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Electromagnetic (EM) absorption is of essential requirement in many areas like stealth
technology, EM shielding, interference and radar cross section (RCS) reduction, etc. Ear-
lier components like Salisbury Screen, Jaumann absorber, carbon foam based pyramidal
absorbers have shown the capability of EM absorption. The FSS (frequency selective
surface) based absorbers are thin, light as compared to the conventional absorbers and
can be engineered depending upon the requirements.

The general FSS based absorber is typically a periodic array of resonant structures
on the dielectric substrate with complete metallic lamination at the back side. The
FSS absorbers completely restrains the transmission through it thereby depriving the
possibility of communication. In order to overcome the limitation of communication
blockade the F'SS absorber is combined with the bandpass F'SS and the resultant structure
is known as frequency selective rasorber (FSR) or AFST (absorptive frequency selective
transmission) or simply rasorber. The FSR due to the presence of bandpass FSS is capable
of exhibiting transmission in addition to absorption.

The FSR exhibiting a transmission band can be used with a radiating system as
a radome for reducing the out-of-band RCS. The FSRs can be classified based on the
number and the relative position of transmission/absorption bands. This includes FSR
with lower transmission and upper absorption band (T-A), lower absorption and higher
transmission band (A-T), absorption band lying within two transmission bands (T-A-T),
transmission frequency positioned between the two absorption bands (A-T-A), multiple

absorptions and multiple transmission bands in an alternate form (A-T-A-T) and so on.



Table 1: Summary of Proposed Polarization-Insensitive Rasorber/Absorber Designs

v

Absorption

Rasorber Type

Achieved Parameters

Narrowband

T-A-T

Single Layer;

Absorption: 6.2 GHz; B.W= 110 MHz (1.75 %)
Transmission 1: 3.1 GHz; I.LL = 0.6 dB
Transmission 2: 8.4 GHz; I.LL = 1.2 dB

ATTA
(2T2A)/A-T-
A-T-A (2T3A)

Single Layer; Flexible; Conformal Response
Tested up to 180° curvature angle.

2T2A: A- 6.4 and 14.7 GHz; T- 9.6 and 13.4 GHz
2T3A: A-6.6,11.1 and 14.7 GHz: T- 9.6 and 13.4
GHz

Broadband

A-T

Absorption: 3.1-8.7 GHz (94.91%)
Transmission: 11.4 GHz; I.LL = 0.7 dB

T-A-T

Absorption: 3.6—7.4 GHz (69.09%)
Transmission 1: 2.1 GHz; I.L =1.4 dB
Transmission 2: 8.8 GHz; I.L = 1.5 dB

A-T-A

Absorption 1: 3.4—7.5 GHz (75.22%)

80% Absorption 2: 9.2—10.8 GHz; 16%
Transmission: 8.4 GHz; I.LL = 0.7 dB

FSR + Patch Antenna:

Average Monostatic RCS Reduction = 11.92 dB
(Lower Band) and 5.04 dB (Upper Band)
Average Bistatic RCS Reduction = 77% (Lower
Band) and 60% (Upper Band)

A-T-A-T

Absorption 1: 5.2—10.1 GHz (64.05%)

Absorption 2: 10.7—14.4 GHz; (29.48%)
Transmission 1: 10.4 GHz; I.L = 1.9 dB
Transmission 2: 15.2 GHz; I.LL = 0.9 dB

AFSR

Absorption 1: 4.2—7.0 GHz (50%)
Absorption 2: 9.2—11.5 GHz (22.2%)
Reflection: 8.2 GHz Attenuation = 1.5 dB
AFSR + Crossed Dipole:

Average Monostatic RCS Reduction = 12 dB
Average Bistatic RCS Reduction = 80%

A: Absorption; T: Transmission; B.W: Bandwidth; I.L: Insertion Loss

The low out-of-band RCS system can also be designed with the use of band-notched

absorber also called as AFSR (absorptive frequency selective reflection) structures having

a reflection band within a broad absorption band.

The motivation of this thesis is to pursue systematic studies on the rasorber/absorber

designs for addressing the various limitations and further performance improvement of the

existing designs. Polarization-Insensitive rasorber/absorber designs studied in the thesis



are outlined below:
1. Narrowband flat/flexible FSR on a single layer substrate.
2. Design of A-T/T-A-T rasorbers with improved performances.
3. Highly selective A-T-A/ A-T-A-T FSRs
4. Low RCS radiation system co-designed with A-T-A FSR.
5. Low RCS dual-polarized radiation system co-designed with AFSR Structure.

The outcome of the research work presented in the thesis is summarized in Table 1.

Single Layer Dual-Band Transmissive Rasorber

Initially, in this thesis, a frequency selective surface based rasorber has been proposed by
combining the designs of split-ring absorber and dual bandpass FSS, which are printed on
the front and backside of 0.8-mm thick FR-4 substrate, respectively as depicted in Figure
1. The proposed FSS-based rasorber is a thin single layer structure and also exhibits
the polarisation-insensitive behaviour due to its four-fold symmetry. The response of the
proposed rasorber is given in Figure 1(d). The split-ring structure at the front contributes
to the resonant absorption at 6.2 GHz, while the bandpass FSS structure at the backside
provides two transmission windows at 3.1 and 8.4 GHz, respectively. The parameters
of the design are optimized such that at the absorption frequency, the bandpass FSS
acts as a complete metallic ground. The operating principle of the proposed rasorber
is analyzed using an equivalent circuit model. The effects of design parameters on the
performance of the rasorber are studied, and accordingly, optimum ranges of lower and
upper transmission bands with respect to the absorption band are determined. A 21 x 21
array of the proposed rasorber unit cell is fabricated, and the results are experimentally

verified.
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Figure 1: Unit cell schematic representation of the proposed FSS based rasorber. (a) Front, (b) back,
and (c) side views. (d) Reflection and transmission response of the proposed rasorber. p = 20, r = 6.6,
w=32,g=1,mr =4, =385 w =0.8, wy =0.8 and ¢t = 0.8 (All dimensions are in mm).
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Single-Layered Flexible Multi-Band Rasorbers for Con-
formal Applications

Next, the thesis discusses flexible frequency selective surface (FSS) based rasorbers ex-
hibiting dual/triple absorption bands along with dual-band transmission. The proposed
rasorbers are designed by combining the individual designs of dual-/triple-band reso-
nant absorber and dual bandpass FSS on the two sides of a flexible substrate. The unit
schematic for the dual/triple absorption rasorbers are provided in Figure 2. The front
schematic for the dual and triple absorption rasorbers are represented in Figure 2(a) and
2(c), respectively while the back side design given in Figure 2(b) is same for both the
case. The perspective views of dual and triple absorption rasorber are shown in Figure
2(d) and 2(e), respectively while Figure 2(f) depicts the fabricated flexible prototype.
At the absorption frequencies, the bandpass FSS acts as reflective metallic ground. The
transmission and reflection coefficients for the dual and triple absorption rasorbers are
depicted in Figure 2(g) and 2(h), respectively. The two transmission bands in both the
rasorbers are located at 9.6 and 13.4 GHz. The absorption bands for the dual rasorber
are located at 6.4 and 14.7 GHz, while for the triple absorption rasorber, the third band
lies at 11.1 GHz. The proposed FSS based rasorbers are flexible, single-layer structures
having a thickness of 0.005)y at the lowest absorption frequency and can serve as suitable
candidates for the much practical conformal applications. The working of the proposed
rasorbers is analyzed using an equivalent circuit model. Further, an optimum range at
each absorption frequency is determined by studying the parametric effects on the pro-
posed design. Prototypes consisting of 17 x 25 unit cells are fabricated and experimental

validation is achieved. The performance of the rasorbers is also studied by bending their
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Figure 2: Unit cell schematic of the proposed rasorbers. (a) Front view of 2T2A rasorber. (b) Back
view of both 2T2A and 2T3A rasorber. (c) Front view of 2T3A rasorber. (d) Perspective view of 2T2A
rasorber. (e) Perspective view of 2T3A rasorber. (f) Fabricated flexible prototype. (g) Reflection and
transmission response of the proposed 2T2A rasorber. (h) Reflection and transmission response of the
proposed 2T3A rasorber. p = 15, r1 = 5.0, w; = 0.5, I3 = 7.0, wg = 0.4, 79 = 5.9, wy = 0.9, g = 0.8, r;
= 5.0, w; = 0.5, I3 = 7.0, wg = 0.4 (All dimensions are in mm).

fabricated prototypes with 120°, 150°, and 180° degrees of curvatures.

A-T FSR

A frequency selective rasorber is proposed in this thesis where a transmission band at
a higher frequency is achieved besides the lower broadband absorption. The FSR is de-
signed by combining the individual designs of broadband absorber and bandpass FSS.
The schematic and response of the proposed FSR is shown in Figure 3. The broadband
absorption is achieved by placing the resistive and ground layer at a distance of around
A/4 at center frequency. The unit cell of bandpass FSS is designed by etching a double
cross slot (Figure 3(a)). The performance parameters at the transmission band are im-
proved by a modified double cross slot, wherein a quarter of the slot is replicated on each
corner of the unit cell. The bandpass FSS replaces the ground plane of broadband ab-
sorber, in the design of proposed FSR. The proposed FSR is a polarization-independent
structure exhibiting a broadband absorption from 3.1—8.7 GHz (94.91%) along with a
transmission band at 11.4 GHz (Figure 3(b)). The working principle of proposed FSR is

illustrated by an equivalent circuit model. A range for higher transmission frequency is
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Figure 3: Proposed A-T FSR. (a) Unit cell schematic, and (b) reflection and transmission response. p =
20, r =5, w; =05, wy=1,t =08, wp, =1.2,1, =9, H=12. (All dimensions are in mm).
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Figure 4: Proposed T-A-T FSR. (a) Unit cell schematic, and (b) reflection and transmission response. p
=251y =24, lpo = 12, w, = 1.3, 1 = 15, w = 0.5, t = 0.8, H = 12 (All dimensions are in mm)

determined for the proposed FSR, by studying the effects of bandpass F'SS parameters on
the transmission performance. A prototype of the proposed FSR is fabricated, and the

results are experimentally verified.

T-A-T FSR

Next in this thesis, a compact and polarization-insensitive FSR is proposed with dual
transmission bands located at the two sides of a broad absorption band. The proposed
FSR as shown in Figure 4(a) is a two-layer structure designed by combining the Jerusalem
cross based dual bandpass frequency selective surface (FSS) with a broadband resistive
square loop absorber, such that both the absorption and transmission characteristics are
retained. The proposed FSR has a thickness and size of 0.09\;, and 0.026)% , respectively
at the lowest frequency of 10 dB reflection (1.97 GHz). As observed from Figure 4(b), the

dual transmission bands are obtained at 2.1 and 8.8 GHz with an in-between absorption
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Figure 5: Proposed A-T-A FSR. (a) Top, (b) bottom, and (c) perspective views. (d) Reflection and
transmission response. p = 15, w = 0.5, ws = 0.8, [, = 7.1, wy = 0.3, we = 0.3, [, = 5.8, w3 = 0.6, wy
= 0.2, d = 1.6 (All dimensions are in mm).

band ranging from 3.6 to 7.4 GHz (69.09%). The working principle of the proposed FSR
is analyzed using an equivalent circuit model. Furthermore, a range of lower and upper
transmission bands with respect to the absorption band is determined by carrying out the
parametric studies on the geometrical parameters of the bandpass FSS. A prototype of

the proposed FSR consisting of an array of 10x10 unit cells is fabricated and the results

are experimentally verified.
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Figure 6: (a) Schematic of the FSR integrated patch antenna. (b) Monostatic RCS, and (c¢) normalized
total bistatic RCS of the FSR integrated antenna with reference to the conventional antenna. (D = 18
mm)



A-T-A FSR for Low RCS Radiating System

Further, in this thesis, a novel design of compact frequency-selective rasorber exhibiting
absorption—transmission—absorption characteristics and having high passband selectivity
has been proposed. A square-loop resonator with mounted lossy elements serves as the
elemental broadband absorber from 4 to 12 GHz. The unit schematic and response of the
proposed FSR are shown in Figure 5. The transmission frequency at 8.4 GHz is realized by
printing a Minkowski fractal-shaped resonator with a high-Q factor on the resistive layer
(Figure 5(a)), which provides a transmission pole at the frequency corresponding to the
passband of a double-cross-slot-shaped bandpass layer (Figure 5(b)). The lower and the
upper absorption bands of the proposed FSR are from 3.4 to 7.5 GHz and 9.2 to 10.8 GHz,
respectively while the center transmission notch is at 8.4 GHz. The functioning of the
proposed frequency-selective rasorbers (FSR) is explained by a corresponding equivalent
circuit model. The proposed FSR exhibits higher selectivity at the passband, thus making
it a suitable candidate for shielding the narrowband radiating system. Measurements
performed on the fabricated prototype of a 17 x 17 unit cell array provides experimental
validation. Further, as represented by schematic in Figure 6(a), a low radar cross-section
antenna is realized by integrating a patch antenna with the proposed FSR, which achieves
an average out-of-band monostatic radar cross-section (RCS) reduction of 11.92 and 5.04
dB in the lower (4-7.5 GHz) and upper (9.2-10.8 GHz) absorption bands, respectively
(Figure 6(b)), while maintaining the other antenna parameters. Furthermore, as depicted
from the plot in Figure 6(c), the bistatic total RCS reduction of 77% and 60% are achieved

in the lower and upper frequency bands, respectively.

A-T-A-T FSR

Furthermore, as an extension to the previously proposed FSR, a novel design strategy
for realizing a polarization-independent and compact absorption-transmission-absorption-
transmission (A-T-A-T) type FSR is presented in thesis. A resonator with cross-loop slot
in the Minkowski fractal (MF) design is studied and incorporated within the top resistive
layer of the square loop broadband absorber (Figure 7(a)). The proposed MF resonator
incorporated within the resistive layer is capable of realizing a dual transmission pole

inside the broad absorption band. A cross slot based bandpass layer depicted in Figure
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Figure 7: Proposed A-T-A-T FSR. (a) Top, and (b) bottom views. (d) Reflection and transmission
response. p = 10, w = 0.5, ws = 0.3, I3 = 4.6, w; = 0.2, wy = 0.2, [, = 4.3, wg = 0.5, wy = 0.2, d = 1.2,
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7(b) is replaced with the ground layer of absorber as such the desired transmission bands
are achieved, while acting as ground plane outside the passbands. The response of the
proposed A-T-A-T FSR is shown in Figure 7(c). The proposed FSR design realizes
two transmission windows at 10.4 and 15.2 GHz with the adjacent absorption bands
from 5.2 to 10.1 GHz and 10.7 to 14.4 GHz. Measurements carried on the fabricated
15 x 15 array prototype experimentally validates the design. The proposed rasorber is
a suitable contender for shielding and radar cross section reduction of the dual-band

radiating systems.

Low RCS Crossed Dipole antenna Co-Designed with
AFSR Structure

This thesis also proposes a novel strategy for realizing a reduction in radar cross-section
of dual-polarized crossed dipole antenna. At first, a compact and polarization-insensitive
AFSR structure is proposed by incorporating a bandstop ring resonator within the circular-
cross based broadband absorber as shown by the unit schematic provided in Figure 8. The
bandstop ring resonator is designed on the backside of the resistive layer due to which
a reflection window is realized at a frequency of 8.2 GHz between the two broadband
absorptions (4.2—7.0 GHz and 9.2—11.5 GHz) (Figure 8(d)). A dual-polarized crossed
dipole antenna is designed with operating frequency lying within the reflecting notch of
the AFSR structure. As shown in Figure 9, a 6 x 6 AFSR structure array is truncated at

the center where from which the crossed dipole is connected through a feed substrate. The
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AFSR structure enacts as a modified ground plane to the crossed dipole antenna. The
monostatic and bistatic RCS for the AFSR integrated antenna in comparison with the
conventional reflector backed antenna for the TE incident waves are provided in Figures
9(c) and 9(d), respectively. The proposed AFSR integrated antenna achieves an average
mono-static RCS reduction of 12.51 dB and 12.62 dB for the TE and TM incident waves,
respectively. Further, the AFSR based antenna is also measured for the bi-static RCS,
wherefrom the average total RCS reduction of 80% for TE and TM incidence is attained
in the frequency band of 4.2 to 11.5 GHz.
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Figure 9: (a) Schematic representation of the crossed dipole antenna with (a) reflector, and (b) AFSR
structure. (¢) Monostatic RCS, and (d) normalized total bistatic RCS of the AFSR integrated antenna
with reference to the conventional antenna.
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Chapter 1

Introduction

Electromagnetic (EM) absorbers are primarily defined as those entities that are capa-
ble of absorbing the incident electromagnetic waves. The EM waves get trapped inside
the absorbers leading to zero reflection and zero transmission of the incident EM wave.
Traditionally, many components like Salisbury Screen, Jaumann absorber, carbon foam
based pyramidal absorbers have shown the capability of EM absorption. The absorption
phenomenon of the EM wave has significant applications in many areas like stealth tech-
nology, EM shielding, interference reduction, etc. However, the bulky size of conventional
absorbers severely limits their usage in many applications. The breakthrough gained in
the studies on frequency selective surface (FSS) has made a tremendous role in the devel-
opment of microwave absorbers [I]. The FSS based absorbers have the unique features of
being thin, lightweight and can be well engineered depending upon the desired require-
ments. Due to these features, the F'SS based absorbers are found to be well suitable for
many applications in stealth technology, shielding and others [2]. In the last decade, stud-
ies have been carried out in the field of F'SS based absorbers for characterizing, analyzing,
and enhancing the performance parameters associated with them.

