l2 w2 t

Value (mm) 5 5 4.6 0.25 3.18 0.4 1.6

Parameters l3 w3 l4 w4

Value (mm) 0.29 0.2 0.29 0.4

Fig. 2   ECM of the proposed absorber. The approximate circuit 
parameters are Cgs (dielectric) = 0.1 pF, L1 = 2.594 nH, C1 = 1.4 pF, 
L2 = 2.401 nH, C2 = 10.40 pF
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the absorber’s effective input impedance. The dielectric imped-
ance is calculated using Eq. (1) [17].

where Z
0
 denotes the characteristic impedance, � represents 

the propagation constant, and td denotes the thickness of 
the substrate. The unit cell impedance is evaluated from 
the effective inductance and effective capacitance by using 
Eq. (2).

Therefore, it is required to match the absorber impedance 
Zin with the free space impedance Z

0
 using Eq. (3), where Γ is 

the reflectance [3].

The real part of the impedance of the absorber needs to be 
close to Z

0
 i.e., 377 Ω and its imaginary part should be zero for 

minimum reflection and maximum absorption. It is known as 
the free space impedance Z

0
 = 
√
�
0
∕�

0
 . Therefore, the absorp-

tion of the incident electromagnetic wave is maximized by 
controlling the resonance of μ and ɛ. In the proposed mm-wave 
absorber, the metallic structure and metal surface decide the 
equivalent capacitance and inductance which determines the 
resonant frequency ( �

0
) using Eq. (4).

The scattering parameters are used to calculate the overall 
absorption. Thus, the power absorbed is calculated using the 
following expressions [2].

(1)Zd =
Z
0√
�r

tan
�
�td

�
,

(2)Zin = Zuc||Zd

(3)Γ =
(Zin − Z

0
)

(Zin + Z
0
)

(4)�
0
=

1
√
LC

(5)A(�) = 1 − T(�) − R(�)

where

where the subscript ‘ xx ’ represents co-components and ‘ yx ’ 
represents cross-components. The cross-component vanishes 
in this proposed absorber and thus Eq. (7) is changed to 
Eq. (8).

The absorption, reflection, and transmission character-
istics are plotted in Fig. 4. Due to the presence of ground 
beneath the FR-4 substrate where S21(ω) = 0 and thus 
T(ω) = 0. This prevents the incident EM wave to propagate 
on the rear side of the proposed mm-wave absorber. From 
the figure, it is inferred that the proposed absorber shows 
zero transmission characteristics, a minimum reflection of 
about 10%, and high absorption in the frequency range of 
31.4–33 GHz. When the absorber is paired with the free 
space, most of the energy of the EM waves is coupled to the 
absorber and then the energy is consumed through dielectric 
loss and square rings.

2.2 � Evolution

The stages of development of the proposed mm-wave 
absorber are shown in Fig. 5. The absorption characteristics 
of the concentric square rings show an absorption spectrum 
from 31.4 to 34 GHz as shown in Fig. 5a. The wide band-
width of 2.6 GHz is obtained with minimum absorption is 
60%. Further, to improve the absorption level, the inductance 
effect is increased where the inductance value is determined 
by the LC resonance circuit using the following Eq. (9).

The metallic patterns contribute to the circuit induct-
ance and the gap between the concentric rings and offer the 

(6)A(�) = 1 − ||S21(�)||
2
− |S

11(�)|2

(7)|S
11(�)|2 = |S

11xx
(�)2| + |S

11yx
(�)|2

(8)A(�) = 1 − |S
11xx

(�)|2

(9)fr =
1

2�

√
LC

Fig. 3   Comparison of equivalent circuit performance and simulated 
result

Fig. 4   Absorption, reflection, and transmission characteristics of the 
proposed absorber
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capacitance effect. The inductance is improved by incorpo-
rating the stubs of width 0.2 mm, to the outer square ring in 
the appropriate location for impedance matching as shown 
in Fig. 5b. Thus, the minimum absorptivity is improved to 
78% by compromising the bandwidth. Figure 6a shows the 
bandwidth attained from 31.4 to 33.1 GHz. It is inferred 
from Fig. 5c, the absorptivity of absorber 2 is increased 
by lowering the capacitance between the two concentric 
square rings and incorporating stubs. The primary reason 
for the decreased resonance frequency is the presence of 
parasitic inductance in the capacitance. Thus, the desired 
absorption characteristics for the bandwidth of 1.64 GHz 
(31.4–33.04 GHz) as specifically mentioned by the FCC for 
airborne RADAR applications are achieved to minimize the 

interferences between the stations in the radio navigation 
service. The evolution of proposed absorber for absorp-
tion and reflection characteristics are shown in Fig. 5d. It is 
inferred that, the absorptivity of the single-layered mm-wave 
absorber is achieved by the optimized inductive element in 
the appropriate position. Hence the impedance is matched 
to obtain a − 10 dB reflection coefficient.

