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Introduction
Corresponding author:
Geethanjali Govindarajan; Stealth technology plays a key role in military warfare. It reduces the visibility of aircraft, ships,
Email: geethanjalig5699@gmail.com and ground missiles in RADAR. RADAR absorbing materials [1-5] are widely used for stealth

applications. These absorbers have attracted more consideration due to their low profile, simple
fabrication process, and high adaptability in defense applications that require electromagnetic
(EM) waves to be absorbed in a specific frequency band. Several researchers have used various
techniques [6-12] to design dual-band absorbers for stealth applications. A frequency-selective
absorber (FSA) based on a tetra-arrow structure is proposed in reference [13]. The design of
an asymmetric dual-arm spiral incorporated with a resistor for stealth technology is detailed in
reference [14]. The broadband property of both resonances is obtained by placing the chip resis-
tor in the middle of the unit cell FSA. Multilayer FSAs exploiting the use of lumped elements
are described in references [15-17]. Single-layer, wideband microwave absorbers using active
elements with 3-dimensional profiles are illustrated in references [18-20]. Multiband absorbers
in references [21, 22] are demonstrated by utilizing a large number of resonator structures. The
reported absorber is designed in an asymmetric configuration [23] where it offers polarization
sensitivity. An absorber for Ka-band sensing applications is designed in reference [24] with a
footprint of 0.712 Ny x 0.712 X\, which achieves a minimum absorptivity of 90% with the com-
position of a higher profile. The dual-frequency response is realized by combining the single
resonance, where the f; and f; are dependent on each other. To control the resonant frequen-
cies and to improve the impedance performance, the P-type-Intrinsic-N-type (PIN) diodes are
incorporated in reference [25] which increases the fabrication complexity. The narrow-band
absorbers are designed using octa sharp ship configuration, and modified square ring resonator
in references [26, 27], respectively. Dual-band metamaterial absorbers with wide angular stabil-
ity are reported in references [28, 29]. However, the absorptivity slightly drops at 80% and 85%
by increasing the angle of incidence. A high profile of 3 mm is composed in reference [30] to
realize the broadband characteristics and to improve the impedance matching. A metamaterial
absorber is proposed with a footprint of 1 N x 1 )\ in reference [30] for microwave applications.
A co-polarized microwave absorber is presented in reference [31]. This absorber is character-
ized by using a narrow bandwidth, with a minimum absorptivity of 90% at 3.5 and 5.8 GHz. A
triple-band absorber is designed using closed loop resonators at reference [32].
The aforementioned methods result in the development of a complex FSA design
with a bulkier configuration [30, 31], low absorptivity [24, 30], narrow band [23-33],
© The Author(s), 2024. Published by and polarization sensitivity [23]. In addition, impedance matching using lumped
Cambridge University Press in association resistors increases the manufacturing difficulty of the FSA. Thus, a low-profile FSA
with The European Microwave Association. unit cell with desired impedance matching using distributed elements is proposed to
reduce the manufacturing complexity with improved performance. A linearly polarized
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Figure 1. Proposed dual-band absorber. (a) Front view, (b) Side view, (c) Rear view,
and (d) Perspective view. p =7 x 7 mm, [; = 6.95 mm, Sl; = 6 mm, [, =5 mm,

I3 =2 mm, Sl, = 5.6 mm, w; = 0.42 mm, w, = 0.3 mm, Sw; = 0.5 mm,

w3 = 0.2 mm, wy = 0.25 mm, h = 1.6 mm, &, = 4.3 (red: copper, yellow: FR-4 lossy
substrate).