The FSS based absorbers suffer from communication blockade limitations as they are
not capable of allowing selective transmission through them. The limitation of absorbers
can be addressed by integrating them with the FSS based spatial bandpass filter. The
combination of absorbers and bandpass F'SS has been given the name of frequency selective
rasorber (FSR) or simply rasorber. This name has been derived from the two words
‘radome’ and ‘absorber’ which suggests the radome as well as the absorber characteristics

in a single entity. Since, the advent of FSR, studies on its designs have gained tremendous
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popularity among researchers. Plenty of extensive works carried on the FSR design have
been reported in the recent literature. The objective of this thesis is to focus on the
designs of the FSR depending upon various requirements and improved performance as
compared to the existing literature. Moreover, studies on the integration of the proposed
FSR with the antenna system has also been carried out in this thesis.

This chapter introduces the work presented in the thesis in a systematic manner. In
the initial part, a brief overview of the FSS has been presented which is followed by the
theory of FSS based absorbers along with the reported literature. Next, this chapter
introduces FSRs followed by a detailed literature survey. Further, the motivation behind
the thesis work along with the outcome is comprehensively laid down. The last part of

this chapter provides the organization of the thesis.

1.1 Frequency Selective Surface

Frequency selective surface (FSS) is a periodic structure which contains an array of metal-
lic patterns on a dielectric material. These F'SS structures when excited with the inci-
dent EM wave exhibit the property of selective reflection/transmission depending on the
dimensions, geometry as well as the orientation of incident wave [3]. The FSS struc-
ture has found huge applications in various areas like design of radomes [4]—[6], dichroic
sub-reflectors [7], radio frequency identification (RFID) [§], lens [9, [10], absorbers [L1],
cloaks [12], [13], sensors [14]—[16], polarizers [17]—[23], reflect-array antennas [24], and EM
shielding [25, 26]. Recently many other applications of FSS have been explored thereby
increasing its importance [27]—[42]. The behaviour of FSS is largely dependent on shape
and size of its one period, known as unit cell. The principle of operation in FSS is gener-
ally illustrated by the resonance phenomenon even though shapes may vary in different
structures. The incidence of EM wave on the FSS causes the elements of the structure to
resonate at a particular frequency which is dependent on the geometry/material properties
of the structure and the incident wave orientation [43].

The characteristics of F'SS design is illustrated using two structures shown in Figure
1.1(a) and Figure 1.1(b) which consists of an array of patches and slots, respectively. It
can be observed from Figure 1.1(c) that for the array of patches the bandstop response is

obtained in which the transmission coefficient (S;) takes a dip at the associated resonance
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Figure 1.1: FSS Structures: (a) Array of patches, and (b) array of slots. S-parameter responses: (c)
Array of patches, and (d) array of slots.

frequency while the reflection coefficient (S;;) at that point is maximum. The induced
inductive and capacitive effects are generated due to incident EM wave. The response of
the metal array (Figure 1.1(a)) corresponds to the series combination of an inductor and
a capacitor. On the other hand, complimentary design of slots in Figure 1.1(b) realizes a
bandpass response. As illustrated in Figure 1.1(d), at the associated resonance frequency,
the reflection coefficient (511) is minimized while the transmission coefficient (S;) is high,
thus causing the bandpass effect. The response for the array of slots can be related with

the response across the parallel combination of an inductor and a capacitor.
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1.2 FSS based Absorbers

One of the key application of F'SS lies in its significant feature of being used as a EM
absorber. The FSS based absorbers consist of various shapes of metallic pattern printed on
the dielectric substrate, the other side of which is generally laminated with copper ground.
The copper ground on the other side ensures zero transmission of EM wave through the
structure. It can be deduced that since the transmission through the structure is zero,
hence for absorption to increase, the reflection from the surface should decrease. So the
basic objective in F'SS based absorbers is to control the geometry and material properties
in such a way that the reflection is minimized at desired frequencies. The absorptivity of

the structure can be given from the following equation:

A(w) =1- |SH|2 - ’821|2. (11)

Since transmission is nullified so Ss; = 0

Therefore,

Alw) =1—|Su% (1.2)

Where |S11]?, |S21/?, and A(w) are the reflectance, transmittance and absorptivity,
respectively at a particular frequency. Thus, at the particular frequency the absorption
of structure can be maximized by minimizing the reflectance from the surface.

The reflection coefficient at the surface is given as:

Zin(w) — Z,
S (w) = W (1.3)
Where Z;,, is the input impedance of the structure and Zj is the free space impedance.
From the above equation (1.3), it is implied that for reflections to be zero, the input
impedance of the structure must be perfectly matched to free space impedance. Therefore
in F'SS absorber design, the input impedance of the structure can be controlled by varying

the geometrical parameters to enable a proper match with the free space impedance at

the frequency of interest.
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1.3 Literature Survey on FSS based Absorbers

Based upon successive studies reported in the literature, FSS based absorbers can be
categorized into three different types: narrow-band FSS absorbers [44]—[58], bandwidth-
enhanced absorbers [59]—[61], and broadband absorbers [62]—[65]. The primary FSS
absorber exhibits a narrowband absorption phenomenon at the resonance frequency.
Bandwidth-enhanced absorbers have been designed using multi-resonating structures and
exhibit an enhancement in absorption bandwidth. Broadband FSS absorbers are designed
using circuit analog absorber (CAA) concept using lumped ohmic components and multi-
layer geometry. In this section, brief literature works corresponding to each of them are

presented sequentially.

1.3.1 Narrow-band FSS Absorbers

The split ring resonator (SRR) based structure shown in Figure 1.2, was the first FSS
based absorber reported in 2006 [44]. This structure consists of an array of SRRs attached
to a resistive sheet. The resistor sheet has a thickness of 1 mm and its impedance is 377
Q2. The incident magnetic field is kept perpendicular to plane of the SRR for exhibiting a
magnetic resonance. This structure gives rise to narrow-band absorption at around 2 GHz
as shown in Figure 1.2(d). This absorber however has limitations of being non-planar and

having large thickness.

s

H

|

| — Retum Loss
| Inserfion Loss

resistive sheet

—
Retumiinsartion Loss [dB)
i i i
B

T T — T T- v
- 5 10 05 20 25 a0 35 40 45 &0
Ll Fraguency [GHz]

array of SRRs
— (b) (©) (d)

Figure 1.2: SRR based absorber. (a) Perspective, (b) side, and (c¢) top view of the unit cell. (d) Simulated
response [44].

The perfect narrow-band absorber structure had been reported in 2008 [45]. The
reported structure is shown in Figure 1.3 which consists of a metallic ELC resonator

and thin strip printed on the front and back side of a dielectric substrate, respectively
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(Fig. 1.3(a) and 1.3(b)). The simulated response is depicted in Figure 1.3(d). The
absorber structure in this case is thin and planar in comparison with [44]. The electric
resonance causes the structure to resonate. The parameters of the structure and the
material properties are determined such that at a particular frequency, reflection and
transmission is minimized so that the absorption dominates. For the given structure

single-band absorption takes place at 11.65 GHz producing an absorption peak of 96%.
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Figure 1.3: Perfect narrow-band absorber. (a) Top, (b) back, and (c¢) perspective view. (d) Simulated
response [45]

Another electric-field-coupled-LC (ELC) resonator based FSS absorber has been re-
ported in which the back side has been completely copper laminated [46]. The basic
ELC structure (Figure 1.4(a)) exhibits single narrow-band absorption at 9.92 GHz (Fig-
ure 1.4(b)). The ELC resonator further arranged in an array with the scaling factor k1l
realizes the multi-band absorption. A 2 x 2 array of ELC resonator (Figure 1.4(c)) ex-
hibits a dual-band absorption response at 9.18 and 12.36 GHz (Figure 1.4(d)), while the
3 x 3 array of ELC resonator (Figure 1.4(e)) provides a triple-band absorption response
at 7.44, 10.37 and 12.27 GHz (Figure 1.4(f)).

A conformal and polarization-insensitive triple-band absorber using modified triple
circular ring resonator is shown is Figure 1.5 [47]. The modified triple circular ring
resonator printed on the thin GML 1000 substrate of 0.502 mm thickness and with a full
metallic layer at the backside exhibits a triple narrow absorption bands at 4.19, 6.64, and
9.95 GHz.



1.3. LITERATURE SURVEY ON FSS BASED ABSORBERS 7

I___llg ig. 4 _r‘:—_a‘ _TES‘
ET 7 ] e —
- B===M WEANES| (eIl ED

L - o
i (a) (¢)

o8
9 k1=0.80 04
08 —— k1=0.85 ;
o7 | —— k=090 07
e LA - Refloctance

08 ~ Transmittance

Ve
[g"]
o

—— Refiectance
Transmittance
——— Absorplivity &x
o4
03
02
01
: .| w0
T ] ] 10 i) 12 12
Frequency(GHz) Frequency|GHz)

(b) (d) (H)

—— Absorptivity

04
23
0.2

Absorptivity

21
o0

H H 10 A 12 13 14 7.0 7.5 BO A5 9.0 0.5 100105110 115120125130
Freguency{GHz)

Figure 1.4: ELC resonator based absorber. Single-band: (a) Unit cell front view, and (b) simulated
response. Dual-band: (c¢) Unit cell front view, and (d) simulated responsriple-band: (e) Unit cell front
view, and (f) simulated response [46].

1.3.2 Bandwidth-Enhanced FSS Absorber

Various techniques have been implemented to widen the bandwidth of the FSS based
absorber [59]—[6I]. In case of bandwidth-enhanced techniques one of the conventional
method is to design two resonating structures on the single unit cell. The design pa-
rameters are chosen in such a way that two absorption frequencies are brought closer to
each other thus obtaining a bandwidth enhanced absorber. Figure 1.6 depicts one of such
reported bandwidth-enhanced absorber and its response [59]. In this reported structure,
the unit cell consists of two ELC resonators of similar shapes but different dimensions
arranged in a 2 x 2 array.

The technique of using array of resonating structure however is associated with lim-
itation of having large unit cell dimensions. To realize the bandwidth-enhanced ab-
sorber without increasing the unit cell size, multi-resonating structures are employed.
One such absorber (Figure 1.7) has been reported in [60], where a hexagonal interdigital
resonator realizes a double resonance which are then brought closer to realize a bandwidth-
enhancement type absorber.

Some other techniques have been reported for the bandwidth-enhanced case in which
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Figure 1.5: Triple-band conformal absorber: (a) Top, and (b) side view. (c) Fabricated prototype. (d)
Reflection coeflicient [47].
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Figure 1.6: Bandwidth enhanced absorber using ELC resonator. (a) Basic structure, (b) 2 x 2 array, and
(c) absorptivity response [59].

multilayer geometry is employed. Figure 1.8 shows one such reported bandwidth- en-
hanced absorber in which six alternate metal-dielectric layers are stacked together [61].
In this structure (Figure 1.8(c)) absorptivity is above 80% in the frequency range of 8.8

to 10.8 GHz, with a relative full width at half maximum (FWHM) absorption bandwidth
of 23%.

1.3.3 Broadband FSS Absorbers

In the bandwidth-enhanced absorber the absorption bandwidth is limited to a few hundred
MHz only. In view of the demand for various practical applications, various absorbers
have been reported in which the absorption bandwidth is in the order of few GHz. Circuit
analog absorber (CAA) is utilised for the broadband mechanism in which lumped resistors
are mounted across the gaps in the metallic pattern on the dielectric substrate. The
broadband absorbers are generally a two-layer structure in which a ground layer is placed
at some distance from the resistive layer. One of the earlier reported broadband absorbers

which uses the concept of CAA is shown in Figure 1.9 [62]. This reported absorber exhibits
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Figure 1.7: Bandwidth enhanced absorber using double resonance. (a) Perspective, and (b) top view. (c)
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Figure 1.8: Bandwidth enhanced absorber using multi-layer geometry. (a) Perspective, and (b) side view.
(c) Absorptivity response [61].

1.5 GHz absorption bandwidth under normal incidence with absorptivity over 90%. The
lumped resistor with high ohmic loss results in the absorption over broad frequency range.
This reported absorber is polarisation-insensitive and also possess high angular stability.

For further increasing the bandwidth of FSS absorber, the reported structure in [63] is
designed by combining the concept of multiple resonators and multi-layer geometry. The
reported work as shown in Figure 1.10 is a multi-layer structure in which top and bottom
layer consists of resistor loaded double and single square loop, respectively. The back side
of bottom layer is completely metal plated. A broadband absorption of 114.40% (4.96 to
18.22 GHz) is obtained (Figure 1.10(e)).

Another absorber has been reported in [64] where the capacitive reactance associated
with the square loop geometry is utilized to reduce the thickness of the structure. The
reported design (Figure 1.11) consists of multiple pair of square loop resonators con-
nected through lumped resistors in the top layer and achieves an absorption bandwidth

of 100.26% from 1.91 to 5.75 GHz.
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Figure 1.9: Broadband absorber using lumped elements. (a) Unit cell perspective view, (b) fabricated
prototype, and (c) absorptivity plots at different polarization angles [62].
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Figure 1.10: Multi-layer broadband absorber. (a) Perspective view , (b) top view of first layer, (c) top
view of second layer, (d) side view, and (e) reflection coefficient of full wave and circuit model. [63].

A dual-polarized absorber is reported in [65], which is based on the multimode res-
onances of four rotationally symmetric bent metallic strips (Figure 1.12). The resistor
loaded metallic strips on the lossy layer generates three resonant modes with the current
passing through the two chip-resistors in separate modes causing energy dissipation. This
absorber as depicted in Figure 1.12(c) achieves an ultra-wideband absorption of 127.9%
(2.68 to 12.19 GHz).
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Figure 1.11: Broadband capacitive circuit absorber: (a) Top view, (b) side view, and (c) reflection
coefficient. [64].
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Figure 1.12: Multimode Resistor-Embedded broadband absorber: (a) Perspective view, (b) top view,
and (c) reflection coefficients [65].

1.4 Frequency Selective Rasorber

The FSS based absorbers have been widely studied in the literature for its significant
applications in the stealth technology and shielding. However, the absorber suffers from
the limitation of causing total communication blockade of a system with which they are
integrated [66} [67]. To overcome this zero communication drawback, a new type of struc-
tures have been developed by combining a FSS absorber with a bandpass FSS. The new
structure is termed as frequency selective rasorber (FSR) or absorptive frequency selective
transmission (AFST) structure or simply rasorber [68]. The term ‘rasorber’ is basically
the combination of two words ‘radome’ and ‘absorber’. The FSR have gained huge pop-
ularity in the recent years due to its performance of guaranteeing both transmission and
absorption. A general schematic describing the FSR design is shown in Figure 1.13. The
FSR design typically involves the combination of resistive layer with the bandpass FSS
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layer. The resistive layer realizes the absorption phenomenon of the incident wave in one
band while the bandpass layer leads to the transmission in the desired passband. However,
the combination of resistive and bandpass layers follows a certain methodology ensuring

that the occurrence of desired transmission band does not affect the absorption.

Incident Power Band Reflection Power Band

i Lossy Elements
FSS Layer (Lossy Layer) ‘

(Lumped Resistors)
[ = | | i | ]
A ~
7/ \ # 7 :
4 Ny £ / Spacer |
Absorption Power Band 7 <4 |
P |

Bandpass FSS Layer
(Lossless Layer)

Transmission Power
Band

Figure 1.13: Schematic representation depicting the working of the general frequency selective rasorber.

FSRs offer significant application in the stealth technology for enhancing the secrecy of
the target in the absorption while maintaining the required communication in the trans-
mission band. Radar cross section (RCS) which quantifies the detectability parameter
of the target should have a minimum value for enhancing its secrecy factor. The FSR
having a transmission band corresponding to operating frequency of the radiating system
can be suitably applied as a radome for realizing a system with low out-of-band RCS.
Many such low RCS systems have been studied in the literature. The FSR. is also known
as absorptive frequency selective transmission (AFST) structure, while the band notched
absorbers are known as AFSR (absorptive frequency selective reflection) structures [69].
In the case of AFSR structure the reflection band is required along with the single or
multiple absorption bands [70]—[75]. The AFSR structure is applied as substrate for the

radiating system having the operating band coinciding with the reflection band of AFSR
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structure, thus realizing a low out-of-band RCS system.

1.5 Literature Survey on the Frequency Selective Ra-
sorbers

In recent years, studies on the designs of FSR have gained significant popularity. With
the advancement of time, several works on improving the performance of FSR have been
reported. According to the response realized, the FSRs have been broadly classified into
various categories. This classification mainly includes FSR with lower transmission and
upper absorption band (T-A) [76]—[81], lower absorption and higher transmission band
(A-T) [82]—[90], transmission frequency positioned between the two absorption bands
(A-T-A) [91]—[107], multiple absorptions and multiple transmission bands in an alternate
form (A-T-A-T) [108]—[I10] and so on [IT1]. In this section some of the recently reported

works on these different types of FSRs are discussed sequentially.

1.5.1 T-A FSR

One of the earlier rasorber capable of realizing a lower transmission band and upper
absorption band was reported in [76]. The structure as shown in Figure 1.14(a) [76],
is realized by placing a resistive FSS layer on top of the interdigitated Jerusalem cross
element based bandpass FSS layer. The reported work in [76], realizes a transmission
band at 4.6 GHz with the upper absorption band from 10 to 18 GHz (Figure 1.14(b)).
Subsequently, several other studies on T-A FSR were reported [77]—[81]. In [77], a dual-
polarized T-A FSR (Figure 1.15) is designed with meander-line square loop printed on
both the lossy and lossless layers. On the lossy layer the lumped resistors are loaded
within the meander-line square loop. The FSR in [77] exhibits absorption band from 4.8
to 6.8 GHz, while the structure is almost transparent to the incident wave for frequencies

below 1.54 GHz.

1.5.2 A-T FSR

Several design of FSR with lower absorption and upper transmission have been reported in

the literature [82] —[90]. The A-T rasorber reported in [82] is realized by printing a parallel
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Figure 1.15: FSR based on meander-line square loop. (a) unit cell perspective view, and (b) full wave
and equivalent circuit response [77].

