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Abstract — This paper demonstrates the feasibility of reducing
radar cross-section by employing resistive sheets or rings in
the conducting elements of an FSS unit cell. The idea behind
the approach in question is to create power-absorbing elements
which may help reduce the power reflected from FSS surface.
The investigated FSS unit cells have the form of double-closed
rings and double-closed-split rings. A carbon paste, serving as
the resistive layer, was inserted in various regions within the unit
cell. The CST Microwave Studio software was used to obtain the
reflection coefficient. Specific dimensions and conductivity of the
paste were selected to ensure better performance. Simulation
results showed that the reflection coefficient may be reduced
by 8 dB, to 14 dB, by using carbon paste with the conventional
copper layer.

Keywords — carbon paste, double rings, FSS, radar cross-section
reduction, rasorber, unit cell

1. Introduction

Radar stealth technology has advanced rapidly over the past
few years, leading to novel techniques for lowering radar cross-
section (RCS) values. Various approaches to RCS reduction,
including shape tailoring and material absorption, have been
proposed in the past decade. In the case of frequency-selective
surfaces, the absorption method is used, in which the Dallen-
bach layer and other resonance absorbers are positioned on
a conducting plane to convert the incident electromagnetic
energy to heat [1]. Salisbury screens were also employed as
absorbers, using a resistive sheet placed over a metallic sur-
face at a distance of 1.25 wavelengths. However, significant
thickness and limited bandwidth of those layers prevent them
from being used on moving platforms [2].

An RCS reduction of 10 dB is typically considered sufficient
for practical purposes [1]. The radar cross-section is reduced
by 90% when a 10 dB mitigation is obtained for any target.
The two main processes used to reduce the RCS of an object
were absorption and scattering. In the case of the absorption
approach, all or significant portions of the incident wave’s
power are absorbed by a frequency selective surface (FSS)
layer. Meanwhile, scattering refers to diverting the incident
ray in various directions, away from the radar. Most stud-
ies have focused on researching surfaces with low reflection,
such as FSS and metasurfaces.

A substantial amount of knowledge concerning passive tech-
niques may be relied upon to regulate electromagnetic re-
flection and shielding. These passive methods often entail
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manipulating or using radio absorbing materials (RAM). Fre-
quency, incidence angle, and polarization of the impinging
wave all influence the effectiveness of these techniques. The
primary design goal is to reduce the amount of energy that
is backscattered toward the radar. For monostatic radars, it
has been discovered that this style of RCS control works well
if the profile of a structure is created for an aeronautical ve-
hicle, such as an airplane, a missile, or an unmanned aerial
vehicle, in such way that the radar may only see a limited an-
gular range [3].

Microwave absorbers consisting of periodic FSS have a va-
riety of uses, including electromagnetic interference reduc-
tion, integrated circuit compatibility, backscatter reduction,
stealth technology, light harvesting, and spacecraft, among
others [4]—[7]. Numerous microwave absorbers have been
constructed and their performance was using three major cri-
teria: fractional bandwidth (FBW), figure of merit (FoM),
and total thickness (TT) in wavelengths with regard to the
lowest operating frequency (FL) [8]-[11].

Researchers have been concerned about FSS for decades, due
to its potential applications in spatial microwave and optical
filters [12], [13]. FSS are 2D or 3D periodic arrays of slots or
patches imprinted on one or both sides of a single-layer or
multilayer dielectric substrate. Because of the unique qualities
of FSS, it has found several applications in RCS reduction,
radar imaging, antennas, ideal lenses, and phase modula-
tors [14], [15]. These structures are relied upon in various
areas due to the increased operating frequencies of wireless
systems. However, the main drawback of a bandpass FSS is
its limited operational bandwidth. Because of the size con-
straints encountered in real-world applications, compact FSS
must combine many unit cells in a single region to closely
replicate ideal filtering behavior [16].