dual-wide band FSA in the millimeter-wave (Ka-band) regime
exploiting only the distributed elements is presented in this paper.
The proposed dual-band absorber achieves a wider absorption
band from 25.5 GHz (1 GHz) (f}), and 31.8-32.5 GHz (0.7 GHz)
(fu) with the minimum absorptivity of 96% and 92% by integrat-
ing multiple resonators in a single Printed Circuit Board (PCB)
layer. This FSA operates within the RADAR frequency range
of 31-32.5 GHz as prescribed by the Federal Communications
Commission. Thus, the proposed dual-band absorber can be used
for RADAR applications. Further, it can also be used for stealth
aspects due to its wider bandwidth properties. The proposed dual-
band absorber can be directly implemented in electronic warfare
systems. The absorber-loaded systems will not reflect the inci-
dent EM waves from the intruders, thereby reducing the RADAR
signature and improving the stealth aspects. The organization of
the article is as follows: the “Performance analysis of the FSA”
section of this paper presents the absorber design, construction,
evolution, and analysis. The simulated and measured results of the
proposed dual-band FSA are discussed in the “Fabrication and
measurement” section followed by conclusions in the “Conclusion”
section.

FSA realization
Dual-band millimeter-wave absorber design

The geometry of the proposed FSA is depicted in Fig. 1. The
unit cell achieves dual-band resonance characteristics by tightly
packing multiple resonant structures as described in Fig. 1(a).
Figure 1(b-d) represent the side, rear, and perspective views of the
proposed FSA unit cell, respectively. The FSA is developed on a
FR-4 substrate (¢, = 4.3, tan § = 0.023 and & = 1.6 mm). The pro-
posed dual-band absorber is constructed by utilizing distributed
elements to achieve desired impedance matching without the use
of additional lumped elements as in references [14-16, 34].
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The evolution of the proposed absorber is shown in Fig. 2. The
unit cell of the FSA has evolved from a concentric square loop
resonator enclosing a Jerusalem cross resonator as illustrated in
Fig. 2(a) and (b). The Jerusalem cross is widely used for realizing
higher absorptivity characteristics [8, 9] and it is adopted in this
research to improve bandwidth and absorptivity performance. The
reported combination in Fig. 2(b) offers 800 and 250 MHz band-
width with a peak absorptivity of 94% and 95%, and reflectance
of 32% and 25% at f; and fy, respectively. The bandwidth at fy; is
limited by the capacitance effect. Hence, a suitable impedance com-
pensation network is required. To accomplish this, an inductive
cross grid is introduced as shown in Fig. 2(c). However, the absorp-
tivity is as low as 75%, and reflectance is 28% at fy;. In order to
improve the absorptivity and bandwidth performance, the induc-
tance is increased by adding the corrugations to the cross grid as
shown in Fig. 2(d). Thus, the proposed absorber achieves the mini-
mum absorptivity of 92% with the reflectance of 15%, and 27% at f .
and fy, respectively. The wavelength equation is used to optimize
the resonant parameters of the proposed absorber. It is inferred
in Fig. 3(a), that the absorptivity of the single-layered millimeter-
wave absorber is achieved by an optimized inductive element in the
appropriate position. Hence, the impedance is matched to obtain a
—10 dB reflection coeflicient.

Equivalent circuit model

The approximate equivalent circuit model (ECM) of the FSA is
shown in Fig. 4(a). The metallic loops, corrugated cross grid, and
Jerusalem cross are equivalent to a series LC circuit [9]. In the
equivalent circuit of the proposed absorber, “zg,;,” is the impedance
offered by the dielectric with a thickness of 1.6 mm. Thus, the
dielectric impedance “zg,” is given by [27],

2 tan () W

NG

ZSub =

In the equation, (3 is the propagation constant, Z, is the charac-
teristic impedance and h is the profile. Zygq is the impedance of the
proposed absorber. The effective inductance and capacitance of the
square loop are represented as “L,, L,” and “C;, C,” Similarly, the
Jerusalem cross and corrugated cross grid resonators are described
as “Ls, C3” and “L,, C,” CC, and CC, are modelled as coupling
capacitors. Model CC represents the gap between the unit cells and
Cgs is the value of the substrate. The total input impedance is given
by,

Zin = Zss || Zsup 2)
The input reflection coefficient “I'” is given by,
(Zin — ZO)
[ = - 20 3
(Zin + Z) ®