LC resonator on the resistive layer (Figure 1.16). The rasorber provides a transmission
at 10.2 GHz while a wide lower absorption band is exhibited from 3 to 9 GHz (Figure
1.16(b)).

A rasorber reported in [83] comprises of dipole-like and slot arrays in the resistive and
lossless layers, respectively. The dipole-like elements printed on the two sided of resistive
layer is connected by vias and is mounted with the lumped chip resistor as shown in Figure
1.17. The reported structure achieves a transmission at 5.6 GHz while the absorption band
at lower side ranges from 2.8 to 5 GHz. The design in [83] is less complex with two lumped
components per unit cell, however sensitive to polarization due to non-symmetry.

A miniaturized FSR design reported in [84] has a wide transmission band (8.3 to 11.07
GHz) above the absorption band (2.4 to 7.1 GHz). The design (Figure 1.18) comprises
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Figure 1.16: FSR using parallel LC resonance. (a) unit cell perspective view, and (b) transmis-
sion/reflection response [82].

0

)
=2
-

-2 -10+
ooy | £
]
Resistor 8
-5(‘(':p||er g

ubstrite = -

Via E 20 il
[
=
-
B

2 -30
E
i £
£

= -40
! 2
Frequency (GHz)
(a) (b)

Figure 1.17: FSR based on dipole arrays. (a) Unit cell schematic, and (b) transmission /reflection response

[83].

of the high-inductance circular spiral resonator on the resistive layer and the associated
parallel resonance achieves a wide higher transmission band while in the bandpass layer,
a triple-layer hexagonal aperture are employed.

Next, a FSR [85] as shown in Figure 1.19, is designed using centrosymmetric bended-
strip resonator which resonates at the transmssion band of the bandpass FSS realizing a
higher passband. The transmission band of A-T rasorber in [85] is located at 12.76 GHz
along with the absorption band lying within 6.10 to 10.98 GHz (Figure 1.19).

1.5.3 A-T-A FSR

Among other categories of FSR, the A-T-A type is more challenging to design, since due

to the overlap of transmission and absorption bands, the performance at the transmission
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Figure 1.18: FSR using circular spiral resonator. (a) Unit cell representation, and (b) transmis-
sion/reflection response under various incident angles [84].
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Figure 1.19: FSR using centrosymmetric bended-strip resonator. (a) Unit cell representation, and (b)
transmission /reflection response [85].

band gets considerably degraded. In recent years, several A-T-A FSR designs have been
reported [01]—[I07] in the literature. The A-T-A FSR studied in [91] is a two-layer
structure of resistive and bandpass layers (Figure 1.20). A notch resonator printed at the
back side of the resistive layer provides a transmission pole corresponding to the bandpass
layer. The rasorber achieves a transmission notch at 5.7 GHz while the lower and upper
absorption bands are stretched from 2.6 to 5.2 GHz and 6.0 to 8.5 GHz, respectively.

In order to widen the absorption band, a rasorber designed using double lossy layer
has been reported in [92] (Figure 1.21), where the two absorption bands correspond to
each lossy layer and are independent of each other. With the use of one lossy layer the
two absorption bands are lying between 2.3 to 4.5 GHz and 7.9 to 10.3 GHz while the
transmission is at 6.3 GHz. However, by using two lossy layers the absorption bands get

wider from 2.3 to 5.3 GHz and 7.8 to 14.6 GHz with the center transmission remaining
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Figure 1.20: FSR based on notch resonator. (a) Unit cell representation, and (b) transmission/reflection

response [91].

the same (Figure 1.21(b)).
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Figure 1.21: FSR based on double lossy layer.

(a) Unit cell representation, and (b) transmis-
sion/reflection/absorptivity response [92].

A FSR designed using the equivalent circuit model is reported in [03] which consists of
lossy and lossless layer as shown in Figure 1.22. The lossy layer consists of the Jerusalem
element along with parallel resonance element at the center while the lossless layer consists
of multilayer bandpass FSS for realizing a highly selective and wide transmission band.
The transmission band is obtained from 7.9 to 9.0 GHz while the two adjacent absorption
bands are from 3.3 to 7.1 GHz and 9.4 to 12.0 GHz.

In order to meet the demand of the systems operating at two different frequencies for
two polarization, an FSR has been reported in [94] exhibiting anisotropic transmission
bands for the two polarizations. The FSR as shown in Figure 1.23 consists of split circular
resonator with metallic strips at the top resistive layer while the bottom bandpass layer
consists of two types of slots associated with the two polarizations. The rasorber realizes

a transmission at 10.40 GHz and absorption bands lying between 6.26 to 9.58 GHz and
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Figure 1.22: FSR based on low-profile bandpass filter. (a) Unit cell representation, and (b) transmis-
sion/reflection response [93].

11.46 to 14.06 GHz for the TE incident wave. For the TM incident wave, the transmission
gets shifted to 11.40 GHz, with the absorption obtained in the frequency range of 6.35 to
10.42 GHz and 12.69 to 14.64 GHz.
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Figure 1.23: FSR with anisotropic transmission bands. (a) Unit cell representation, and (b) transmis-
sion/reflection/absorption response [94].

Recently A-T-A FSR based on resistive cross dipoles with electric field coupled res-
onators has been reported in [95]. The rasorber as showm in Figure 1.24, is designed on a
single 6.5 mm thick substrate with the bottom bandpass layer printed on the other side of
the substrate. The FSR exhibits transmission at 6.01 GHz and absorption bands ranging
from 2.95 to 5.65 GHz and 7.4 to 9.24 GHz. Furthermore, the angular stability up to 50°

is obtained.
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Figure 1.24: FSR based on based on resistive cross dipoles and electric field coupled resonator. (a) Unit
cell representation, (b) side view, and (b) transmission/reflection response [95].

1.5.4 A-T-A-T FSR

With the advancement in time, studies on the development of dual transmissive rasorbers
have been carried out. Several FSRs with A-T-A-T characteristics have been reported in
the literature [I08]—[110]. An FSR exhibiting dual transmission bands along with two
absorption band is reported in [I0§] where the lumped-resistor-loaded metallic dipole with
a dual-resonance structure is inserted in the center of the resistive layer (Figure 1.25). The
bandpass FSS is a combination of two simple slots with different shapes etched adjacent to
each other. The FSR realizes dual transmission at 7.7 and 12.6 GHz while the absorption
bands are from 4.02 to 6.27 GHz and 8.21 to 12.02 GHz (Figure 1.25(b)).
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Figure 1.25: Dual transmission FSR with lumped-resistor-loaded metallic dipole. (a) Unit cell represen-
tation, and (b) transmission/reflection response under various angles [108].

A dual-polarized FSR having hexagonal shaped unit cell (Figure 1.26) has been re-
ported in [109]. The lossy layer comprises of center loop loaded resistors along with three
folded loops for generating the three transmission poles. The FSR attains the two trans-

missions at 6.1 and 10.1 GHz with the two absorption bands from 3.30 to 4.97 GHz and
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Figure 1.26: Dual transmission FSR. (a) Perspective view, (a) unit cell representation, and (b) transmis-
sion/reflection response [109].

Further in [110], another A-T-A-T FSR with the independently controlled dual trans-
mission is reported. The lossy layer is designed using four square rings along with two
stubs which is capable of realizing dual transmission pole and the corresponding frequen-
cies can be controlled independently by separately varying the length of stubs (Figure
1.27). The rasorber in [I10] realizes two passbands at 8.0 and 11.9 GHz within the -10
dB reflection band from 5.0 to 12.8 GHz.
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Figure 1.27: Dual transmission FSR with square rings and stubs. (a) Perspective view, (b) Unit cell top
layer, and (b) transmission/reflection response [110].

1.6 RCS Reduction Based on FSR

In recent years, the studies involving the development of radiating systems with low radar
cross-section (RCS) have gained a great deal of attention. RCS which quantifies the de-
tectability parameter of the target should have the minimum value for enhancing the
secrecy factor of the target in stealth technology. Thus, the RCS of the radiating system
employed in the stealth technology is of key consideration. In the literature, several ap-

proaches for the realization of low RCS radiating systems have been reported [112]—[136].
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Some of these reported techniques include geometrical shaping of antennas [112]—[115],
applying radar absorbing materials [I116]—[121], utilization of polarization converter struc-
tures [122],[124], and usage of surfaces involving artificial magnetic conductor [125]—[126].
However, in the reported techniques several shortcomings like poor radiation performance,
narrow RCS reduction bandwidth and angle based low RCS are also accompanied.

The study reported in [I127] involves the realization of low RCS antenna by integrating
with the AFST structure. The AFST structure (Figure 1.28) designed using pairs of
circular slot resonator and metallic strips achieves a middle transmission band (at 8.9
GHz)in the vertical polarization while only absorption exists in the horizontal polarization.
The patch antenna designed at 8.9 GHz within the bottom layer of AFST structure shows
more than 10 dB RCS reduction in the horizontal and vertical polarizations outside the

operating frequency of antenna (Figure 1.28(f) and 1.28(g)).
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Figure 1.28: Low RCS antenna co-designed with AFST structure. (a) Overall structure, (b) side view,
(¢) unit view of top layer, (d) top view of lower layer, (e) explanation schematic of the proposed antenna,
(f) monostatic RCS in horizontal polarization, and (g) monostatic RCS in vertical polarization [127].

A low RCS antenna designed using AFSR structure (band-notch absorber) is reported
in [I28]. The AFSR structure realizes a reflection notch in vertical polarization while
wide absorption occurs in the horizontal polarization. The dipole antenna with operating
frequency overlaping with the reflection notch of AFSR is mounted over the AFSR struc-
ture (as shown in Figure 1.29 (a)). The integrated antenna achieves the out-of-band RCS
reduction of more than 10 dB in both the vertical and horizontal polarizations (Figure
1.29(b) and 1.29(c)).

The study in [129] reports the design of 3D AFSR structure with reflection notch and
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Figure 1.29: Low RCS antenna co-designed with AFSR structure. (a) Overall structure, (f) monostatic
RCS in horizontal polarization, and (g) monostatic polarization in vertical polarization [128].

two-sided absorption band. Further, a monopole antenna placed over the the 3D AFSR
structure (Figure 1.30) shows a wide RCS reduction in the band outside its operating

frequency with the -10 dB RCS reduction bandwidth of 64.7% and 41%.
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Figure 1.30: Low RCS antenna co-designed with 3D AFSR structure. (a) Overall structure, and (b)
comparative monostatic RCS [129].

1.7 Motivation and Scope of Thesis

In the modern global world, the progress in communication technologies is unending.
Electromagnetic wave propagation is the backbone behind wireless communication sys-
tems. With the advancing technologies, studies on selectively controlling EM propagation
became a huge field of interest among researchers. Among them, the absorption of the
EM wave is a significant requirement in the defense application for enhancing the secrecy
of the target by reducing its corresponding RCS. Moreover, the EM absorption is also
an important requirement in shielding and electromagnetic interference (EMI) reduction
applications.

The unique feature of FSS based absorbers lies in its thin, lightweight and frequency
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selective properties over the conventional absorbers, which makes them easy to use and
handle in the stealth technology. The FSS absorbers are generally narrowband, however
with the multi-layer concept of circuit analog absorber using lossy components they can
be designed for broadband absorption as well.

However, due to the limitation of communication blockade in FSS absorbers and the
demand for frequency selective communication along with the absorption, there has been
a growing interest towards the design of FSR. The FSR (also known as AFST struc-
ture) combines the bandpass application of F'SS with the absorption for getting frequency
selective absorption and transmission based on the requirement.

Although numerous single-layer designs are reported in the literature [44]—[58] from
achieving single to higher multiple narrowband absorptions, however studies on designing
the rasorbers for the single-layer narrowband absorptions are rarely reported. The FSR
commonly reported are multi-layer structures exhibiting broadband absorptions. There
lies a scope for upgrading the single-layer multi-band absorbers to narrowband rasorbers.
The first motivation of this thesis is the development of thin, single-layer rasorber exhibit-
ing narrowband absorptions along with transmission bands. The initial part of the thesis
has been dedicated to the studies involving the development of multiple absorptions and
multiple transmission FSR having thin and flexible structure and also suitable for the
conformal applications.

FSR which is typically a multi-layer structure has been categorized depending upon
the relative position of absorption and transmission bands. Among them, FSRs with
T-A, A-T, T-A-T, A-T-A, A-T-A-T so on are commonly discussed configurations. In
recent literature, ample works have been reported associated with the different designs
of these FSRs for enhancing various performance parameters. The A-T FSR reported
in [83], 85] have non-symmetric designs making it sensitive to the incoming polarization.
The FSRs reported [84] [86] are dual-polarized structure with relatively wider absorption
bandwidth. However, the FSR structure in [84, [86] consists of 4 layers and also the
quantity of lumped components employed per unit is more (6 and 8). As such, there
exists a scope for improving the A-T FSR design such that absorption is wider with
less lumped components and reduced layers along with the design being polarization-
insensitive. This thesis proposes the design for A-T rasorber and attempts to improve the

said performances. The dual transmission rasorber with T-A-T response has not been
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reported in the literature so far. A detailed design strategy for realizing T-A-T FSR is
studied in this thesis.

The A-T-A FSR exhibiting a transmission band between two absorption bands is the
most suitable candidate in the application of out-of-band RCS and interference reduction.
The A-T-A types are more challenging to design, since due to the overlap of transmis-
sion and absorption bands, the insertion loss at the transmission band gets considerably
degraded. For the effective shielding and interference reduction of the radiating systems
operating in a narrowband of frequency, the selectivity at the transmission band must be
high. The selectivity represents the steepness of the transmission notch, and the corre-
sponding Q factor measures it. The reported A-T-A FSRs [91]—[107] do not have sharp
selectivity within the transmission band, making them less suitable candidates for nar-
rowband applications of shieling and RCS/EMI reduction. This thesis deals with the
objective to design a compact polarization-insensitive A-T-A FSR with a high-Q factor in
the transmission band for low RCS radome applications. Further, in this thesis the study is
extended to designing a dual transmission A-T-A-T FSR with superior performance over
the reported works [I08]—[110] in terms of absorption band, polarization-insensitivity,
compactness and angular stabilty.

The absorptive frequency-selective reflection (AFSR) type structure are the band
notched absorbers having reflection band along with one-/two-sided absorption bands.
The AFSR type structure can be used as ground layer for the radiation system and
leads to out-of-band RCS reduction [69]. Several studies on the AFSR structures have
been reported in the literature [70]—[75]. In [128], a dipole antenna is studied with a
single-polarization AFSR structure realizing a reduction in out-of-band RCS. Low RCS
monopole and dipole antennas have been studied in [129], by integrating with a 3-D AFSR
structure. The AFSR structure exhibiting polarization-insensitive behavior can have a
suitable application for RCS reduction of the radiating system operating in dual polar-
ization. This thesis presents the integration strategy of a dual-polarized crossed dipole
antenna with a polarization-insensitive AFSR structure for achieving RCS reduction.

Polarization-Insensitive rasorber/absorber designs studied in the thesis are outlined

below:

1. Narrowband flat/flexible FSR on a single layer substrate.

2. A-T/T-A-T rasorbers with improved performances.
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3. Highly selective A-T-A/ A-T-A-T FSRs
4. Low RCS radiation system co-designed with A-T-A FSR.

5. Low RCS dual-polarized radiation system co-designed with AFSR Structure.

1.8 Organization of Thesis

The thesis has been presented in nine chapters. A brief overview of the frequency selective
rasorber is discussed in chapter 1. Starting from EM absorption, the chapters continue to
discuss frequency selective surface based absorbers/rasorber and the state-of-art designs.
The motivation behind the work done in the thesis and the outcome are also laid down
subsequently.

In chapter 2, a frequency selective surface (FSS) based T-A-T rasorber has been
proposed by combining the designs of the split-ring absorber and dual bandpass FSS on
the front and backside of single layer 0.8 mm thick substrate. The proposed rasorber
exhibits a narrowband resonant absorption between the dual transmission bands.

Chapter 3 discusses flexible frequency selective surface (FSS) based A-T-T-A (2T2A)/
A-T-A-T-A (2T3A) rasorbers exhibiting dual/triple absorption bands along with dual-
band transmission. The proposed rasorbers are designed by combining the individual
designs of dual-/triple-band resonant absorber and dual bandpass F'SS on the two sides of
a flexible substrate. Also, the performance of the rasorbers is also studied for conformal
behaviour with 120°, 150°, and 180° degrees of curvatures.

In chapter 4, a A-T FSR is proposed where a transmission band at a higher frequency
is achieved besides the lower broadband absorption. The FSR is designed by first study-
ing and then combining the individual designs of the broadband absorber and bandpass
frequency selective surface (FSS).

In chapter 5, a compact T-A-T type FSR is proposed with dual transmission bands
located at the two sides of a broad absorption band. The proposed FSR is a two-layer
structure designed by combining the Jerusalem cross based dual bandpass frequency se-
lective surface (F'SS) with a broadband resistive square loop absorber, such that both the
absorption and transmission characteristics are retained.

In Chapter 6, a novel design of compact frequency-selective rasorber exhibiting ab-

sorption—transmission—absorption characteristics and having high passband selectivity has
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been proposed. The transmission frequency is realized by printing a Minkowski fractal-
shaped resonator with a high-Q factor on the resistive layer, which provides a transmis-
sion pole at the frequency corresponding to the passband of a double-cross-slot-shaped
bandpass layer. Further, in the chapter, a low radar cross-section antenna is realized
by integrating a patch antenna with the proposed FSR, which achieves an average out-
of-band monostatic/bistatic radar cross-section (RCS) reduction, while maintaining the
other antenna parameters.