In this paper, the absorbing properties of FSS unit cell de-
signs, as presented in [17], are developed and investigated.
The approach adopted consists in adding a carbon paste layer
to the copper layer printed on the substrate surface. Two FSS
designs, in the form of double rings and double closed/split
rings with added carbon paste, are proposed and investigated.
The paper is organized as follows. Section 2 presents the basic
design of the proposed unit cells, while Section 3 aims to add
carbon paste to the double closed ring variety to obtain a larger
bandwidth. Section 4 investigates another approach by adding
carbon paste onto one region of the double closed/split inner
ring to reduce the reflection coefficient. Section 5 investigates
the same designs but after adding carbon paste onto two re-
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gions to reduce the reflection coefficient. Section 6 studies
the same approach by adding carbon paste onto three regions
to achieve higher reduction in the reflection coefficient. The
performance of all three proposed designs is compared in
Section 7, while Section 8 presented the conclusions.

2. Proposed Unit Cells

The square form is employed in this particular design, since it
provides comparable responses to the incident waves for verti-
cal and horizontal polarizations and higher stability for the in-
cidence angles [18]. Additionally, due to the multi-resonance
characteristic of the double-ring design, this arrangement of-
fers numerous advantageous qualities. The double-ring unit
cell, as shown in Fig. 1a, and the double-closed-split ring,
as shown in Fig. 1b, are constructed on an FR4 substrate
with a 35 um thick copper layer, a substrate layer thickness
of h; = 1.6 mm, and relative permittivity of 4.3. The out-
er ring’s side length L, is 15.6 mm, the breadth of each ring
is 2 mm, and the unit cell dimensions are L = 19 x 19 mm.
The formula for the effective dielectric constant . is [19]:

1
S - | hi\ 2
opp == ;r + £ . <1+12wl> , )

where h; is the substrate height, w is the ring width, and
€, is the relative dielectric constant of the substrate. For the
above parameters, the value of the effective dielectric is 3.16.
The effective wavelength A, and the wavelength in air A, are
determined by [17]:
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I

Ao
Ee  fiEe’
where f is the operating frequency, and c is the speed of light.
The average circumferences of the outer ring C'R,, and inner
ring C'R; can be found from the geometry of Fig. 1 as:

CR, = 4(L1 — w),

CR; = 4(L2 —w). 3)

o

Ae = (€3]

A closed conducting ring resonates when its average circum-
ference equals the effective wavelength CR, = ., [19].
Then, it can be shown that the resonance frequencies f;., and
fr; for the outer and inner rings, respectively, as presented in
Fig. 1a, are given by:

f o C
ro — CRO\/E,
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The CST Microwave Studio software was used to model
the above unit cells. The electric field of the incident wave
is considered to be vertically oriented and to have linear
polarization (along the v axis).

The geometry of the proposed unit cells is shown in Fig. 2,
where the carbon layer is marked in black. The properties of
the carbon paste are as follows: electric conductivity o = 1.2
s/m, density p = 1070 kg/m?, and carbon thickness 35 um. By
including resistive material in the two types of the double ring
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FSS cell, it was possible to track the results of the modification
using the reflection coefficient S;; frequency response and
evaluate the effect of the added paste layer.

3. Closed Rings Unit Cell with Paste

Figure 2 shows two approaches to adding the carbon paste:
inter-ring, or inter-ring with a patch at the center of the unit
cell. The variations of the reflection coefficient magnitude
| S11| for these two cases are compared with the results ob-
tained before the addition and are shown in Fig. 3. In the
proposed unit cell of copper rings, the resonance frequen-
cy appears at 3.045 GHz, and with —10 dB bandwidth of 47
MHz. This case shows a higher second resonance frequency
of 5.3 GHz, i.e. approximately twice that of the first result.
This is due to the resonance of the inner ring whose circum-
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Fig. 1. Unit cell geometry: a) closed double-rings front view, b)
closed/split double rings front view, and c) side view.

a) b) c)

Fig. 2. Double-closed ring geometry of the unit cell: a) closed copper
rings, b) carbon ring added, and c) carbon ring and patch at the
center added.
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Fig. 3. Reflection coefficient-related outcomes of using copper rings,
adding a carbon ring, and adding a carbon ring and a path at the
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Tab. 1. Comparison of the reflection coeflicient responses of the
copper double closed rings unit cell before and after adding carbon
paste.