This reduction in reflection increases the level of the 
absorption throughout the entire desired frequency range. 
The absorption mechanism of the proposed absorber can 
be realized with the help of the normalized impedance as 
shown in Fig. 6. It is inferred that the absorption peak of 
the real value of the normalized input impedance is close 
to unity while the imaginary part is zero, implying perfect 
impedance matching under free space conditions (377 + j0). 
Thus, the realized reflection is minimum while the absorp-
tion is close to unity. The relative impedance (zr) can be 
calculated using [18].

The transmission coefficient (|S12|) for the proposed 
absorber is zero due to the presence of the full ground plane. 
Thus the impedance equation is given as,

2.3 � Loss performance of the substrate

The absorption characteristics of the proposed mm-wave 
absorber are analyzed for both lossy and lossless character-
istics of the substrate and the results are presented in Fig. 7. 
It is inferred from the figure that the lossless FR-4 substrate 
has a very low absorptivity of 20% at 32.7 GHz with narrow 
bandwidth compared to the lossy FR-4 substrate. Also, the 
loss tangent is very small for a good dielectric material with 

(10)zr = ±

√√√√√
(
1 + s

11

)2
− s2

12

(
1 − s

11

)2
− s2

12

(11)zr = ±

√√√√√
(
1 + s

11

)2
(
1 − s

11

)2

Fig. 5   Various stages of development of the designed absorber a 
absorber 1, b absorber 2, c proposed absorber, and d evolution of the 
proposed absorber in absorptivity and reflection coefficient

Fig. 6   Normalized impedance of the proposed absorber Fig. 7   Loss performance of the proposed absorber
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very small conductivity at high frequency which is evident 
from Eq. (10). These characteristics improve the level of 
absorption for the proposed absorber. Thus, considering the 
dissipation factor and material loss of the FR-4 material, 
the proposed absorber is designed for high frequency with 
maximum absorptivity for airborne application.

2.4 � Parametric analysis

The proposed mm-wave absorber is further examined for dif-
ferent design parameters such as the height of the substrate 
(t) and length of the stub (L4). The absorption characteris-
tics for the above-mentioned parameters are analyzed and 
reported as shown in Fig. 8a, b. The height of the substrate 
(t) is an important parameter to obtain a maximum absorp-
tivity of 100% at the desired bandwidth. The height of the 
substrate is optimized to t = 1.6 mm, whereas lesser absorp-
tivity is obtained for t = 1.2 mm and a redshift in frequency 
occurs for t = 1.8 mm with reduced bandwidth as depicted 
in Fig. 8a. The performance of the absorber is analyzed for 
various lengths of the stub (L4) at the inner square ring as 
discussed in Sect. 2.1. The length of the stub is optimized 
to 0.29 mm for best absorptivity with wide bandwidth. The 
reduced length of the stub (0.19 mm) results in a minimum 
absorptivity of 85% and even the bandwidth is improved 
to 1.7 GHz. In case, the stub length is further extended to 
0.39 mm, the least absorption is improved with reduced 
bandwidth of 1.56 GHz as shown in Fig. 8b.

3 � Stability analysis

This section evaluates and describes the proposed absorber’s 
polarization stability. The steadiness of polarization at the 
normal incidence i.e., θ = 0°, is analyzed for transverse elec-
tric (TE) mode with ϕ = 0° and transverse magnetic (TM) 
mode with ϕ = 90°. As shown in Fig. 9, the rotational geom-
etry of the proposed mm-wave absorber provides identical 

(12)tan � =

�

��

absorption characteristics in both TE and TM modes of 
operation. To further, analyze the stability of polarization, 
the surface plasmon density for the resonant frequency of 
32.5 GHz is illustrated in Fig. 10. For the TE mode, the 
outer corrugated square ring is the primary reason for the 
absorption peak in the first resonance frequency. Thus, the 
current distributes in the horizontal arms which are depicted 
in Fig. 10a. Similarly, for the TM mode of propagation, a 
high plasmon density is observed along the vertical arm of 
the outer square loop, as shown in Fig. 10b. This signifies 
the polarization-insensitive behavior of the designed mm-
wave absorber for incoming electromagnetic waves.