In chapter 7, a novel design strategy for realizing a compact A-T-A-T type frequency
selective rasorber (FSR) is presented. A resonator with cross-loop slot in the Minkowski
fractal (MF) design is studied and incorporated within the top resistive layer of the square
loop broadband absorber. The proposed FSR design realizes two transmission windows
with the adjacent absorption bands.

Chapter 8 proposes a novel strategy for realizing a reduction in radar cross-section
(RCS) of dual-polarized crossed dipole antenna. A compact and polarization-insensitive
absorptive frequency-selective reflection (AFSR) structure is proposed and then integrated
with a dual-polarized crossed dipole antenna for achieving monostatic as well as bistatic
RCS reduction as compared to the conventional reflector backed counterpart.

Finally, chapter 9 discusses the conclusion and future scope of the works done in this

thesis.

1.9 Outcome of Thesis

The chapterwise outcome of the research work presented in the thesis is summarized in

Table 1.1.
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Table 1.1: Chapterwise summary of Proposed Polarization-Insensitive Rasorber/Absorber

Designs

Absorption

Chapter
No.

Rasorber
Type

Achieved Parameters

Narrowband

2

T-A-T

Single Layer;

Absorption: 6.2 GHz; B.W= 110 MHz (1.75 %)
Transmission 1: 3.1 GHz; I.L = 0.6 dB
Transmission 2: 8.4 GHz; I.LL = 1.2 dB

ATTA
(2T2A),A-
T-A-T-A
(2T3A)

Single Layer; Flexible; Conformal Response
Tested up to 180° curvature angle.

2T2A: A- 6.4 and 14.7 GHz; T- 9.6 and 13.4 GHz
2T3A: A-6.6,11.1 and 14.7 GHz: T- 9.6 and 13.4
GHz

Broadband

A-T

Absorption: 3.1-8.7 GHz (94.91%)
Transmission: 11.4 GHz; .LL = 0.7 dB

T-A-T

Absorption: 3.6—7.4 GHz (69.09%)
Transmission 1: 2.1 GHz; [.LL =1.4 dB
Transmission 2: 8.8 GHz; I.LL = 1.5 dB

A-T-A

Absorption 1: 3.4—7.5 GHz (75.22%)

80% Absorption 2: 9.2—10.8 GHz; 16%
Transmission: 8.4 GHz; I.L = 0.7 dB

FSR + Patch Antenna:

Average Monostatic RCS Reduction = 11.92 dB
(Lower Band) and 5.04 dB (Upper Band)
Average Bistatic RCS Reduction = 77% (Lower
Band) and 60% (Upper Band)

A-T-A-T

Absorption 1: 5.2—10.1 GHz (64.05%)

Absorption 2: 10.7—14.4 GHz; (29.48%)
Transmission 1: 10.4 GHz; I.LL = 1.9 dB
Transmission 2: 15.2 GHz; [.LL = 0.9 dB

AFSR

Absorption 1: 4.2—7.0 GHz (50%)
Absorption 2: 9.2—11.5 GHz (22.2%)
Reflection: 8.2 GHz Attenuation = 1.5 dB
AFSR + Crossed Dipole:

Average Monostatic RCS Reduction = 12 dB
Average Bistatic RCS Reduction = 80%

A: Absorption; T: Transmission; B.W: Bandwidth; I.L: Insertion Loss




Chapter 2

Single Layer Dual-Band

Transmissive Rasorber

In this chapter, a thin T-A-T type rasorber designed on a single substrate layer is pro-
posed. The rasorber exhibits dual transmissive property along with the narrow absorp-
tion band. The proposed T-A-T rasorber possess a polarization-insensitive nature due to
its symmetric structure. The rasorber consists of a resonant FSS absorber and a dual-
bandpass FSS printed on the front and back of a single dielectric substrate, respectively.
The working principle of the rasorber is analyzed using an equivalent circuit model. In
order to validate the results, a 21 x 21 array of the proposed rasorber unit cell is fabricated

and measurements are carried out.

2.1 Design and Analysis of the Rasorber

The unit cell schematic of the proposed rasorber is shown in Figure 2.1. It consists of a
single layer of dielectric substrate with metal printed design on its front and back side. The
front side consists of a metallic split-ring structure while the back side has two concentric
ring slots etched within fully metallic copper. The proposed rasorber is printed on both
sides of FR-4 dielectric substrate, having dielectric permittivity (e,) = 4.3, dielectric loss
tangent (tand) = 0.025 and 35um thick copper layer. The optimized parameters are given
as: p=20,7r=66, w=32,9g=1,1r =4, 1 =385 w =08, up =0.8 and t = 0.8 (all
dimensions are in mm).

The design of the proposed rasorber constitutes of three steps. In step-1, a split ring

28
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Figure 2.1: Unit cell schematic of the proposed FSS based rasorber. (a) Front, (b) back, and (c) side
views.
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Figure 2.2: Simulated reflection/transmission coefficients. (a) Resonant FSS Absorber (Step-1), (b)
Bandpass FSS (Step-2).

resonator in the front and full copper plate on the backside is analyzed, which yields a
narrow-band absorption at the resonating frequency as shown in Figure 2.2(a). In step-2,
a dual bandpass FSS, designed by etching two concentric rings within the metallic sheet
and other side completely etched, is analyzed as shown in Figure 2.2(b). The parameters
of the design in two steps are optimized in such a way that for the absorption frequency
of step-1, the bandpass FSS of step-2 should have maximum reflection. The objective is
to make the bandpass F'SS act as a complete metallic ground at the absorption frequency.
Now in step-3, the metallic ground of the split ring absorber is replaced by the bandpass
absorber.

An equivalent circuit model (ECM) of the proposed rasorber is shown in Figure 2.3,
which is obtained by combining the corresponding LC models of front and back structure
of the rasorber.

The series Ly — CF circuit corresponds the inductance and capacitance of the front-side
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Figure 2.3: Equivalent circuit model of the proposed FSS based rasorber
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Figure 2.4: Simulated reflection and transmission coefficients of the equivalent circuit model

split-ring structure. The dielectric substrate is modelled using a lossy transmission line
of length equal to the substrate thickness and having the characteristic impedance of Z;
given by,
Zy
Zq = 2.1
=L (2.1

where Z; is the characteristic impedance of free space. R4 represents the equivalent

resistance due to dielectric loss of the substrate [137]. The propagation constant [ is
given as 8 = Boy/I€ (1 and €, are the relative permeability and permittivity of the
dielectric substrate, respectively). The back-side dual-band FSS is achieved by the cas-
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Figure 2.5: Simulated reflection and transmission of the proposed FSS based rasorber

caded arrangement of parallel Lp; — Cp; and parallel Lps — Cpg, having dual resonance

frequencies.

The overall ABCD parameters of the ECM can be obtained by the cascaded matrix

multiplication given as,

A B 1 0 1 Ry cosft  jZgsin Bt
= X X
C D 1/Z¢ 1 0 1 jsinfft/Zy  cos it
1 0
« (2.2)
1/Zp 1

where Zr, Zp represents impedances of front resonant structure and back side dual-pass

FSS respectively. Zr and Zp are calculated as,

1
T —il whe — —— 2.3
. wLlpy wLpy
Jp = . 24
P (1 —w2lpCpy  1-— WZLPQCPZ) (24)

The S-parameters are calculated from the ABCD parameters using the conversion formula



2.1. DESIGN AND ANALYSIS OF THE RASORBER 32

Figure 2.6: Surface current distribution of the proposed rasorber. (a) At 3.1 GHz, (b) At 6.2 GHz, (c)
At 8.4 GHz.

given as,

_ A+B/Zy—CZy—D

Su = XiB/Z7CZ07D (2.5)
_ 2

Sa1 = A+B/Zo+CZo+D" (2.6)

The absorptivity is thus calculated as,
A(CU) =1- |511‘2 — |5'21’2. (27)

The ECM of the proposed rasorber is simulated using Keysight ADS software. The
simulated transmission and reflection parameters of the ECM are depicted in Figure 2.4.
The optimized values of the circuit elements are given as: Ly = 51.63 nH, Cr = 0.0133 pF,
Lp; = 3.0nH, Cp; = 0.7 pF, Lps = 0.8 nH, Cpy = 0.437 pF, Ry = 4.7 Q. It can
be observed from the simulated plots in Figure 2.4, that the front resonant Lp — CFp
model causes the resonance at around 6.2 GHz such that both transmission and reflection
coefficients are below -10 dB which leads to absorption at that frequency. Also, the
transmission at around 3.1 GHz and 8.4 GHz is due the resonance in Lp; — Cp; and

Lpy — Cpy models respectively.
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Figure 2.7: Simulated reflection and transmission response of the proposed FSS based rasorber under
various polarization angles
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Figure 2.8: Simulated reflection and transmission response of the proposed FSS based rasorber under
various incident angles

The resulting FSS structure is analyzed in the electromagnetic simulation software,
CST Microwave Studio and Ansys HFSS. Figure 2.5 shows the simulated reflection and
transmission parameters of the proposed FSS based rasorber under normal incidence. The
proposed FSS based rasorber exhibits the combination of narrow-band absorption and two
transmission bands. The transmission windows are obtained at around 3.1 GHz and 8.4
GHz with insertion loss of around 0.6 dB and 1.2 dB, respectively. The transmission
bands at 3.1 GHz and 8.4 GHz possess -10 dB bandwidth from 2.95—-3.3 GHz (11.20%)
and 8.29—8.63 GHz (4.01%), respectively. The absorption band is around 6.2 GHz in

which both the reflection and transmission is below -10 dB. The absorption band obtained
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Table 2.1: Performance parameters at various incident angles
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Incidence angle (6) | Insertion loss @3.1 | Absorption — @6.2 | Insertion loss @8.4
GHz GHz GHz

0° 0.62 dB 98.91% 1.24 dB

15¢ 0.64 dB 99.0% 1.35dB

30° 0.73 dB 98.63% 1.53 dB

is narrow with -10 dB bandwidth from 6.21—6.32 GHz (1.75%). The operating principle
of the rasorber can be further analyzed by the simulated surface current distributions at
the three resonant frequencies as shown in the Figure 2.6. At 3.1 GHz, the currents are
concentrated along the edges of outer ring slot, which provides the transmission band
at that frequency. The current concentration gets shifted along the inner ring slot at
the frequency of 8.4 GHz and corresponds the transmission band. For the absorption
frequency at around 6.2 GHz, the currents are mainly concentrated along the edges of the
front split-ring structure.

The proposed FSS based rasorber possess four-fold symmetry and the response pa-
rameters are independent of polarization angle of the incident electromagnetic wave. The
polarization independence of the proposed FSS rasorber is shown by the simulated re-
flection and transmission parameters for various polarization angles in Figure 2.7. The
proposed structure is also analysed under oblique incidence with various angle of incidence
as shown in Figure 2.8. The angular stability of the proposed rasorber can be studied by
examining the insertion loss at the transmission bands centered at 3.1 and 8.4 GHz and
absorbance at the absorption band centered at 6.2 GHz for the different oblique incidence
angles. The performance parameters of the proposed absorber for § = 0, 15 and 30 degrees
are presented in Table 2.1. In the proposed study, the acceptable range of insertion loss
at each transmission frequency is considered to be within 1.5 dB, which gets exceeded for
incidence angle greater than 30° at 8.4 GHz. Thus, it can be indicated that the proposed

rasorber exhibits an acceptable response up to 30° of incidence angle.
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Figure 2.10: Simulated reflection and transmission coefficients with the variations in r; at 7o = 8.5 mm

2.2 Effects of the Design Parameters on the Perfor-
mance of Rasorber

The proposed rasorber exhibits two transmission bands and a narrow absorption frequency
in between them. The rasorber can be characterised by the insertion losses at two pass-
bands, absorptivity at the absorption band and relative spacing between the passbands
and the absorption band. In order to study the effect of rasorber design parameters on
the relative spacing of absorption and transmission bands, transition ratios TR; and TR,

are defined as below.

_ha

TR, T

(2.8)
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Table 2.2: Variation of parameters with ry keeping r; = 4.0 mm

9 (mm) LL @ fy(GHz) | fa (GHz) (Ab-|LL @ f;,(GHz) | TR, TR,
sorption %)
9.0 0.43 dB@2.8 6.2 (98.56%) 1.35 dB@8.4 0.45 1.35
8.5 0.61 dB@3.1 6.2 (98.91%) 1.24 dB@8.4 0.5 1.35
8.0 0.78 dB@3.3 6.2 (99.44%) 1.23 dB@8.4 0.53 1.35
7.5 0.93 dB@3.6 6.2 (99.92%) 1.19 dB@8.4 0.58 1.35
7.0 1.06 dB@4.0 6.2 (99.43%) 1.15 dB@8.4 0.64 1.35
6.5 119 dB@45 |62 (95.77%) | 1.22 dB@s4 | 0.72 1.35
6.0 1.46 dB@5.1 6.2 (75.02%) 1.30 dB@8.4 0.82 1.35
5.5 2.24 dB@ 5.5 6.2 (72.42%) 1.27 dB@8.4 0.88 1.35
TR, = % (2.9)

where f, is the absorption frequency, f; is lower transmission frequency and f, is upper
transmission frequency. From the surface current distribution plots in Figure 2.6, it has
been studied that f; can be primarily controlled by 7o (radius of outer ring slot) while
r1 (radius of inner ring slot) determines fi,. A study is carried out on the variation
of TR; with change in value of 7o, keeping r; fixed. In the similar manner, keeping o
fixed, change in value of TR, by varying r; can also be studied. Figure 2.9 shows the
parametric sweep with respect to 79, keeping r; constant at 4.0 mm. Similarly, Figure
2.10 shows the parametric sweep with respect to ry, keeping r, constant at 8.5 mm. The
observations from plots of Figure 2.9 and Figure 2.10 are arranged in Table 2.2 and Table
2.3, respectively.

It can be observed from the Table 2.2, that decreasing the radius of outer slot from
re = 9.0 mm to 7o = 5.5 mm, the lower transmission frequency f; increases from 2.8 GHz
to 5.5 GHz. Similarly, from Table 2.3 it is notable that for decreasing value of inner slot
from r; = 5.0 mm to r; = 2.5 mm, the upper transmission frequency f;, is increased upto
12.0 GHz.

In accordance with the observations made from Table 2.2 and Table 2.3, an optimum
range of each f; and fi, is defined. From Table 2.2, for decreasing value of 7y, the
corresponding value of lower transmission frequency fi; goes on increasing, whereas the
upper transmission frequency f;, is nearly fixed. However, the absorption at 6.2 GHz

remains significant upto f; reaching the value of 4.5 GHz. In this study, significant
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Table 2.3: Variation of parameters with r; keeping ro = 8.5 mm

r1 (mm) LL @ fy(GHz) | fa (GHz) (Ab-|ILL @ f,(GHz) | TR, TR,
sorption )
5.0 0.65 dB@3.1 6.2 (48.80%) 1.54 dB@6.5 0.5 1.04
45 0.62 dB@3.1 |62 (86.13%) | 118 dB@7.7 | 0.5 1.24
4.0 0.61 dB@3.1 6.2 (98.91%) 1.24 dB@8.4 0.5 1.35
3.5 0.58 dB@3.1 6.2 (96.02%) 1.84 dB@9.2 0.5 1.46
3.0 0.58 dB@3.1 6.2 (93.75%) 1.79 dB@10.5 0.5 1.69
2.5 0.58 dB@3.1 6.2 (89.02%) 2.23 dB@12.0 0.5 1.93

Figure 2.11: Photograph of the fabricated prototype. (a) Front side, (b) back side, (c¢) zoomed front side,
and (d) zoomed back side.

absorption is designated for absorption above 90% and the insertion loss at transmission

is maintained within 2 dB. Thus the upper and lower limit of f; is given as,

folminy ~ 2.8 GHz = 0.45f, (2.10)

filmax) =~ 4.5 GHz = 0.72f, (2.11)

where f, is frequency of absorption. Further, from Table 2.3, f; is almost constant at 3.1
GHz and f;, goes on increasing with the decreasing value of ;. Upto fi, = 10.5 GHz, a
significant absorpton is obtained at around 6.2 GHz. Thus for f; constant at 3.1 GHz,

the lower and upper limit of f, is given below.

Jru(min) = 8.4 GHz = 1.35f, (2.12)
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Figure 2.12: Experimental setup for measurements. (a) Reflection, and (b) transmission coefficients

fru(max) = 10.5 GHz = 1.69, (2.13)

Hence, the optimum range of fi; and f;,, with f, kept constant at 6.2 GHz is given as

follows.

fa~045f, to 0.72f, (2.14)

fra = 1.35f, to 1.69f, (2.15)

In the proposed design of rasorber, TR, can be varied from 0.72 to 0.45 by changing
ry from 6.5 mm to 9 mm, keeping r; fixed at 4.0 mm. Similarly, variation of r; from 3.0
mm to 4.0 mm, keeping r» fixed at 8.5 mm results in change of TR,, between 1.69 to 1.35.
Thus the relative spacing between lower /upper transmission and absorption bands can be

controlled by judicious choice of 1 and 7s.

2.3 Fabrication and Measurements

An experimental verification of the simulated results are done by carrying out measure-

ments on fabricated prototype of the proposed FSS based rasorber. An array of 21 x 21
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Figure 2.14: Reflection and transmission response of the proposed rasorber under various incident angles.
(a) Simulated, and (b) measured.

rasorber unit cells is fabricated on a 0.8 mm thick FR-4 substrate. The photograph of
the fabricated rasorber with overall size of 460 x 460 mm is depicted in Figure 2.11.