Type of cell If{riz)éleaﬁlccye Bandwidth | Minimum
(GHz] [GHz] S11 [dB]
Copper rings 3.045 0.0471 “14.1
only
Carbon ring 3.5 0.248 -30.4
Carbon (ring + 3.49 0.314 2438
square patch)

Tab. 2. Comparison of the reflection coefficient responses for
a double-split ring unit cell before and after adding carbon paste in
one region.

Type of cell l;is(;?;?cc}? Bandwidth | Minimum
[GHz] [GHz] S11 [dB]
Copper rings 3.48 0.172 _14.4
only
Square patch 3.53 0.051 -11.5
Atthe gap of 3.56 0.047 | -113
inner ring
Carbon ring 3.833 0.175 -22.9

ference is approximately half that of the outer ring. In this
simulation, the outer and inner ring circumferences were 54.4
mm and 32.56 mm, respectively. In terms of the effective
wavelength corresponding to the resonance frequency of the
outer ring, the circumference is 0.982 )., and the relation
corresponding to the inner ring is 1.024 A.. Those figures are
very close to the estimations presented in Eq. (4).

When a layer of carbon paste was placed between the two
rings, the resonance frequency was shifted to 3.5 GHz, with
a bandwidth of 248 MHz. The same resonance frequency was
obtained when the central region of the unit cell was covered
with the carbon paste. However, the bandwidth was increased
to 314 MHz. The details of the three responses are illustrated
in Tab. 1.

It is evident that a higher bandwidth was obtained for the sce-
nario in which the paste was placed between the two rings.
Adding a layer of paste at the center has increased the ab-
sorption by approximately 6 dB, and the bandwidth by ap-
proximately a 20%. The shift in the resonance frequency may
be related to the effect of the resistive layer between the two
copper rings. This added ring has resulted in an equivalent
ring of a smaller circumference and, consequently, higher
resonance frequency. The increase in the bandwidth can be
understood as a result of adding resistive elements (carbon
layers) that reduce the quality factor of the resonance struc-
ture, as the bandwidth is inversely proportional to the quality
factor.
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4. Open Inner Ring with Paste in One
Region

The unit cell proposed in this section uses a double closed/split
inner ring configuration and the same substrate as shown
in Fig. 4. The idea behind this approach is to reduce the
resonance frequency of the inner ring to a value near that of
the outer ring, so that the two resonances merge and result
in a larger bandwidth. Open or split rings resonate when
their average length equals half the effective wavelength.
Therefore, Eq. (4) is now developed for the split ring to be in
the following form:

fri ©)

C
T 20Ri/Ee
This gives the flexibility to choose the radius and gap of the
inner split ring to tailor its frequency to a value that is close
to that of the outer ring, without any overlap between the two
rings.
Figure 4 shows the three scenarios involving adding carbon
paste which were studied to find the best arrangement. As
shown, the unit cell’s dimensions are L = 18 x 18 mm,
the outer ring side length L is 14.15 mm, the ring’s width
isw = 0.1 x L; = 1.56 mm, and the inner ring size is
Ly = 0.65 x Ly = 9.1975 mm. The variations of the
reflection coefficients with frequency changes, for the cases
in which the carbon paste was inserted at one region, are
compared with those before adding the carbon paste, as shown
in Fig. 5. The response of the copper rings (red plot) shows
two close dips corresponding to the inner and outer rings. The
figure also illustrates that the insertion of the carbon paste
either within the gap of the inner ring or at the center of the
inner ring, to form an inter-ring layer, fails to significantly
affect the minimum value of the reflection coefficient, but
results in a bandwidth reduction. However, inserting the paste
between the two rings reduces the minimum value of the
reflection coefficient by approximately 8 dB, while preserving
the bandwidth’s value from before adding the paste.
The resonance frequency has increased by 0.3 GHz. A slight
increase in the size of the rings can easily compensate for
this frequency shift. As the effect of the carbon paste can be
interpreted as a loss mechanism, placing the carbon paste in
aregion with an intense electric field will lead to a larger loss
and, hence, a lower reflection coeflicient.