To further describe the resonant characteristics, the sur-
face current density of the proposed mm-wave absorber 
is analyzed for resonant frequencies such as 31.4 GHz, 
32.5 GHz, and 33 GHz. The surface plasmon density is 
investigated for TE mode under normal incidence. Fig-
ure 11a depicts the current flow at the outer metallic loop. 
The corrugations are introduced to the outer square loop to 
increase the impedance performance. Thus, the current dis-
tribution is strong in the outer corrugated ring which obtains 
the higher absorptivity at 31.4 GHz. The coupling between 
the outer ring and inner corrugated ring gives the minimum 
absorptivity of 95% in the resonant frequency of 32.5 GHz 
which is illustrated in Fig. 11b. The main cause for the peak 
resonance at 33 GHz is the combination of the outer and 

Fig. 8   a Performance of the proposed absorber for different substrate 
thicknesses, b characteristics of absorption for various lengths of the 
stub at the inner square ring (L4)

Fig. 9   Characteristics of polarization for the designed mm-wave 
absorber

Fig. 10   Surface plasmon density of a TE mode and b TM mode
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inner corrugated square rings. It is inferred from Fig. 11c, 
the current distribution is strong in the edges of the square 
rings which gives the maximum absorptivity in the higher 
resonant frequency.

4 � Fabrication and measurement

4.1 � Fabrication

The proposed mm-wave absorber is fabricated and tested in 
the free space. Figure 13 displays an array of 40 × 40 cells 
fabricated on the FR-4 substrate with a thickness of 1.6 mm, 
size of 200 mm × 200 mm, and permittivity of 4.3. The fab-
ricated prototype is a periodic arrangement of the proposed 
unit cells as illustrated in Fig. 12.

4.2 � Measurement

The performance of the proposed absorber is measured 
using a pair of high-frequency transmit and receive (T/R) 
horn antennas connected to the Vector Network Analyzer 
(VNA) (Keysight N9951A). The VNA (300 kHz–44 GHz) 
is calibrated initially fixing the operating frequency range 
and power level. The T/R horn antennas are separated using 
polyurethane foam to minimize the electromagnetic coupling 
at the intended frequency. The measurement setup is shown 
in Fig. 13. During the measurement, the fabricated prototype 
is placed in the far-field region of the antenna. The back-
ground noise is measured using the VNA without placing the 
sample in the measurement setup. The reflectivity of a full 
copper metal plate of the same dimension is measured. The 
copper plate is then replaced with the fabricated absorber, 
and the reflection coefficient is determined. The difference 
in reflection coefficients of the metal plate and the absorber 
prototype is used to calculate the actual reflection coefficient 
of the fabricated absorber. The measured and the simulated 
absorption characteristics show a good agreement from 
31.4 to 33.6 GHz and a bandwidth of 2.2 GHz as shown 
in Fig. 14. The ripples are caused by impedance mismatch 
and it is partially due to the measurement error inventive of 
random noises in the environment. The performance of the 
reflection coefficient changes in the higher frequency band 
due to high-frequency EM wave diffraction at the prototype’s 
edges. Nevertheless, the absorber performance in simulation 
and measured results are preferably consistent.

Thus, the proposed electromagnetic absorber is a suit-
able candidate for mm-wave RADAR applications. Table 2 
shows the performance comparison with the other relevant 
absorbers. From the comparison, it is observed that the 
proposed absorber is designed exclusively for stealth appli-
cations at the frequency range of 31.4–33.04 GHz, with 
the highest minimum absorption of 95% throughout the 
bandwidth of 1.64 GHz. The size of the proposed absorber 

Fig. 11   Surface current density at a 31.4  GHz, b 32.5  GHz, c 
33.04 GHz

Fig. 12   Fabricated proposed mm-wave absorber with a magnified 
view

Fig. 13   Measurement set-up for the proposed absorber
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is smaller by 53.68%, 70.76%, 71.08%, and 53.28%, and 
of [1, 3, 19, 20], respectively. The research on the devel-
opment of the single band with dual resonant mm-wave 
absorbers at the intended RADAR frequency (30–33 GHz) 
is limited. The following important inferences are obtained 
based on this comparison table:

1.	 In comparison with the unit cell size of the reported 
absorbers in Refs. [1, 8, 19–23], the proposed absorber 
achieves miniaturization of 81%, 90%, 92.6%, 80%, 
57%, 55%, and 65%, respectively.

2.	 The reported works [8, 24] have obtained a narrow band-
width of < 0.2 GHz and < 0.15 GHz which is low com-
pared to the proposed bandwidth (1.64 GHz).