The measurement of the fabricated prototype is carried out in the anechoic chamber
facility at CARE, IIT Delhi, using free space measurement technique. A pair of wide-
band horn antenna connected with a portable Anritsu MS2028C vector network analyzer
is used for reflection (Si;) and transmission (S»;) measurements. The experimental se-
tups for measurements are shown in Figure 2.12. The measurement process includes the
reference measurements for both reflection and transmission. In case of reflection, the
measurements are first carried out on a perfect reflecting metallic sheet, which acts as

a reference measurement. Afterwards, the metallic sheet is replaced by the fabricated



2.3. FABRICATION AND MEASUREMENTS 40

Table 2.4: Performance comparison of proposed FSS based rasorber.

Ref. | Absorption Transmission Thickness | Unit Cell | polarization

with I.L Size

[77] | Broadband L <1dB|0.04\; (2-]0.0432 A\ | Dual-Polarised
(4.8—6.81 @<1.5GHz | layers)

GHz)

[91] Broadband 0.48 dB @ | 0.134)\; (2-|0.234)\; | Dual-Polarised
(2.6—5.25, 5.7 GHz layers)
6.05—8.5 GHz),

[108] | Broadband 2.30dB 0.107AL (2- | 0.2412\; | Polarization-
(4.02—  6.27, | @7.20GHz, | layers) X Sensitive
8.21—-12.02 1.69dB 0.1206A,

GHz) @13.05GHz
This | Narrowband 0.6dB @ | 0.00789Ar, | 0.197\p, Polarization-
Work | @6.2GHz 3.1GHz, (1-layer) Insensitive
1.2dB @
8.4GHz

prototype structure and measurements are carried out. The effective reflection coefficient
is obtained by calculating the difference between the measured reflection coefficients of
metallic sheet and fabricated prototype. For transmission, the reference measurement
involves the direct path measurement between the two horn antennas. The effective
transmission coefficient is the difference between the measured transmission coefficients
of direct path and the fabricated prototype. The measured results plotted in comparison
with the simulated results are shown in Figure 2.13, from which a reasonable agreement
between the two is concluded.

Further, the measurements are carried out on the fabricated structure for various incident
angles. The measured and simulated responses for multiple oblique incidence are shown
in Figure 2.14, whereby an acceptable agreement between the two is achieved.

The comparison of the proposed FSS based rasorber with the previously reported
rasorbers are shown in Table 2.4. The proposed rasorber is polarization-insensitive, single
layer thin structure compared with other reported rasorbers [77, 9] T08]. The proposed
rasorber also possess better insertion loss at two transmission bands in comparison with

the other rasorbers reported in [77, [108].
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2.4 Conclusion

In this chapter, a single-layer T-A-T rasorber is proposed exhibiting a narrowband ab-
sorption at 6.2 GHz between the two transmission bands at 3.1 and 8.4 GHz. The design
is realized by combining the resonant absorber and dual bandpass FSS on the two sides
of a single substrate layer. An ECM is studied for explaining the working of the proposed
rasorber. An optimum range of lower and upper transmission bands is determined with
respect to the center absorption frequency by tuning the bandpass FSS parameters. A

prototype of the rasorber is fabricated and experimental validation is obtained.



Chapter 3

Single-Layered Flexible Multi-Band

Rasorbers

In the previous chapter, a T-A-T type rasorber with a single narrowband absorption
between two transmission bands has been designed on a single 0.8 mm thick substrate.
The proposed T-A-T rasorber exhibits a single absorption band and is not thin enough
for conformal applications. Now in this chapter, A-T-T-A / A-T-A-T-A type rasorber
designs are proposed on a 0.25 mm thick flexible substrate. An A-T-T-A rasorber with
dual-band transmission and dual-band absorption (2T2A) is obtained by combining the
designs of a dual resonant FSS absorber and dual bandpass FSS on the two sides of a single
dielectric substrate. Further, the rasorber structure is modified by an additional resonant
structure for realizing A-T-A-T-A response, thus obtaining a rasorber with dual-band
transmission and triple-band absorption (2T3A). The proposed rasorbers have desirable
features like ultra-thin, polarization-insensitive, single-layered, and also exhibit conformal

characteristics which makes the proposed structure more suited for practical applications.

3.1 Design and Analysis of the rasorber

A general theoretical understanding of a F'SS based rasorber is represented by the schematic
shown in Figure 3.1. The wave incident on a rasorber can be transmitted or reflected or
absorbed depending upon its interaction with the structure at a particular frequency. In
the transmission mode, the F'SS rasorber selectively transmits the incident wave, whereas

the reflections are minimized. However, the absorption mode occurs when both the trans-

42
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— —x—

Transmission Mode Absorption Mode

Figure 3.1: Schematic of a FSS based rasorber.

mission and reflection are minimum in a particular frequency band. This can be mathe-

matically expressed by the following relation:

A=1-R-T

where A, R, and T are the absorption, reflection and transmission coefficients, respectively.

In the design for FSS based rasorber, the ground layer of the absorber is replaced
by the bandpass F'SS. However, the key point is that the bandpass FSS should act as
a metallic reflecting surface at the absorbing frequencies, such that both the absorption
and transmission characteristics are retained. Accordingly, the design approach for the
FSS based rasorber involves the three-step process. In the first step, a dual bandpass
FSS is studied. In the next step, the resonant absorption for various resonant structures
are studied so as to appropriately locate the absorption frequencies with respect to the
transmission bands of the bandpass FSS. In the last step, the absorption and bandpass
FSS designs are combined on the two sides of a single substrate to realize the desired
absorption and transmission characteristics. The proposed F'SS based rasorber is designed
on an ultra-thin flexible Taconic substrate of thickness (¢) equal to 0.254 mm, dielectric

constant (e.) of 2.2, loss tangent (tand) equal to 0.0009, and the thickness of copper
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Figure 3.2: Unit cell schematic of the dual bandpass FSS. p = 15, l;; = 8.5, wp; = 1, gp1 = 0.3, dpy = 1,
lpe = 6.3, wp2 = 1, gp2 = 0.3 (all dimensions are in mm).

plating equal to 0.035 mm.

3.1.1 Bandpass FSS

The unit cell schematic of the dual bandpass FSS is depicted in Figure 3.2. The unit
cell consists of a cross-loop shaped slot etched at the center of the unit cell with length
Iy1. Also, a quarter of cross-loop shaped slot with length [, is etched at each corner of
the unit cell. The center and the corner loop slots give rise to the passband at their
corresponding resonating frequencies. The simulated response of bandpass FSS shows
dual transmission bands at 9.7 and 13.0 GHz as illustrated in Figure 3.3(a), where the
transmission bands at 9.7 GHz and 13.0 GHz are due to the center loop slot and the
corner loop slot, respectively. The design flow of the bandpass FSS is illustrated using
Figure 3.3(b) and 3.3(c), where the simulated response for cross slot and cross-loop slot
are shown, respectively. In the case of cross slot shaped bandpass FSS, the passband is
obtained at around 14.3 GHz (Figure 3.3(b)). The passband is decreased from 14.3 to
9.7 GHz (Figure 3.3(c)) by inserting a metallic cross of width wp; in between the cross
shaped slot, thus modifying the slot shape from simple cross to cross-loop. The decrease
in transmission frequency in the case of cross-loop shaped design can be attributed to
the increased slot dimensions for cross-loop slot. Also, in the case of cross-loop shaped

bandpass FSS, the transmission response has a higher selectivity and is steeper at the
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Figure 3.3: Simulated transmission and reflection coefficients of (a) dual bandpass FSS, (b) cross slot
bandpass FSS, and (c¢) cross loop slot bandpass FSS.

passband in comparison with the simple cross shaped bandpass FSS. For rasorber design,
the passband with higher selectivity is more preferred, so that bandpass FSS can be
utilized as a reflective surface in the near adjacent bands. The addition of corner slots
in the bandpass FSS results in an another passband at a higher frequency of 13.0 GHz.
The dependence of the two passbands on its corresponding slots is further illustrated in
Figure 3.4(a) and 3.4(b), where the response of the bandpass FSS with respect to the
varying slot lengths [,; and [, are provided, respectively. The variation of center cross-
loop length [;,; from 7.5 mm to 9.5 mm, causes the lower passband to decreases from 10.9
to 8.9 GHz, respectively and a marginal shift in the upper passband frequency. Similarly,
the variation of corner cross-loop length [ from 5.3 mm to 7.3 mm, decreases the higher

passband from 15.2 to 11.2 GHz, while lower passband frequency remains unaltered.
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Figure 3.4: Simulated response of the dual bandpass FSS with varying (a) l31, and (b) lps.

3.1.2 FSS Absorber

The FSS absorber is designed in such a way that at the absorption frequencies, the
bandpass FSS analyzed in the previous subsection acts as a maximum reflective surface.
The unit cell schematic of the dual-band FSS absorber as shown in Figure 3.5, consists
of a metallic ring resonator surrounding a metallic cross resonator printed on the front
side of substrate while having a complete metallic cover on its other side. The inner
and outer radii of the ring resonator are denoted by ry and r; + w;y, respectively. The
length and width of the cross resonator are denoted by I3 and ws, respectively. The
two resonators leads to the resonant absorption at two separate frequencies. The two
resonant structures are selected such that its corresponding resonant frequencies are above
and below the two passband frequencies obtained for the bandpass FSS in the previous
subsection. The simulated reflection coefficient of the dual-band F'SS absorber is shown in

Figure 3.6, where the resonant absorption at two frequencies are obtained. The absorption
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Figure 3.5: Unit cell schematic of the dual-band FSS absorber. p = 15, r; = 5.0, w; = 0.5, I3 = 7.0, w3
= 0.4 (all dimensions are in mm).
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Figure 3.6: Simulated reflection coeflicient of the dual-band FSS absorber.

at higher frequency of 15.1 GHz corresponds to the cross resonator while the ring resonator
contributes to the absorption at 6.6 GHz. The two absorption frequencies achieved are
located on the two sides of the dual passband frequencies of the bandpass FSS (9.7 and
13.0 GHz) studied in the previous subsection.

3.1.3 Proposed 2T2A and 2T3A rasorbers

The schematic of the proposed 2T2A rasorber is shown in Figure 3.7. The design of the
proposed rasorber with dual-band absorption and dual-band transmission is accomplished
by printing the individual designs of dual-band FSS absorber and dual bandpass FSS on
the front and back sides of a 0.254 mm thick Diclad substrate, respectively. The front side
of the rasorber unit cell consists of the printed metallic ring and cross resonators (Figure

3.7(b)). On the backside of rasorber, centre and corner cross loop slots are etched out
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(b) (c)

Figure 3.7: (a) Perspective view of the proposed 2T2A rasorber. (b) Front, and (c) back views of the
unit cell of 2T2A rasorber.

within the metal plated substrate (Figure 3.7(c)). The proposed design of the rasorber is
analyzed using CST EM Solver. The simulated transmission and reflection coefficients of
the 2T2A rasorber are shown in Figure 3.8. Maximum absorption of 93.62% and 92.29%
are obtained at the lower absorption frequency (fu= 6.4 GHz) and the upper absorption
frequency (f,,= 14.7 GHz), respectively. The lower transmission frequency (f= 9.6 GHz)
and the upper transmission frequency ( fi, = 13.4 GHz) exhibits a minimum insertion loss
of 0.2 dB and 0.4 dB, respectively.

Further, it can be observed from Figure 3.8 that between the two transmission bands
at 9.6 and 13.4 GHz, there occurs a reflective band within which the transmission dip
occurs. This reflective band between the two transmission bands is utilized for achieving
another absorption band. The proposed 2T2A rasorber, is modified to obtain the third
absorption band in between the two transmission bands, thus leading to two transmission

and three absorption (2T3A) bands. The front view of the modified unit cell for obtaining
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Figure 3.8: Simulated reflection and transmission coefficients of the proposed 2T2A rasorber.
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Figure 3.9: Front view of the unit cell of the proposed 2T3A rasorber. p = 15, r; = 5.0, w; = 0.5, I3 =
7.0, wy = 0.4, ro = 5.9, we = 0.9, g = 0.8 (all dimensions are in mm).

dual transmission and triple absorption bands is shown in Figure 3.9, which consists of an
additional split-ring resonator along with the ring and cross resonators. The split-ring has
an inner and outer radii of ro and ry 4+ ws, respectively. The gap dimensions of the split-
ring are denoted by g. The split-ring resonator is capable of achieving a resonance at the
desired frequency between the two transmission bands. The perspective view of the 2T3A
rasorber is shown in Figure 3.10. The simulated reflection and transmission coefficients
for the 2T3A rasorber are shown in Figure 3.11. A middle absorption frequency (fum)

in between the two transmission bands is achieved in addition to the lower and upper
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Figure 3.10: Perspective view of the proposed 2T3A rasorber.
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Figure 3.11: Simulated reflection and transmission coefficients of the proposed 2T3A rasorber.

absorption frequencies. The three absorption frequencies in the proposed 2T3A rasorber
are obtained at 6.6 GHz, 11.1 GHz and 14.7 GHz with the absorption peaks of 94.00%,
96.81% and 91.91%, respectively. The transmission bands for 2T3A rasorber are at 9.6
and 13.4 GHz, with the minimum insertion loss of 0.3 dB and 0.5 dB, respectively.

The working of the proposed rasorber can be explained by the electric field / surface
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Figure 3.12: Electric field distribution of the proposed 2T3A rasorber.

current distributions and the corresponding equivalent circuit model (ECM). The scalar
electric field intensity (volts/meter) on the front and back sides for the proposed 2T3A
rasorber at different frequencies of interest (6.6, 9.6, 11.1, 13.4 and 14.7 GHz) are shown
in Figure 3.12. At the absorption frequencies of 6.6, 11.1 and 14.7 GHz, the electric field
is strongly concentrated on the front side of circular ring, split-ring and cross resonators,
respectively. Relatively, lesser concentration of field is observed on the back side of each
resonator at the absorption frequencies. The strong concentration of fields shows that
there is no reflection and no transmission, leading to absorption of incident EM wave.
The absorption and transmission phenomenon can further be explained by the analysis
of surface current and the associated ECM model. The surface current distributions at the
absorption and transmission frequencies for the 2T3A rasorber are shown in Figure 3.13.
An equivalent circuit model (ECM) for both 2T2A and 2T3A rasorbers are presented in
Figure 3.14. The metallic resonators at the front side is modelled using a series networks
whereas, the slot resonators are represented by the parallel LC' network. The addition

of split-ring in the 2T3A rasorber is model by an additional L3 — C5 network (Figure
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Figure 3.13: Surface current distribution of the proposed 2T3A rasorber (a) 6.6 GHz, (b) 11.1 GHz, (c)
14.7 GHz, (d) 9.6 GHz, and (e) 13.4 GHz.

6.6 GHz 14.7 GHz

) 4
N0
T P & R RREERS
—— MW———] e ——
I | ~ ~ ]
o b —F 1 s
Iﬂ . .
g (Gt Juf Jomem
“1 | 1 I N |'l./

Zy 2y - f
s e
| I | I ELN.

| ¢ |

1l == —] Lps .

\ e | \ | : Cy (,H:

Vb | g i

I : - - L b
-\ d \ o Dielectric
.. \- R Q\'b . et SATEgE e AT
Fm;ll.- R:;&orncanl Thickness Bandpass FSS
uciu
(a)

6.6 GHz 14,7 GHz 11.1 GH

4 J

b P

o SN Y

o T S L ol g , A S

W e
ot i L SE LS 7 g X
[ - =

g hatal Gt e
L -1 <3 \ (53

z“ ; lr e WL %z a) La?

![ I : Jll ! ELH:
b fiik:. 1 3
[(1==f [ | Ics f Co T Lps & :
i NEE -
b totle 1
WYY Dielectric ... .. .. .... :
\ N : 3
Front Resonant Thickness Bandpass FSS
Stracture

(b)

Figure 3.14: ECM of the proposed (a) 2T2A, and (b) 2T3A rasorbers (L; = 91.827 nH, Ly = 15.260 nH,
L3 = 25.553 nH, ¢y = 0.006 pF, C; = 0.007 pF, C3= 0.007 pF, Ry = 1.791 Q, Z; = 254.173 Q, Lpy =
0.145 HH, Cpl = 0.100 pF7 Lp2 = 0.180 nH, Cpg = 0.850 pF, Lp3 = 0.120 ]flI‘I7 Cp3 = 0.010 pF, Lp4 =
0.311 nf, Cpy = 0.315 pF ).
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Figure 3.15: Simulated response for ECM of the proposed (a) 2T2A, and (b) 2T3A rasorbers.

3.14(b)).

At 6.6 GHz (lower absorption frequency), the surface currents are concentrated along
the circular ring resonator (Figure 3.13(a)). Due to the induced time varying current, an
inductive effect gets generated along the metallic ring patch, while the inter-element spac-
ing leads to the capacitance effect. This inductor-capacitor arrangement can be reduced
to a simple series LC network (L; and Cj in Figure 3.14) at that particular frequency.
At 11.1 GHz (middle absorption frequency) the surface currents are concentrated along
the split-ring resonator on the front side of the structure Figure 3.13(b). Due to the
spilt-gap in the resonator an additional capacitor exists in the corresponding LC network.
Thus, the equivalent network contributed by split ring resonator can be reduced to series
LC network (L3 and C5 in Figure 3.14) shown in the ECM. The currents at the higher
absorption frequency of 14.7 GHz are concentrated along the metallic cross patch at the

center of the structure thus leading to the corresponding series LC response as shown in
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Figure 3.16: Simulated response under various polarization angles for the proposed (a) 2T2A, and (b)
2T3A rasorbers.

Figure 3.13(c). The equivalent network contributed by the metallic cross patch is also a
series LC network (Ly and Cj in Figure 3.14).

For the transmission frequencies at 9.6 and 13.4 GHz, it can be observed that the
electric field intensity is concentrated along the edges of the center and corner cross loop
slots, respectively on the back side of the structure (Figure 3.13). In contrast to the
absorption frequencies, relatively less concentration of fields is observed on the metallic
resonators printed on the front side of substrate. Due to the higher concentration of
electric fields along the edges of the slot, the transmission occurs at the corresponding
resonant frequency while the reflections are minimized.