5. Open Inner Ring with Paste in Two
Regions

In the search for a lower reflection coefficient, it was decided
to place the carbon paste on two regions of the unit cell. The
geometries of the three placement scenarios are shown in Fig.
6. The obtained variations in the reflection coefficient with
frequency changes are illustrated in Fig. 7.

It is evident that the addition of carbon paste between the two
rings, as well as at the square patch at the center of the unit cell,
has reduced the minimum value of the reflection coefficient by
approximately 14 dB, simultaneously increasing bandwidth to
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Fig. 4. Geometry of the double/split ring unit cell: a) before and
b)—d) after adding carbon paste in one region.

Fig. 6. Geometries of unit cells with carbon paste in two regions,
compared with the copper ring scenario.
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Fig. 5. Comparison of reflection coeflicients for scenarios before
and after adding carbon paste in one region.

approximately 282 MHz. This achievement is at the expense
of increasing the resonance frequency by 8.6%. This shift
in frequency may be compensated for by increasing the size
of the rings. Table 3 shows a detailed comparison of the
performance values for all four scenarios under consideration.

6. Open Inner Ring with Paste in Three
Regions

For further improvement of the achieved results, the carbon
paste was added to three regions to increase the area that
absorbs the incident power. Thus, the surface of the FSS unit
cell is now fully covered with either copper or carbon paste,
as shown in Fig. 8. Figure 9 presents the reflection coefficient
Si1 obtained, compared with the case without any carbon
paste. The addition of carbon paste results in a reduction in the
minimum value of the reflection coefficient by approximately
4 dB, simultaneously increasing bandwidth to 326 MHz and
changing resonance frequency to 3.88 GHz.
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Fig. 7. Comparison of reflection coefficients for scenarios before
and after adding carbon layer in two regions.

Tab. 3. Comparison of the performance of a double-split ring unit
cell before and after adding carbon paste to two regions.

Region to which || RESOnAnce | o iges | Mnimum
added [GHz] [GHz] | Si [dB]
Copper rings 3.48 0.172 —_14.4
only
Square patch and
gap of the inner 35 0.082 —-13.7
ring
Ring and gap of 3.8 0.224 28
the inner ring
Ring and square | 5 95, 0.226 -20
patch

7. Comparison of Results

Table 5 shows a detailed comparison of the results obtained
in all three approaches to adding the carbon paste. For each
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Tab. 4. Comparison of the performance of a double/split ring unit
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cell before and after adding carbon paste to three regions.

a)

b)

Type of cell I;ii;?;?:; Bandwidth | Minimum
(GHz] [GHz] Si1 [dB]
Copper rings 3 48 0.172 _14.4
only
Carbon'ln three 3 88 0.326 _18.44
regions

py
,,

Tab. 5. Comparison of the performance of the three approaches to
adding the carbon paste.

Fig. 8. Geometry of a double-split ring unit cell: a) before and b)
after adding carbon paste in three regions.