3.	 The reported bandwidths (< 1.55 GHz) of [23, 24] are 
obtained by utilizing the maximum no. of lumped resis-
tors. However, without the incorporation of lumped ele-

ments, the proposed absorber achieves a bandwidth of 
1.64 GHz in the frequency range of 31.4–33 GHz.

4.	 By implementing the lumped elements in Refs. [23, 25] 
the reported absorptivity (< 93.1%) is low as the pro-
posed absorber (95%). The usage of lumped elements 
leads to more complexity in the realization of precise 
impedance matching value and soldering of the lumped 
resistors.

5.	 The dual substrate, chess configuration, and multiple 
layers are utilized in Refs. [1, 19, 20, 22] to obtain a 
wider bandwidth and higher absorptivity which portrays 
the periodicity of the reported absorbers as large and 
bulky.

6.	 The novel unit cell used in the proposed absorber design 
offers a higher absorption of 95–100% over a wide fre-
quency range of 31.4–33 GHz which is more than the 
absorptivity obtained in Refs. [1–3, 7, 19–21].

Figures 15 and 16 show the absorption characteristics for 
various oblique incidences under TE and TM modes. Thus, 
it is inferred from the figure that the increase in oblique inci-
dence decreases the absorption performance owing to the 
shorter wavelength. Due to the high operating frequency, the 
performance of the absorber changes at higher angles of the 
incidence [26]. The variation is also attributed to the reduced 
tolerance of the slots and stubs in the absorber layout. The 
deterioration of the magnetic flux between the top and bot-
tom metallic layers as the angle of incidence (θ) increases 
provides a predominant electric resonance and turns into 
a mismatching impedance [27]. Besides, the proposed 
absorber still maintains a good performance in both TE and 
TM modes with a minimum absorption of 92%, when θ is 
less than 30º.

Fig. 14   Simulated and measured absorptivity of the proposed mm-
wave absorber

Table 2   Performance comparison with other relevant absorbers

References Size (λeff × λeff) Operating fre-
quency (GHz)

Bandwidth 
(GHz)

Thickness of 
substrate (mm)

Methods used to 
obtain the band-
width

Minimum 
Absorption (%)

Percentage 
size reduction 
(%)

[1] 2.31 λeff ×  2.31 λeff 3.5–18.5 15 18.7 Dual substrate 93 81
[8] 3.89 λeff  × 3.89 λeff 2.5, 6, 11.2 – 1.5 Via holes 90 90
[19] 3.70 λeff  × 3.70 λeff 14.5–21.8 7.3 1.27 Chessboard 80 92.6
[20] 2.29 λeff  × 2.29 λeff 15–16 1 1.27 Chessboard 90 80
[28] 0.75 λeff  × 0.75 λeff 3.5–5.5 3 8 Lumped elements 85 –
[25] 0.45 λeff  × 0.45 λeff 8–9.5 1.5 3.2 Lumped resistors 90 –
[24] 1.03 λeff  × 1.03 λeff 6, 9 – 1.5 Lumped resistors 95 57
[21] 1.5 λeff  × 1.5 λeff 3–5 2 3 Lumped resistors 89 55
[22] 1.0 λeff  × 1.0 λeff 6–8.5 2 2 Multiple layers 90 –
[23] 1.7 λeff  × 1.7 λeff 6.1–7.4 1.3 6 Lumped elements 93 65
This
work

1.07 λeff  × 1.07 λeff 31.4–33.04 1.64 1.6 Distributed ele-
ments in a single 
PCB layer

95 –



Miniaturized electromagnetic absorber for millimeter‑wave RADAR systems﻿	

1 3

Page 9 of 9  577

5 � Conclusion

This paper presented the design and characterization of a 
millimeter wave absorber. The proposed absorber is con-
structed using two concentric square rings with corruga-
tions in between the square rings. The polarization stability 
characteristics are evaluated and presented. The proposed 
absorber has 95–100% absorptivity in the frequency range 
of 31.4–33.04 GHz. The bandwidth of 1.64 GHz, is achieved 
which equals 5% of the fractional bandwidth. The parametric 
analysis and surface current distribution for the bandwidth 
are analyzed and the results are presented in this work. 
Further, the proposed absorber is fabricated and the per-
formance is measured. The results show that the measured 
and simulated absorption characteristics are similar. Thus, 
the proposed mm-wave absorber will be a better choice for 
RADAR and stealth applications.
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Fig. 15   Simulated absorption characteristics for various oblique inci-
dences under TE mode

Fig. 16   Simulated absorption characteristics for various oblique inci-
dences under TM mode
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