To optimize the absorption of an incident EM wave, it’s essen-
tial to ensure that the real part of the impedance of the absorber
closely matches the characteristic impedance of free space, which is
approximately 377 2 and its imaginary part should be zero for min-
imum reflection which results in the maximum absorption. The
free space impedance is given by,

Zy =/ 1o/ (4)

Therefore, the absorption of the incident EM wave is maximized
by controlling the resonance of 1 and €. This resonant frequency
is governed by the equivalent capacitance (C) and inductance (L)
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Figure 2. Evolution of the proposed unit cell using Jerusalem
cross enclosed within (a) Outer square loop, (b) Outer and inner
square loop, (c) Square loops embedded with cross grid, and
(d) Square loops with corrugated cross grids.
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Figure 3. (a) Evolution of the proposed unit cell [solid line: absorptivity, dotted line: reflectance], (b) Normalized impedance of the proposed absorber.
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Figure 4. (a) The ECM of the proposed FSA. The approximate value of the circuit parameters Ais Cgs (substrate) = 0.408 pF, L, = 0.856 nH, C, = 0.268 pF, CC; =1.5 pF,
L, = 0.534 nH, C, =1.5 pF, CC, =1.5 pF, L3 =0.142 nH, C3 = 1.5 pF, CC3 = 1.5 pF, L, = 0.436 nH, C, = 0.1 pF, and CC = 0.366 pF, h = 1.6 mm, (b) Comparison of the ECM and

simulated performance.

of the absorber’s metallic structure and metal surface as given

by equation (5),
wo = —= (5)
VvLC

When the equivalent series circuit is at resonance, the total reac-

tance, the total reactance of “Zygs” and “Zg,;,” becomes equal and

opposite. The component values of the LC resonators are calcu-
lated using the model explained in reference [21]. The ECM is
developed and simulated using Advanced Design System (ADS)
. From Fig. 4(b), it is inferred that the ECM simulation results
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are consistent with the layout simulation results in Computer
Simulation Technology (CST). This confirms the accuracy of the
proposed ECM for the proposed FSA configuration. The normal-
ized impedance of the proposed FSA is shown in Fig. 3(b). The
relative impedance (z,) is calculated using the equation in reference
(311,

2
148§
Z =+ ( 11)2 )
(1—=58y)
It is inferred that, at the dual absorption peak frequencies, the
real and imaginary parts of the impedance are close to unity and
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Figure 5. Angular stability (a) TE mode and (b) TM mode.

zero respectively, which validates the perfect impedance matching
under free space conditions (377 + j0). Thus, the proposed FSA
realizes the minimum reflection and absorptivity close to unity
as depicted in Fig. 3(b). The proposed FSA is simulated using
CST Microwave Studio 2020. The simulation is carried out using
a Frequency domain solver in the tetrahedral mesh with the no.
of cells per wavelength of 15. Further, the Floquet port with the
periodic boundary conditions is used to simulate the proposed
FSA.

Performance analysis of the FSA
Angular stability

The absorption spectra of the proposed FSA under TE and TM
modes with different incidence angles are shown in Fig. 5(a, b). At
higher oblique incidences, parasitic resonance is induced between
the two resonant frequencies. This parasitic resonance is attributed
to the corner effects of the induced slots and stubs in the FSA.
The corner effect deteriorates the magnetic flux between the metal-
lic resonant layers. This deterioration increases when the oblique
incidence () increases and leads to an electric resonance predom-
inant and the associated impedance mismatch [22]. Therefore, the
reflection coefficient performance changes at a higher frequency,
when the angle of incidence increases [35]. Here, the lower absorp-
tion depreciates with the minimum absorptivity of 90% when the
angle of the incident is increased to 60°. Similarly, the bandwidth
is reduced to 0.3 GHz at the frequency range of 32.2-32.5 GHz
with a minimum absorptivity of 85%. Nevertheless, the proposed
absorber is stable up to 45° without any bandwidth and absorptivity
variations.