Type of cell If{ris(;)élear?ccye Bandwidth | Minimum
(GHz] [GHz] Si1 [dB]
Copper rings 3.48 0.172 _14.4
only
One region 3.833 0.175 229
carbon
Two regions 3.922 0.226 2874
carbon
Three regions 3.88 0.326 ~18.44
carbon

5
g0
7 s
-10
carbon square patch,
ring, and gap patch
-15
m— COppET
-20
2.5 3.0 35 4.0 4.5 5.0 5.5
Frequency [GHz]

approach, the case of the best results was chosen for compar-
ison purposes. The changes in the values of three features are
evident. The first one is the increase in resonance frequency.
This can be attributed to the fact that adding the carbon paste
changes the estimated value of the effective dielectric constant
€e. This latter parameter was estimated by the conventional
empirical method using Eq. (1), which did not consider the
existence of the carbon paste. Looking into Eq. (4), one can
see that the resonance frequency increases when either the
effective dielectric constant ¢, is decreased, or the effective
circumference of the ring is reduced. Moreover, the carbon
ring in between the two rings can be considered to form an
equivalent smaller ring that results in a higher resonance fre-
quency.

Bandwidth is the second parameter and it increased with the
addition of carbon paste. The addition of a lossy layer will
reduce the quality factor of the resonating structure, conse-
quently increasing bandwidth. The third feature that needs to
be noted is the reduction in the minimum value of the reflec-
tion coefficient. The last two findings (bandwidth increase
and reflection coefficient reduction) are favorable features of
adding the carbon layer.

Table 6 presents a comparison of the performance of the pro-
posed unit cell (shown in Fig. 8) with other techniques that
were described recently in the literature. The proposed unit
cell showed a smaller bandwidth than the one in [21], while
the other designs offer larger bandwidths. This can be at-
tributed to the fact that dual-layer designs that incorporate
an air gap can offer higher bandwidths, as one may notice
in [21]-[25]. From the manufacturing point of view, adding
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Fig. 9. Variation of the reflection coefficient of a double-ring unit
cell (open inner ring) with carbon in three rings compared with the
copper-only scenario.

a carbon paste layer is much easier than adding discrete re-
sistances, as proposed in [20]-[23], where four resistors are
needed per unit cell, or as in [24], where one lumped resistor
and a via were used in each unit cell. In [23], four lumped re-
sistors and a combination of three layers were used to achieve
larger bandwidth. Moreover, the proposed design has a thick-
ness of merely 1.6 mm, compared to the air-gapped design’s
overall thickness of 23.2 mm [21], and 17 mm [25]. Based on
this comparison, the hardware designer is capable of imple-
menting some compromise solutions to achieve the required
goal.

8. Conclusions

This paper presented a method intended to enhance the per-
formance of FSS unit cells in reducing radar cross-section. A
carbon paste layer was added to a conventional design that
used a copper layer on the top surface of the substrate. The
simulations have demonstrated that the addition of a resis-
tive material reduced the reflection coefficient by 4 to 8 dB,
depending on the placement of the carbon paste. Moreover,
an increase in bandwidth caused by the reduced quality fac-
tor was noticed as well. These findings make the proposed
method advantageous compared with other approaches. From
the manufacturing point of view, adding a carbon layer is
simpler than inserting lumped resistors in the FSS unit cell.
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Tab. 6. Comparison of the performance of the proposed unit cell and designs described in recent publications.

No. of . Thickness Frequency Bandwidth
Reference Type of cell layers Size [mm)] [mm] (GHz] (GHz]
[20] Four lumped res.lstances One 12.5%12.5 5 43 4810
on copper ring
[21] Four lumped resistances Two 20x20 232 0.91 0.15
on copper ring
(o7 | Fourlumped resistors on Two 114x11.4 | 12, with foam 2.83-8.67 5.84
copper ring
(37 | Four lumped resistors on Two 10x10 12, with air 2.4-6.2 3.6
meandered line
[24] Res‘smrsfr?prsmgs and Two 27x27 15.6, withair | 5.43-5.87 0.44
[25] Dipole and lumped Two 30x30 17, with air 2.8-5 22
resistors
Th1§ work Three regions carbon One 18x18 32 3.88 0.326
(Fig. 8)
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