The surface current intensity at transmission frequencies of 9.6 and 13.4 GHz are in-
duced at the edges of the center and corner cross loop slot, respectively at the backside of
the structure in accordance with the incident electric field. The inductance and capaci-

tance effect due to the induced surface current at 9.6 and 13.4 GHz is modelled using the
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Figure 3.17: (a) Co- and cross-polarization transmission response, and (b) PCR of the proposed 2T3A
rasorber.

LC network shown in Figure 3.13(d) and 3.13(e), respectively. The networks correspond-
ing to 9.6 GHz and 13.4 GHz can be reduced to the parallel LC arrangement (Lpy, Lpo,
Cp1, Cpy at 9.6 GHz and Lps, Lpy, Cps, Cpy at 13.4 GHz in Figure 3.14).
The dielectric thickness is modelled using a transmission line of length equal to the
substrate thickness ¢t and the characteristics impedance Z; given by
Zq= \i)_r (3.1)

where 7 is the characteristic impedance of free space. R; models the equivalent resistance

due to the dielectric loss of substrate [137]. The overall ABCD parameters of the ECM

can be obtained by the cascaded matrix multiplication given as:

A B 1 0 1 Ry cos Bt jZgsin Bt
— X X

C D Yr 1 0 1 jsinfgt/Zq  cosfpt
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Figure 3.18: Simulated response under various incident angles for the proposed (a) 2T2A, and (b) 2T3A
rasorbers.

1 0
% (3.2)
Yp 1

where Y, Yp represents admittance of front resonant structure and dual bandpass FSS
at the back side of substrate, respectively. Also, the propagation constant (3 is given as
B = Boy/lr€r (1tr and €, are the relative permeability and permittivity of the dielectric
substrate, respectively).

The S-parameters of the ECM are calculated from the ABCD parameters using the

conversion formula given as follows:

_ A+B/Zy—CZo—D

Su = TBZiCz0rD (3:3)
_ 2

S = x5z 0z D (3.4)
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Figure 3.19: Simulated reflection and transmission coefficients of the proposed 2T2A rasorber for varying
r1 (in mm).

The absorptivity, A(w) can be calculated from S-parameters obtained in equation (3.3)

and (3.4) using the formula given below.
A(W) =1- |511|2 - |521’2. (35)

The ECM of the proposed 2T2A and 2T3A rasorbers are analyzed using Keysight
ADS simulator. The simulated transmission and reflection coefficients for the proposed
rasorbers are shown in Figure 3.15. The simulation response for ECM of 2T2A rasorber
shown in Figure 3.15(a), achieves dual resonant absorption at 6.5 and 14.8 GHz, along
with dual passband at 9.5 and 13.5 GHz. The additional resonant network in the ECM
of 2T3A rasorber achieves a third resonant absorption at 11.1 GHz as depicted in Figure
3.15(Db).

The proposed 2T2A and 2T3A rasorbers are analyzed under various polarization an-

gles of the incident EM wave as shown in Figure 3.16. For both the 2T2A and 2T3A
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Figure 3.20: Simulated reflection and transmission coefficients of the proposed 2T2A rasorber for varying
I3 (in mm).

rasorbers, the simulated transmission and reflection coefficients remain unaltered for dif-
ferent polarization angle, thereby verifying the polarization-independent behavior of the
proposed rasorber.

The polarization characteristics of the proposed 2T3A rasorber are analyzed by study-
ing the cross-polarized (¢;;) transmission coefficients with respect to their co-polarized (t;;)
counterpart. The co- and cross-polarization transmission response for the x-polarized or y-
polarized incident wave for 2T3A rasorber is shown in Figure 3.17(a). The cross-polarized
transmission coefficient (¢, or t,,) for the x-polarized or y-polarized incident wave is neg-
ligible as compared to the co-polarized transmission coefficient (¢,, or t,,), which suggests
that the transmitted wave has the same polarization as that of the incident wave. Thus,
the proposed transmissive rasorber structures do not affect the polarization of the inci-
dent EM wave. The polarization conversion ratio (PCR) [36] plot for the proposed 2T3A
rasorber is provided in the Figure 3.17(b). It can be observed that PCR,, is close to 1,

while PCR,, is close to 0 at the two transmission frequencies, which further verifies that
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Figure 3.21: Simulated reflection and transmission coefficients of the proposed 2T3A rasorber for varying

ro (in mm).

no polarization conversion takes place in the proposed rasorber structure.

The oblique incidence response of the proposed rasorbers is studied under various angle

of incidence for TE polarization as shown in Figure 3.18. In both 2T2A and 2T3A rasor-

bers, an acceptable response for the reflection and transmission coefficients are maintained

up to 40° of incident angle, within which the acceptable transmission and absorption at

the corresponding frequencies are maintained. Beyond 40° of incident angle, the absorp-

tion at only 14.7 GHz gets considerably degraded, even though the performance at other

frequencies of interest are maintained up to 60° of incident angle, thus limiting the overall

angular stability of the proposed rasorber to 40°.
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Table 3.1: Performance parameters of 2T2A rasorber with varying r;

1 (mm) | fa1 (GHz) (Ab) | fa (GHz) (L) | fe (GHz) (LL) | /s (GHz) (AD%)
6.9 461 9.61 13.35 14.69
(94.64%) (0.32 dB) (0.53 dB) (93.10%)
6.7 489 9.60 13.38 14.74
(92.27%) (0.28 dB) (0.49 dB) (92.89%)
6.5 5.05 9.57 13.42 14.69
(94.05%) (0.30 dB) (0.49 dB) (93.33%)
6.3 5.29 9.60 13.38 14.71
(97.70%) (0.32 dB) (0.50 dB) (93.60%)
6.1 5.48 9.60 13.38 14.76
(94.75%) (0.30 dB) (0.47 dB) (92.44%)
5.9 5.64 9.58 13.36 14.69
(92.40%) (0.33 dB) (0.47 dB) (90.84%)
5.7 5.69 9.61 13.42 14.71
(97.32%) (0.28 dB) (0.49 dB) (91.36%)
5.5 5.86 9.60 13.41 14.69
(97.11%) (0.31 dB) (0.47 dB) (91.00%)
5.3 6.12 9.61 13.42 14.71
(92.84%) (0.27 dB) (0.47 dB) (92.71%)
5.1 6.41 0.67 13.59 14.82
(92.57%) (0.28 dB) (0.45 dB) (92.36%)
19 6.69 9.61 13.42 14.67
(92.13%) (0.28 dB) (0.49 dB) (92.70%)
47 6.94 9.63 13.46 14.69
(91.61%) (0.30 dB) (0.47 dB) (92.74%)
15 7.23 9.65 13.45 14.71
(81.45%) (0.30 dB) (0.46 dB) (90.56%)
43 7.51 9.65 13.46 14.72
(T1.67%) (0.36 dB) (0.50 dB) (91.92%)

Ab: Absorption; I.L: Insertion loss; f4: Lower absorption frequency; f;: Lower
transmission frequency; f;,: Upper transmission frequency; f,,: Upper absorption
frequency.

3.2 Parametric Studies on the Proposed Rasorbers

In the proposed 2T2A rasorber, resonant absorption occurring at the two sides of the
dual passband corresponds to the ring and the cross metallic resonators printed on the
front side of the substrate. The lower absorption frequency is associated with the ring
resonator while the upper absorption frequency is associated with the cross resonator.
A parametric analysis is carried out on the proposed 2T2A rasorber with respect to the
dimensions of the ring and cross resonators, keeping the bandpass dimensions constant

such that a frequency range is obtained within which the lower and upper absorption
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frequency can be tuned in the proposed design.

Table 3.2: Performance parameters of 2T2A rasorber with varying [3

l3 (mm) | fu (GHz) (Ab) |fu (GHz) (L) |fu (GHz) (LL) | fu (GHz) (Ab%)
75 6.45 9.56 13.43 14.02
(91.25%) (0.29 dB) (0.51 dB) (78.79%)
74 6.45 9.56 13.45 14.13
(94.48%) (0.28 dB) (0.47 dB) (82.98%)
73 6.42 9.54 13.22 14.25
(92.57%) (0.28 dB) (0.51 dB) (85.90%)
7.2 6.41 9.60 13.43 14.46
(92.97%) (0.38 dB) (0.47 dB) (88.74%)
7.1 6.42 9.58 13.43 14.51
(94.52%) (0.30 dB) (0.48 dB) (92.29%)
7.0 6.43 9.63 13.46 14.76
(93.62%) (0.29 dB) (0.48 dB) (92.29%)
6.9 6.57 9.75 13.69 15.07
(93.29%) (0.27 dB) (0.43 dB) (90.61%)
6.8 6.57 0.77 13.67 15.24
(92.35%) (0.27 dB) (0.43 dB) (89.62%)
6.7 6.62 9.75 13.70 15.45
(94.17%) (0.30 dB) (0.42 dB) (88.02%)
6.6 6.64 9.79 13.74 15.69
(93.00%) (0.28 dB) (0.41 dB) (83.80%)
6.5 6.57 9.79 13.67 15.86
(90.80%) (0.27 dB) (0.42 dB) (82.55%)

Ab: Absorption; I.L: Insertion loss; f4: Lower absorption frequency; f;: Lower
transmission frequency; f,: Upper transmission frequency; f,,: Upper absorption
frequency.

The reflection and transmission coefficients for varying values of r; while keeping
other parameters constant, are shown in Figure 3.19. The variation in the performance
parameters of the 2T2A rasorber with varying ry shown in Figure 3.19 has been arranged
in Table 3.1. It can be observed from Table 3.1 that decreasing the value of r; from 6.9
mm to 4.3 mm increases the lower absorption frequency (f,;) from 4.61 GHz to 7.51 GHz
while the other frequencies of interest (fy, fiu, fau) remains nearly the same with small
variations. It can be observed that by increasing the value of f,; beyond 6.94 GHz the
corresponding absorption reduces below 90%. Thus for retaining the absorption greater
than 90% the range of lower absorption frequency f,; can be achieved from 4.61 to 6.94
GHz by changing the value of r; from 6.9 mm to 4.7 mm, respectively.

In another case the reflection and transmission coefficients corresponding to varying

length of cross resonator I3 keeping the other parameters constant, are depicted in Figure
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Table 3.3: Performance parameters of 2T3A rasorber with varying o

ro (mm) | fu (GHz) | fu (GHz) | fam  (GH2) | fr (GHz) | fou  (GHz)
(Ab%) (LL) (Ab%) (LL) (Ab%)
5.6 6.62 9.68 12.30 13.53 14.84
(95.08%)  |(0.29dB) | (97.06%)  |(0.49 dB) | (91.69%)
5.7 6.66 9.61 11.80 13.44 14.70
(93.01%)  |(0.29dB) | (96.55%) | (0.55dB) | (91.89%)
5.8 6.67 9.63 11.42 13.41 14.74
(91.06%)  |(0.29dB) | (93.87%)  |(0.63dB)  |(92.67%)
5.9 6.60 9.63 11.17 13.43 14.775
(94.00%)  |(0.31dB)  |(96.81%)  |(0.52dB) | (91.91%)
6.0 6.64 9.61 10.98 13.41 14.74
(92.74%) (028 dB)  |(97.25%)  |(0.58dB) | (91.83%)
6.1 6.66 9.64 10.83 13.42 14.83
(93.58%)  |(0.32dB)  |(96.94%)  |(0.52dB) | (92.83%)
6.2 6.64 9.61 10.66 13.45 14.74
(94.71%) (028 dB) | (94.07%)  |(0.50 dB) | (92.73%)
6.3 6.67 9.61 10.50 13.42 14.74
(91.26%)  |(0.20dB)  |(95.53%)  |(0.52dB) | (91.02%)
6.4 6.63 9.61 10.37 13.45 14.69
(93.18%)  |(0.30dB) | (92.74%)  |(0.52dB) | (92.69%)
6.5 6.60 9.61 10.10 13.44 14.71
(92.45%)  |(0.28 dB) | (87.54%) | (0.51dB)  |(92.22%)
6.6 6.59 9.61 9.82 13.45 14.72
(93.53%)  |(0.34dB)  |(54.94%)  |(0.56 dB) | (92.73%)

62

Ab: Absorption; I.L: Insertion loss; f,: Lower absorption frequency; f;;: Lower trans-
mission frequency; fi,: Upper transmission frequency; f,,,: Middle absorption frequencys;
fau: Upper absorption frequency.

3.20. The performance parameters at each frequency of interest for varying cross resonator
length I3 are illustrated in Table 3.2. The upper absorption frequency (f,,) increases
from 14.02 to 15.86 GHz by decreasing the resonator length /3 from 7.5 mm to 6.5 mm,
respectively. Also, the performance at other frequencies of interest (fu, fu, fiu) remains
nearly the same. However, for retaining the absorption greater than 90%, the upper
absorption frequency f4, can slide from 14.51 GHz to 15.07 GHz by the decreasing the
value of I3 from 7.1 mm to 6.9 mm, respectively.

In the 2T3A rasorber design, the middle absorption frequency ( fy,) corresponds to the
resonance frequency of the split-ring resonator. Thus a range for f,,, can be obtained by

studying the parametric variation of split-ring radius o on the corresponding absorption

frequency. The reflection and transmission coefficients of the proposed 2T3A rasorber



3.2. PARAMETRIC STUDIES ON THE PROPOSED RASORBERS 63

Figure 3.22: Photograph of the fabricated prototypes of the proposed rasorbers. (a) Front side of 2T2A
rasorber, (b) front side of 2T3A rasorber, (c) back side of both 2T2A and 2T3A rasorbers, and (d) flexible
view of 2T3A rasorber.

(b)

Figure 3.23: Photograph of the experimental setup for (a) reflection, and (b) transmission measurements.
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Figure 3.24: Simulated and measured reflection and transmission coefficients of the proposed (a) 2T2A,
and (b) 2T3A rasorbers.

for the varying value of ro while keeping the other parameters constant, are depicted in
Figure 3.21. The performance at each frequency of interest with respect to different values
of ry has been provided in Table 3.3. It can be observed that by varying the radius of
split-ring 75 from 5.6 mm to 6.6 mm, the middle absorption frequency f,,, decreases from
12.30 GHz to 9.82 GHz, respectively. However, below 10.37 GHz, the absorption reduces
below 90%. As such an acceptable range of f,,, can be defined from 12.30 GHz to 10.37

GHz which corresponds to value of ro from 5.6 mm to 6.4 mm, respectively.

3.3 Experimental Verification and Discussion

An experimental verification of the proposed 2T2A and 2T3A rasorbers are obtained
by carrying out measurements on the fabricated prototype of each rasorber. An array

consisting of 17 x 25 unit cells for each 2T2A and 2T3A rasorber are fabricated on a 0.254
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Figure 3.25: Schematic of the setups for the (a) reflection, and (b) transmission measurement of the
proposed rasorber (DUT) under oblique incidence.

mm thick Taconic substrate having dielectric constant (e,) of 2.2 and loss tangent (tan d)
equal to 0.0009. The photograph of the fabricated prototype for both 2T2A and 2T3A
rasorbers, with an overall dimensions of 265 mm x 385 mm are shown in Figure 3.22.
The bandpass FSS design on the back side of substrate is same for both the proposed
rasorbers as shown in Figure 3.22(c).

The measurement of the fabricated prototypes are carried out in an anechoic chamber
using free space measurement technique. For carrying out measurements a pair of three
different standard gain horn antennas connected with a Keysight PNA Network Analyzer
N5224B, are sequentially used. The three different horn antennas used belongs to separate
J(5.85—8.20 GHz), X(8.20—12.40 GHz) and Ku(12.40—18.0 GHz) frequency bands. The
experimental setups for reflection and transmission measurements are shown in Figures

3.23(a) and 3.23(b), respectively. A reference measurement is initially carried out in both
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Figure 3.26: Measured reflection and transmission coeflicients under oblique incident angles (TE polarized
incident wave) for the proposed (a) 2T2A, and (b) 2T3A rasorbers.

the reflection and transmission setup, with which the measured results are then normalised
for obtaining the effective reflection and transmission coefficients. In case of reflection,
the reference measurement is the reflections obtained from a metallic sheet while for the
other case of transmission, the direct free space path loss measurement between the two
horn antennas provides the reference measurement. The comparison of simulated and
measured reflection and transmission coefficients for both the 2T2A and 2T3A rasorbers
are shown in Figure 3.24. A close agreement between the measured and simulated results
for both the rasorber provides an experimental validation for the responses of the proposed
rasorbers.

The performance of the proposed rasorbers has been verified experimentally under the
oblique incident waves. The schematic of measurement setups for reflection and trans-
mission coefficients for wave striking the rasorbers at oblique angles is shown in Figure

3.25. The rasorber structure (DUT: Device Under Test) is placed at the center of the
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(b)

(c)

Figure 3.27: Photograph of the curved prototype of the proposed (a) 2T2A, and (b) 2T3A rasorbers. (c)
Lateral schematic of the curved prototype with radius r, degree of curvature D¢ and arc length A.

defined circular area. The path perpendicular to the surface is the normal incidence path
(or the 0° line). For measurement at different oblique angles of incidence, the transmit-
ting and the receiving antennas are moved along the circular path (either clockwise or
anticlockwise) making the required oblique angles with the normal incidence path.

In case of reflection measurement, as depicted in Figure 3.25(a) the transmitting and
receiving antennas are placed at the front side of the structure. In the normal inci-
dence both the antennas are placed along the 0° line, while for the oblique incidence the
transmitting and receiving antennas are moved in the anticlockwise (or clockwise) and
clockwise (or anticlockwise) direction, respectively on the circular path making the nec-
essary angle with the normal path. This measurement technique for the different angles
is consistent with the basic theory of EM propagation i.e. angle of incidence is equal to
angle of reflection.