The variation of ® angles at both TE and TM modes is shown
in Fig. 6(a, b). It is inferred that, owing to the symmetric struc-
ture, the proposed FSA exhibits a stable response with altered
bandwidth and absorptivity at f; and fy;.

Parametric analysis

The effect of the length [; of the square loop is plotted in Fig. 7(a).
If [, is reduced from 6.95 to 6.85 mm, the resonant frequency shifts
from 26.0 to 26.7 GHz with declining absorptivity from 90% to 70%
at f. When the [; is increased to 6.98 mm, it produces a narrow
bandwidth at f; with a frequency shift from 25.3 to 26.3 GHz at f; .
Thus, [, is optimized and fixed at 6.95 mm. The higher frequency
(fy) is controlled by the width of the stub, w;. From Fig. 7(b), it is
evident that there is a trade-off between the operating bandwidth
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and absorptivity. With the reasonable reduction in wj; attains the
bandwidth of 0.7 GHz at f;; When w; increases from 0.2 to 0.3 mm
the absorptivity reduces from 92% to 75%. Thus, the value of wj is
optimized to 0.2 mm for the consideration of high absorptivity and

desired bandwidth.

Surface current distribution

The surface current distribution of the proposed unit cell at reso-
nant frequencies is shown in Fig. 8. Strong electric current density
is induced over the metallic loops and Jerusalem cross at 26 GHz as
shown in Fig. 8(a) validating the resonant behavior at f; . Similarly,
at 32 GHz, the corrugated cross grid has more current concen-
tration thus validating the resonant behavior at fi; as shown in
Fig. 8(b). Further, it can be inferred that the frequency response
of fi and fy can be independently controlled in the proposed
FSA.

Fabrication and measurement

The proposed FSA is fabricated and tested in the free space
using the microwave analyzer. The prototype of the FSA is fabri-
cated using the conventional photolithographic process. The mea-
surement setup of the proposed dual-band FSA is illustrated in
Fig. 9(a). The performance of the proposed FSA is measured using
a Vector Network Analyzer (VNA), and Transmit/Receive (T/R)
horn antennas operating at 18-40 GHz with an aperture dimen-
sion of 50 x 50 mm and an average gain of 14 dBi. These antennas
are mounted along the line of sight and positioned at a distance of

1 mm (%) . The analyzer is calibrated by normalizing the operat-

ing frequency range and power level. The measured and simulated
results of the dual-band absorber are shown in Fig. 9(b). The inset
of Fig. 9(b) depicts an array of 28 x 28 cells fabricated on the FR-4
substrate (4 = 1.6 mm). The measured bandwidth of 1.5 and 1 GHz
with 100% absorptivity is realized at f; and fy. The discrepancy
between the measured and simulated results at f; occurs due to
the higher losses of the substrate. Table 1 shows the comparison of
the proposed FSA with the state-of-the-art.

The research on the development of dual-band millimeter-wave
absorbers at the intended RADAR frequency range (31.4-33 GHz)
is limited. The higher absorptivity and enhanced bandwidth are
highly essential to satisfy the requirements of RADAR or stealth
applications [9]. Thus, the work of the proposed absorber is com-
pared with other relevant works (Table 1) with an absorption rate
of 90%,
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Figure 7. (a) Optimization of the length of the outer square loop (/;), (b) Optimization of the width of the stub (w3).

Figure 8. Surface current distribution at contour representation (a) 26 GHz and (b) 32 GHz.
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Figure 9. (a) Measurement setup, (b) Absorptivity of the simulated and measured result (inset: fabricated phototype with a magnified view).