For transmission coefficient measurement, the transmitting antenna is placed at the
front side of the structure, while the receiving antenna is placed at the back side of the
structure (Figure 3.25(b)). For the normal incidence both the antennas are placed along

the 0° line, while for the oblique incidence, the transmitting and the receiving antennas are
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Figure 3.28: Comparison of the measured reflection and transmission coefficients for flat and curved
surface with degree of curvature (D¢) = 120° for the proposed (a) 2T2A, and (b) 2T3A rasorbers under
the normal TE incidence.

moved along the circular path in the same direction i.e. either clockwise or anticlockwise,
making the required oblique angle with the normal incidence path.

The measured reflection and transmission coefficients of the rasorber prototypes car-
ried out under oblique incidence for TE polarization is provided in Figure 3.26, and the
angular stability up to 40° is experimentally verified.

In order to verify the flexible behavior of the proposed rasorber, reflection and trans-
mission measurements for TE polarized incident wave are also carried out for the curved
surface. The fabricated prototype is pasted on a cylindrical foam based structure, with
the curvature given along the narrower side and the degree of curvature equal to 120°.
The radius r of the cylindrical foam based structure is 126.5 mm, which is calculated
using the formulae r = %, where A is the arc length and D¢ is the degree of curvature.
The narrower side of structure having length of 265 mm is the arc length A. The pho-
tograph of the curved structure for both 2T2A and 2T3A rasorbers are shown in Figure

3.27. The reference measurement for reflection is obtained by the metal sheet pasted on
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Table 3.4: Performance Comparison of proposed F'SS based rasorber with earlier reported

multi/wide-band absorbers/rasorbers
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Figure 3.29: Comparison of the measured reflection and transmission coefficients for curved surface with

various degree of curvature (D¢ ) for the proposed (a) 2T2A, and (b) 2T3A rasorbers under the normal
TE incidence.

the same cylindrical foam. The measured reflection and transmission coefficients of the
curved structure in comparison with the measured results of the flat structure for both
the 2T2A and 2T3A rasorbers are shown in Figure 3.28. A close agreement between
the measured results of curved and flat structures, verifies the conformal behavior of the
proposed rasorbers.

The conformal behavior of the proposed structures is further studied by increasing the
degree of curvature D¢ to 150° and 180° for each curved structure. For obtaining the
degree of curvature D¢ equal to 150° and 180°, the structures are pasted on cylindrical
foam having radius r equal to 101.2 mm and 84.3 mm, respectively. Figure 3.29 compares
the measured response of the curved 2T2A and 2T3A rasorber prototypes at various
degrees of curvature Do. An acceptable response at each frequency of interest even upto
180° degree of curvature confirms the enhanced conformality of the proposed structures.

The comparison of the performance of the proposed ultra-thin, conformal rasorbers

with the previously reported multi-band absorbers/wide-band rasorbers is presented in
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Table 3.4. The proposed rasorbers possess the superior performance of exhibiting dual
transmission band along with the dual/triple absorptions as compared to the reported
multi-band absorbers in [48],[49],[47]. In comparison with the wide absorptive rasorber
reported in [108, 1111 78 (96l [92] 05, 97] the proposed rasorber is an ultra-thin, conformal,
single-layer structure with multiple narrow band absorptions and does not require any
mounted lumped elements. Furthermore, the proposed rasorber is also a flexible structure

and the measured results verifies the conformal characteristics up to 180° curvature angle.

3.4 Conclusion

In this chapter, a single-layer flexible (A-T-T-A/A-T-A-T-A)rasorbers is proposed ex-
hibiting dual transmission along with dual/triple absorption bands. The design for dual
bandpass FSS is studied and combined with dual-band resonant absorber in such a way
that at the absorption frequencies the bandpass F'SS possess maximum possible reflection,
thus realizing a 2T2A rasorber where the two resonant absorption (f, = 6.4 GHz and
fauw = 14.7 GHz) are located on the two sides of dual transmission bands (f; = 9.6 GHz
and f;, = 13.4 GHz). Further, the structure is modified to 2T3A rasorber in which an
additional resonant absorption (f,, = 11.1 GHz) is obtained in between the two trans-
mission bands. A prototype of the proposed rasorbers consisting of 17 x 25 unit cells are
fabricated and the results are experimentally verified. Further, the conformal property
of the proposed rasorbers is experimentally verified by carrying out measurements on the

curved prototypes with multiple curvature angles.



Chapter 4

A-T FSR Using Modified Double
Cross Slot Bandpass Layer

In the previous two chapters, thin single-layer designs for rasorbers having narrowband
absorptions were presented. From the current chapter onwards, the work will focus on the
designs of rasorbers with broadband absorption. Unlike narrowband rasorber, the designs
for the broadband rasorbers are a multi-layered structures with mounted lossy lumped
components. In this chapter, a polarization-insensitive A-T FSR has been proposed in
which the two phenomenon of broadband absorption and bandpass transmission are first
individually studied and then combined to obtain the desired A-T performance. In the
proposed FSR, a broad absorption band, along with a transmission band at a higher
frequency is achieved. The proposed FSR exhibits an angular stability up to 30° of
incident angle. The working of FSR is analyzed using an equivalent circuit model (ECM).

A prototype of the proposed FSR is fabricated and validated experimentally.

4.1 Design and Analysis of the FSR

The FSR is typically a multi-layered structure comprising of a lossy and a lossless layer.
The design of FSR is realized by combining the two separate applications of FSS viz.
broadband absorption and frequency selective bandpass transmission. The design for
FSR is accomplished by replacing the grounded layer of absorber with a bandpass FSS,
such that within the absorption band, the bandpass FSS should act as a complete metallic
ground. Accordingly, the design of FSR constitutes of three broad steps. In the first step,

72
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Figure 4.1: Unit cell schematic of the broadband absorber.
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Figure 4.2: Simulated reflection coefficient of broadband absorber with varying, (a) R, and (b) H.

a broadband absorber is studied wherein a broad absorption within the required band
is obtained. The next step is associated with designing and improving the performance
by changing various parameters of bandpass FSS. In the third and final step, the designs
of the previous steps are combined and parameters are optimized to obtain the required

FSR.

4.1.1 Analysis of the Broadband Absorber

The unit cell of broadband absorber consists of two layers printed on a 0.8 mm thick
FR-4 substrate having dielectric permittivity e,= 4.4, and loss tangent (tan 0= 0.02).
The unit cell schematic of the broadband absorber is shown in Figure 4.1. In the front
side of top layer of the absorber, a circular cross resonator is printed while the back side

of the top layer is completely etched. Chip resistors R are mounted within the gaps of
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circular cross resonator. A copper laminated substrate in the bottom layer acts as a
ground. Between the two layers, an air spacer of thickness H is maintained. The unit
cell of the broadband absorber is simulated using CST electromagnetic solver and the
reflection responses obtained corresponding to different values of R and H are shown in
Figure 4.2. The optimum value of R for better reflection bandwidth is obtained at 200
ohms. Similarly, the optimum value of H is 12 mm which corresponds to A/4 at the
centre frequency of absorption band. The other optimized parameters are given as: p =
20, r = 5, wy = 0.5, wy = 1, and t = 0.8 (all dimensions are in mm). The broadband
absorption is achieved from around 3.2 to 8.9 GHz, within which the reflection coefficient

for the incident EM wave is below -10 dB.

4.1.2 Analysis of the Bandpass FSS

In order to achieve a higher transmission band in comparison with the broadband absorp-
tion obtained in the previous subsection, a bandpass FSS is designed such that its unit cell
dimensions are matched with the unit cell dimensions of the circular cross shaped broad-
band absorber. The unit cell of bandpass FSS as depicted in Figure 4.3(a), is designed by
etching a double cross slot (DCS) within the metal laminated substrate. The slot etched
within a metal plated unit cell corresponds to the bandpass filtering of incident EM wave
at a particular resonant frequency. The bandpass frequency is inversely dependent upon
the dimensions of DCS, such that for decreasing length of slot, the transmission frequency
increases. Figure 4.3(b) depicts the simulated response of bandpass FSS for varying slot
length [,. The transmission frequency of the bandpass FSS is required to be maintained
at a higher frequency in such a way that for the lower absorption band of 3.2-8.9 GHz,
the bandpass F'SS acts as a reflective metallic ground. It is noticeable from Figure 4.3(b),
that reducing the slot size increases the transmission frequency. However, as the size of
double cross slot decreases, the corresponding insertion loss at the increased transmission
frequency also increases. In other words, for obtaining higher transmission frequency the
slot length is reduced, and with the reduced slot length, the density of slot within the
unit cell is also reduced and this leads to the degradation of insertion loss at the higher
transmission frequency. As such it is evident that for better performance parameters at
the resonant frequency, the resonant slot should be in comparable size with respect to the

unit cell size.
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Figure 4.3: DCS shaped bandpass frequency selective surface. (a) Unit cell schematic, and (b) simulated
response.

=3

&

=

8

—p—5 4 =Bmm - S | =Bmm
—a— s“:ln=9 mm = O 5,".Ih=8 mm
—— 8":Ih-10 T 82‘:Ib-|u mm
—A—5 =11 mm = A 3“!Inﬂl1 mm

Transmission/Reflection{dB}
o

fa
&«

2

sla 10 1 1I2 13 14
Frequency (GHz)

(a) (b)

-]

Figure 4.4: MDCS shaped bandpass frequency selective surface. (a) Unit cell schematic, and (b) simulated
response.

In order to improve the performance parameters of bandpass F'SS at higher frequencies,
the bandpass FSS is modified and the density of resonant slot is increased within a unit
cell. The increased density of slot is accomplished by replicating a quarter of DCS at each
corner of the unit cell as shown in Figure 4.4(a). The simulated response for the MDCS
type bandpass FSS for varying [, is shown in Figure 4.4(b). In the modified double cross
slot (MDCS) shaped bandpass FSS, additional slots change the overall capacitance and
inductance of the structure due to which transmission frequency at each slot size increases.
However, besides the increase in resonant frequency, the insertion loss and also the -10
dB reflection bandwidth at the transmission window of MDCS structure is considerably

improved.

For better understanding, the various parameters of the DCS and MDCS type band-
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Table 4.1: Performance Comparison of DCS and MDCS type bandpass FSS with [, = 9
mm.

Structure | Transmission | Minimum Insertion | -10 dB Reflection
frequency fr | Loss Bandwidth

DCS 10.9 GHz 1.82 dB 157 MHz

MDCS 11.56 GHz 0.56 dB 752 MHz

pass F'SS for a fixed slot length [,= 9 mm are represented in Table 4.1. It is observed that
MDCS type bandpass FSS exhibits wider transmission band with reduced insertion loss
in comparison with the DCS type bandpass FSS. The other optimized parameters are: p

= 20 mm, w, = 1.2 mm, [, = 9 mm.

4.1.3 Analysis of the Proposed FSR

The proposed FSR, as shown in Figure 4.5, is designed by replacing the ground substrate
of broadband absorber with the MDCS shaped bandpass F'SS. The bandpass FSS acts as
a reflective metallic ground for the absorption band, with the transmission occurring in
the relatively upper band. The resultant structure is analyzed to obtain the simulated
transmission and reflection coefficients depicted in Figure 4.6. The simulated response
of the proposed FSR exhibits a transmission band at around 11.46 GHz along with the
broadband absorption from around 3.1 to 8.7 GHz. Within the absorption band, both
the transmission and the reflection coefficients are less than -10 dB. The proposed FSR
exhibits the minimum insertion loss of 0.7 dB within the transmission band, with -10 dB
bandwidth of around 520 MHz (4.53%).

In order to further validate the absorption phenomenon, the proposed FSR is also stud-
ied for the cross-polarized effect. The simulated transmission and reflection coefficients
of the proposed FSR under the cross-polarization are shown in Figure 4.7. The negligible
response of the proposed FSR under the cross-polarization rules out the possibility of
polarization conversion thereby validating the absorption phenomenon.

The response of the proposed FSR under various polarization angles of the incident
EM wave is shown in Figure 4.8. It can be seen that both the reflection and transmission
coefficients remain unaltered with the increase in polarization angle from 0° to 45°. Thus,

symmetricity in the proposed design leads to polarization independent behaviour.
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Figure 4.6: Simulated reflection and transmission coefficients of the proposed FSR.

The angular stability of the proposed structure is evaluated by the simulated response
for the various angle of incidence as shown in Figure 4.9. The reflection coefficient for the
proposed FSR is shifted above the -10 dB level once the incidence angle is exceeded above
30, thereby diminishing the absorptivity. Thus, the acceptable response of proposed FSR

is attained up to 30° of incident angle beyond which the performance is degraded.
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Figure 4.7: Transmission and reflection coefficients of the proposed FSR under cross-polarization.
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Figure 4.8: Simulated response of the proposed FSR with varying polarization angles.

4.2 Equivalent Circuit Analysis

In order to understand the working principle of the proposed FSR, an ECM of the pro-
posed FSR is illustrated in Figure 4.10, in which the respective ECMs of broadband
absorber and bandpass F'SS are cascaded. The top resistive layer consists of a parallel L,
and C} which models the central circular resonant structure. The series arrangement of R
and Ly models the outer rectangular strip along with the mounted lumped resistor. For
the bandpass layer, the centre and the corner slots of bandpass FSS in the bottom layer

are modelled by series combination of parallel Lp; — Cp; and Lpy — C'py resonators. The
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Figure 4.9: Simulated response of the proposed FSR with varying incident angles.
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Figure 4.10: Equivalent circuit model of the proposed FSR.

79

dielectric substrate thickness of the top and bottom layer is represented using a transmis-

sion line model with length equal to substrate thickness ¢ and characteristic impedance

Zqg = 2p/+/€, where Zy is the characteristic impedance of free space. Another trans-

mission line section with characteristic impedance Z, and length H, models the air gap

between the two layers. The ABCD parameters of the ECM is obtained by the cascaded

matrix multiplication as given below:

cos foH
jsin BoH/Zy

A B 1 0 cos St jZgsin Gt
= X
C D 1/Zp 1 jsinft/Zq  cosft
jZosin foH cosft  jZgsin Bt 1 0 (4.1)
cos BoH jsinft/Zy  cos it 1/Zp 1 '
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Figure 4.11: Simulated response of equivalent circuit model, (a) broadband absorber, and (b) bandpass

FSS.

Here 8 = Bo+/1ir-€, where [y is the propagation constant of free space and Zp and
Zp are resultant impedances of the front resistive layer and the bandpass FSS layer,

respectively and are given by the following expressions:

) Ly
Zr = R+ jw (LO+—1—W2L101> (4.2)
) wlpy wLpsy
Jp = . 4.3
P J (1 — w2Lp10p1 + 1-— WQLPQCPQ) ( )

The S-parameters are calculated for obtaining the reflection S; and transmission So;

coefficients, from the following conversion formula:

 A+B/Zy—CZy—D
Su = A+B/ZE+CZ2+D (4.4)
2
S21 = ATB/Z 0% 7D (4.5)

The absorptivity is calculated as following:
Aw) =1 —=1Sul* =[S (4.6)

The ECM of the proposed FSR is simulated using Keysight ADS electromagnetic
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Figure 4.12: Comparison of the reflection and transmission response of the ECM and full wave simulation
of the proposed FSR.

simulator. Figure 4.11(a) and Figure 4.11(b) depict the simulated response of ECM
for broadband absorber and bandpass FSS, respectively. The ECM corresponding to
broadband absorber is a single-port network that consists of only a front resistive layer
with another port grounded. The optimized values for each circuit element are given as:
Ly =174 nH, L; = 5.14 nH,C; = 0.302 pF, Lp; = 0.414 nH,Cp; = 0.432 pF, Lpy =
0.414 nH, Cpy = 0.432 pF, R = 200 2, Z; = 179.72 Q, Zy = 377 ). The simulated
response of the ECM in comparison with the CST simulation results for the proposed
FSR is shown in Figure 4.12. A close resemblance of the absorption band (2.7-8.8 GHz)
and transmission band (11.4 GHz) is achieved, in comparison with the response obtained

for the proposed FSR.

4.3 Effect of Bandpass FSS on the Performance of
FSR

The proposed FSR exhibits a higher transmission band at around 11.46 GHz with respect
to the lower absorption band (3.1-8.7 GHz). The performance of the FSR can be examined
by defining a transition rate T'R, which quantifies the rate of transition between absorption

and transmission. The T'R is defined as the ratio of transmission to absorption frequency
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Figure 4.13: Simulated response of the proposed FSR with slot length I;. (a) Reflection, and (b) trans-
mission coefficients

given below,

_fr
Ja

where fr is the transmission frequency and f, is the maximum absorption frequency.

TR (4.7)

The higher transmission band occurs due to the bandpass FSS layer, therefore the range
of the higher transmission band can be tuned by varying the design parameters of the
bandpass FSS. In order to determine the range within which the higher transmission
band can be achieved for the proposed FSR, a study is carried out where the variation
in transmission frequency is analyzed by varying the slot dimension of the bandpass F'SS
layer. Figure 4.13 depicts the parametric analysis of the proposed FSR with respect to
the slot length [,. The transmission frequency above the transmission band is lowered by
the increasing [,. The various effects on the performance parameters of the proposed FSR
due to varying [,, observed from the Figure 4.13 are presented in Table 4.2.

From Table 4.2, it is observed that for the increasing slot length [, from 5 mm to 12
mm, fr decreases from 18.1 GHz to 9.6 GHz with the variation in T'R ranging from 2.03
to 1.39. The insertion loss at fr decreases as [, is varied from 5 mm to 10 mm, and then
increases for the value of [, greater than 10 mm. Further, as the fr is lowered to 9.6 GHz,
the absorption band is also reduced substantially to 3.0-6.9 GHz. Thus, for obtaining
an acceptable range of f, within which the corresponding insertion loss is below 2.0 dB

and also the lower absorption band is maintained nearly same, the slot parameters can
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Table 4.2: Variation of performance parameters with varying /.