Table 1. Quantitative comparison of the proposed absorber with the state-of-art

Ref UCS((XNg % No)) Frequency range(GHz) Techniques used Bandwidth(GHz) 6 Absorptivity (%)
[23] 0.17 x 0.56 f, = 30.8-31.2* Dirac cone metasurfaces 0.4* NR 98

[24] 0.71 fi = 21.4-21.8f, = 23.8-24.4 Circular split ring resonators 0.4, 0.7 90° 90

[25] 0.17 fL = 2.06fy = 4.02 Via and PIN diodes 0.5 60° 92

[26] 0.3* f, = 4.0f, = 5.6 Octa star ship configuration <0.05 300 99,97

[27] 0.19 f. = 4.19fy = 6.64f; = 9.95 Modified double square ring resonator <0.68 45° 97.5, 96.5,98.8
[28] 0.08 f,. = 2.45f, = 5.61 Tetra arrow resonator <0.05 60° 98.8,99.8
[29] 0.43 f, =5.2f, = 10.4 Concentric circular ring <0.1 60° 98

[33] NR f, = 5.42fy = 12.7-15.0 Lumped resistors <0.03%,2.3 45° 91.7, 90
[30] 1 fL = 27.3-27.7fy = 29.5-31.2 High profile 0.3,1.76 30° 90

[31] 0.15 f, = 3.5f; = 5.8 High profile <0.07* 30° 90

[32] 0.12 f, = 2.4fy = 5.5f; = 7.51 Star shaped structures <0.05* 52° >98
This work 0.52 f, = 25.5-26.5f,; = 31.8-32.5 Distributed elements 1, 0.7 45° 96-100,92-95

(UCS-unit cell size, f,. lower frequency, f,-middle frequency, fy-higher frequency, NR-not mentioned, *-approximate values, 6-angular stability).

1) The proposed FSA offers a minimum absorptivity of 92% and
bandwidth response of 1 GHz at f and 0.7 GHz at fy; which is
wider than the bandwidth realized in references [23-33].

The unit cell dimension in references [24] and [30] is 20% and
69% large than the proposed design.

The proposed unit cell has exploited the distributed elements to
realize higher absorptivity with wider bandwidth and to reduce
the complexity of the design. This is unlike the research in ref-
erences [25] and [33], where the active and passive elements are
incorporated to achieve the necessary impedance matching and
bandwidth broadening.

The frequency shift is more than 0.5 and 0.75 GHz in references
[26] and [30] for incidence angles 15° and 30°, respectively.
Furthermore, the absorptivity drastically decreases (<70%) in
references [25-29] and [30] at higher oblique incidences. This is
unlike the proposed FSA maintains a stable frequency response
and absorptivity of 92% up to 45° in both TE and TM modes.
The FSA reported in refrences [24] and [30, 33] has poor band
separation with intermediate absorptivity maintained at 50%.
However, in the presented research, the absorptivity between
both bands is as low as 8%.

The reported absorber in refrerence [23] is designed in an
asymmetric configuration. Similarly, in reference [33] the spiral

2)

3)

4)

5)

6)
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resonator is rotated to 90° and combined with the original spiral
in an orthotropic position to achieve polarization insensitivity
and broadband.

A high discrepancy between the measured and simulated result
is realized in references [24, 26] and [31, 32], whereas the
proposed absorber achieves the measured bandwidth of 1.5 and
1 GHz with 100% absorptivity at f; and fy

7)

Conclusion

A novel design of a dual-band absorber is presented for RADAR
applications. The proposed absorber is constructed using inte-
grated elements such as Jerusalem cross, and cross grid with
corrugations. It is developed by utilizing distributed elements to
achieve desired impedance matching without the use of additional
lumped elements, and high profile. The minimum absorptivity of
95% and 92% is achieved in the frequency range of 25.5-26.5 GHz
(1 GHz) and 31.8-32.5 GHz (0.7 GHz), respectively.
The parametric analysis and the surface current distribution
for the bandwidth are analyzed and the results are presented
in this work. The simulated results are verified by experimental
results and show a good agreement which validates the suitability
of the proposed absorber for stealth aspects. In future, the rasorber
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will be designed and developed with the composition of bandpass
ESS.
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