I, (mm) |Transmission |Insertion Loss @ fr|Absorption TR
frequency fr |GHz
5 18.1 GHz 3.25 dB 3.2-8.9 GHz 2.03
6 16.2 GHz 1.56 dB 3.2-8.9 GHz 1.82
7 14.1 GHz 1.04 dB 3.2-8.8 GHz 1.60
8 12.6 GHz 0.85 dB 3.1-8.8 GHz 1.43
9 11.4 GHz 0.74 dB 3.1-8.7 GHz 1.31
10 10.6 GHz 0.68 dB 3.0-8.1 GHz 1.30
11 10.0 GHz 1.04 dB 3.0-7.5 GHz 1.33
12 9.6 GHz 2.07 dB 3.0-6.9 GHz 1.39

be varied from [, = 6 mm to [, = 10 mm. Thus the corresponding range of fr can be

achieved as follows:

10.6GHz < f, < 16.2GH (4.8)

The T'R is achieved as 1.30 and 1.82 for fr = 10.6 and 16.2 GHz, respectively. Hence,
in the proposed FSR the higher transmission frequency can be tuned from 10.6 to 16.2
GHz by varying the bandpass FSS parameter [, from 10 to 6 mm, respectively.

4.4 Experimental Verification

In order to validate the response of the proposed FSR, a 13 x 14 unit cell array for both
the layers of the proposed structure are fabricated. Chip resistors having 200 €2 resistance
(CRCWO0603200RFKEA from VISHAY36) are soldered on front side of the top layer. The
photograph of fabricated prototype with overall dimensions of 260 mm x 280 mm is shown
in Figure 4.14. Air gap between the two fabricated substrates is maintained using plastic
spacer standoff (Figure 4.14(d)).

The measurement on the fabricated prototype is carried out using free space measure-
ment technique. Combination of S/C/J/X band horn antennas, connected with Keysight
PNA Network Analyzer N5224B, are sequentially used for carrying out the transmission
and reflection measurements in their respective frequency band. The experimental setup
for each transmission and reflection measurements are given in Figure 4.15. For reflection

measurements, a PEC sheet is used for the reference measurement which is then replaced
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Figure 4.14: Fabricated prototype of the proposed FSR. (a) Top layer, (b) enlarged view of top layer, (c)
enlarged view of bottom layer, and (d) side view.

by the fabricated prototype to obtain the reflection coefficient. In case of transmission,
reference measurement involves the direct path measurement between the two horn anten-
nas. The effective transmission coefficient is then obtained by the difference of measured
reflection coefficient of direct path and the fabricated prototype. The measured transmis-
sion and reflection response obtained in comparison with simulated results are shown in
Figure 4.16, whereby a reasonable agreement is observed.

A relative performance comparison of the proposed A-T FSR with the earlier reported
A-T FSR [83]-[86] is given in Table 4.3. The proposed FSR exhibits polarisation insensitive
response, wider absorption band in comparison with the previously reported FSRs in
[83, [85), [86]. Also, the proposed FSR is a 2-layer structure with less lumped elements in
comparison with the reported FSRs in [84] [86].
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Figure 4.16: Simulated and measured response of the proposed FSR.
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Table 4.3: Performance comparison of proposed A-T FSR.

Ref. |fr/ Mini-| Absorption |No. of|Lumped |[Size Thickness|Polarization
mum [.L Layers |elements
per unit
cell
[83] |5.6 GHz / 0.2|12.8-5.0 GHz|2 1 0.28\; |0.122\;, |[Sensitive
dB (56.41 %)
[85] |12.76 GHz /|6.10-10.98 |2 2 0.366A7,|0.122\;,  |Sensitive
0.65 dB GHz (57.14 X
%) 0.183\p
[84] |10 GHz / 0.5|2.4-7.1 GHz|4 6 0.096A1[0.12X, Dual-
dB (98.94 %) Polarized
[86] |6.1 GHz /|1.6-4.3 GHz|4 8 0.16A; [0.158\; |Dual-
0.37 dB (91.5 %) Polarized
This |11.4 GHz /|3.1-8.7 GHz|2 4 0.2067,10.14 A}, Insensitive
work (0.7 dB (94.91%)

fr is Transmission frequency; Ay is free space wavelength at lowest frequency of -10 dB
reflection; I.L is the insertion loss.

4.5 Conclusion

This chapter presents a design of FSR having wideband absorption and a relatively higher
transmission band (A-T). The FSR structure is a two-layer design consisting of resistive
and bandpass layers. The proposed FSR achieves a broad absorption band ranging from
3.1 to 8.7 GHz with absorptivity greater than 80% and a higher transmission band at 11.46
GHz with insertion loss of 0.7 dB and -10 dB reflection bandwidth of 520 MHz (11.206
to 11.726 GHz). An ECM corresponding to the proposed rasorber design is studied for
explaining the working principle. A parametric study is carried out for determining the
optimum range within which the higher transmission band can be varied. A prototype of
the proposed FSR structure is fabricated and experimental validation of simulated results

is obtained.



Chapter 5
T-A-T FSR

In the previous chapter, A-T FSR with a broad absorption band and higher transmission
band has been studied. Now in this chapter, a study is presented for realizing dual trans-
mission T-A-T type FSR. A dual bandpass FSS is combined with the broadband absorber
in such a way that a broad absorption is achieved between the two transmission bands.
The proposed FSR is a two-layered compact structure and can be a suitable candidate
for RCS reduction of a dual-band radiating systems. The working of the proposed FSR is
analyzed using an equivalent circuit model (ECM). A prototype of the proposed FSR is
fabricated and the corresponding measurements are carried out. A good agreement is ob-
tained between simulated and measured results, thus providing an experimental validation

for the performance of the proposed FSR.

5.1 Design and Analysis of FSR

The design of a FSR generally consists of a two-layer arrangement of the lossy and loss-
less layers. The lossy layer consisting of elements like lumped resistors give rise to the
broadband absorption, while the lossless layer acting as a bandpass FSS, yields the corre-
sponding transmission bands. In the design of FSR, the dual bandpass F'SS is first studied,
followed by the analysis of the broadband absorber whose dimensions are synchronized
with the dimensions of the bandpass F'SS, besides that the absorption band lies between
the two transmission bands. The bandpass F'SS yielding the transmission bands should
act as a reflective layer for the absorption band. The bandpass F'SS replaces the ground
layer of the broadband absorber to arrive at the design of the FSR.

87
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Figure 5.1: Jerusalem shaped bandpass FSS. (a) Unit cell schematic, and (b) simulated reflection and
transmission coefficients.

5.1.1 Bandpass FSS

The unit cell schematic of the bandpass FSS is shown in Figure 5.1(a) where a Jerusalem
cross shaped slot is etched within the metal layered substrate. A 0.8 mm thick FR-4
substrate having dielectric permittivity (e,) of 4.4, loss tangent (tand) equal to 0.02, and
metal thickness of 0.035 mm is employed in the design. The Jerusalem cross shaped
bandpass F'SS is obtained by etching a perpendicular rectangular slot of length [, at each
end of the cross slot having length [,;. The unit cell of the bandpass FSS is simulated
using CST electromagnetic solver. The optimized values of the various parameters are
given as: p = 25, Iy = 24, Iz = 12, w, = 1.3 (All dimensions are in mm).

The simulated reflection and transmission coefficients of the bandpass F'SS are depicted
in Figure 5.1(b), from which dual transmission bands are observed at 2.3 and 8.7 GHz. The
rectangular slot with length [; at each end of the cross slot gives rise to the transmission
at the higher frequency while the center cross slot with length [,; is associated with the
transmission band at the lower frequency. Figures 5.2(a) and 5.2(b), depict the response
of the bandpass FSS with respect to varying l; and l. It can be noticed from Figure
5.2(a), that increasing the value of l,; from 20 to 24 mm leads to decrease in the lower
transmission frequency ( fy) from 3.1 to 2.3 GHz, respectively while the upper transmission
frequency (f,) remains nearly the same. Similarly, the dependence of fi, on lys can be
observed from Figure 5.2(b) where the increasing value of [, from 10 to 14 mm causes the
fru to decrease from 10.0 to 7.7 GHz, respectively while the lower transmission frequency
remains nearly the same.

Further, it can be observed from Figure 5.1(b) that between the two transmissions
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Figure 5.2: Simulated reflection and transmission coefficients of bandpass FSS with varying (a) {1 (in
mm), and (b) lp2 (in mm)

bands, within the frequency band of 3.8 to 7.5 GHz, the transmission coefficient dips
below -10 dB with the reflection coefficient close to 0 dB. Within this frequency range the

bandpass FSS can be utilized as a complete reflecting surface.

5.1.2 Broadband Absorber

The broadband absorber is a two-layer design consisting of the resistive and ground layers.
The broadband absorber is designed such that its absorption band exists within the two
transmission frequencies of the bandpass FSS studied in the previous subsection. Also,
the size of the unit cell of the broadband absorber is kept same as that of the bandpass
FSS. The unit cell schematic of the broadband absorber is shown in Figure 5.3, which is
a two-layer structure of resistive and ground layers, designed using a 0.8 mm thick FR-4
substrate (e, = 4.4, tand = 0.02) with an air spacer of height H separating the two layers.
The top layer consists of the resistive square loop having length [ and thickness w. The

lumped resistors with resistance R are mounted in between the gaps (gap-length = g) of



5.1. DESIGN AND ANALYSIS OF FSR

& ! N
' ™
/7?
— // P *g | ]
= - Lf !
™
H
Substrate
Metal
B Resistor

Figure 5.3: Unit cell schematic of the broadband absorber.

—&—H=8mm
—b—H=10mm

Reflection(dB)
& i

I —d— H=12mm
=0 —s—H=14mm
—f—H=16 mm
-40
2 4 & 8 10
Frequency(GHz)
(a)

-
=1

@ g
3 kcl
= €
= .20 | 2 20
8 8
= R =100 ochms
@ =
& —B—1i=14mm E —b— R=150 ohms
-30 —&— | =15 mm -30 —— R'=200 ohms
=—#—[= 16 mm -
| o 1547 Hon —#— R = 250 ohms
2 4 ] 8 10 0 2 4 L] 8
Frequency(GHz) Frequency(GHz)
(b) (c)

Figure 5.4: Reflection coefficient of broadband absorber with varying (a) H, (b) [, and (¢) R

90

the metallic square loop. The simulated reflection coefficients of the broadband absorber

with respect to various parameters viz. H, [, R are provided in Figure 5.4. The optimum

values of the various parameters are given as: R = 200 €2, p = 25,1 =15, w = 0.5, t =

0.8, H = 12 (All dimensions are in mm). For the optimum value of each parameter, the

structure achieves a broad absorption in the range of 3.3 GHz to 7.5 GHz, within which

the reflection coefficient is below -10 dB.
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Figure 5.5: Schematic of the proposed FSR.

5.1.3 Proposed FSR

The proposed FSR as shown in Figure 5.5 is designed by replacing the ground layer of
the broadband absorber by the Jerusalem shaped bandpass F'SS. The resultant structure
is analyzed to obtain the simulated transmission and reflection coefficient as provided in
Figure 5.6. The proposed FSR exhibits dual transmission bands having the center frequen-
cies at 2.1 and 8.8 GHz. At the lower transmission frequency of 2.1 GHz, the minimum
insertion loss of 1.4 dB is obtained within the -10 dB reflection bandwidth of around 443
MHz (1.972-2.415 GHz). At the higher transmission frequency of 8.8 GHz, the minimum
insertion loss of 1.5 dB is achieved within the -10 dB reflection bandwidth of around 496
MHz (8.579-9.075 GHz). In between the two transmission bands, a broad absorption is
achieved ranging from 3.6 to 7.4 GHz (69.09%), within which both the transmission and
reflection coefficients of the proposed FSR are below -10 dB. The corresponding absorption
curve of the proposed FSR is depicted in Figure 5.7.

The proposed FSR is analyzed for the different polarization angles of the incident
wave, as shown in Figure 5.8. The reflection and transmission coefficients of the proposed
FSR remains unchanged with respect to the polarization angles of the incident wave from

0° to 45°. Thus the proposed FSR exhibits the polarization-insensitive behavior.
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Figure 5.7: Absorption curve of the proposed FSR.

The response of the proposed FSR under oblique incidence for the TE polarized wave is
also studied. The reflection and transmission coefficients of the proposed FSR for various
angle of incidence from 0° to 40° are shown in Figure 5.9. It can be observed that by
increasing the incident angle, the insertion loss at the two transmission frequencies gets
increased. The increase of loss at the upper transmission frequency is more as compared
to the lower transmission frequency. Up to 40° of incident angle the insertion loss at the
upper transmission band remains within 3 dB and increasing the incident angle further

leads to the loss beyond 3 dB. Thus, the proposed FSR exhibits an acceptable performance
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Figure 5.9: Simulated reflection and transmission coefficients of the proposed FSR under different incident
angles for a TE polarized wave.

5.2 Equivalent Circuit Model

The working principle of the proposed FSR can be perceived by analyzing an equivalent
circuit model (ECM). The ECM of the proposed FSR as shown in Figure 5.10 is a two-
port network consisting of circuit models for the resistive and bandpass FSS layers. The

resistive square loop on the front layer is modelled using a series R — L; — C network.
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Figure 5.10: ECM of the proposed FSR.

The dual bandpass layer at the back is modelled using the series arrangement of parallel
Lp1—Cpy and Lpy—Cpy resonators. The air gap between the two layer is modelled using
a transmission line with characteristics impedance equal to the free space impedance
Zy. The substrate thickness is also modelled using a transmission line of length equal to
substrate thickness ¢ and characteristic impedance Zg, where Zg = Zy /\/€,. The input
and the output ports of the ECM are terminated with the free space impedances. The
overall ABCD parameters of the ECM can be obtained by the cascaded multiplication of

the individual ABCD parameters as shown in equation below.

A B 1 0 cos St jZgsin Gt
= X
¢ D 1/Z¢ 1 jsinft/Zyq  cosft
cos BoH  jZysin foH cos Bt jZysinft 1 0
X X
jsin BoH/Zy  cos BoH jsinft/Zy  cos it 1/7Zp 1

(5.1)

In equation (5.1), B = By/1i,€, represents the propagation constant of the dielectric
substrate (u, and €, are the relative permeability and relative permittivity of the dielectric
substrate), where (3 is the free space propagation constant. Zr and Zp represents the
equivalent impedances of the resistive and the bandpass FSS layers, respectively. The

resultant expression of Zr and Zp are given in the equations (5.2) and (5.3).

i 1
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Figure 5.11: Comparison of the reflection and transmission coefficients for the proposed FSR and its
corresponding ECM.

. wLpl WLP2
Ip = . 5.3
p= (1 — w2Lple1 + 1-— WQLP2CP2) ( )

The S-parameters are calculated from the ABCD parameters for obtaining the reflec-

tion (S1;) and transmission (Sy;) coefficients, using the conversion formula provided in

equations (5.4) and (5.5).

_ AYB/Zy—CZy—D

Su = AB/70+C20 D (5.4)
_ 2

So1 = I7EZ+CZTD (5.5)

The absorptivity is calculated from the S-parameter using the formula given in equation
(5.6).
A(w) =1—|Su> —|Su . (5.6)

The ECM of the proposed FSR is analyzed for the corresponding S-parameters using
the Keysight ADS simulator. The optimum values for each circuit element in the ECM
are provided as: R = 200 0, L, = 8.96 nH, C; = 0.11 pF, Lp; = 0.69 nH, Cp; = 0.49
pF, Lpy = 7.15nH, Cpy = 0.62 nH, Zy = 377 Q, Z; = 179.72 Q). The simulated reflection
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and transmission coefficients of the ECM along with the CST full-wave simulation of the
proposed FSR are shown in Figure 5.11. The simulated response of the ECM achieves
dual transmission bands at 2.1 and 8.9 GHz, along with the in-between absorption band

from 3.1 to 7.4 GHz, which are in close agreement with the response obtained for the

proposed FSR.

5.3 Effect of Parametric Variations on the Perfor-
mance of Proposed FSR

The proposed FSR exhibits dual-transmission characteristics with a broad absorption
band existing between the two transmission bands. The relative spacing between the
transmission and absorption bands can be tuned by the corresponding variation of the
bandpass FSS parameters. In order to study the effect of parametric variation on the
relative spacing between the transmission and absorption bands, transition ratios are

defined as given in equations (5.7) and (5.8).

TR, = % (5.7)
_Ju
TR, =7 (5.8)

In the above equations, T'R; and T'R,, denotes the transition ratios for the lower and
upper bands, respectively. Also, f; and f;, are the center frequencies of the lower and
upper transmission bands, respectively, while f, is the center frequency of the absorption
band.

Parametric studies are carried out on the proposed FSR to determine the range of the
transition ratios. The lower transmission band corresponds to the cross slot (length l;;) of
the Jerusalem cross based bandpass FSS while the upper transmission band is dependent
on the rectangular slots (length [,2) at the end of each cross slot. Thus, two parametric
analysis are carried out on the proposed FSR with respect to the values of l,; and [p.

Figure 5.12 shows the reflection and transmission coefficients of the FSR with respect
to the variation in the value of [;; from 25 mm to 20 mm, while keeping the other pa-
rameters fixed. For better understanding, the performance of FSR corresponding to each

value of [y; is presented in Table 5.1. It can be observed from Table 5.1, that for [
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Figure 5.12: Simulated response of the proposed FSR for varying l;; (in mm). (a) Reflection, and (b)
transmission coefficients.

equal to the unit cell dimension (25.0 mm), the lower transmission frequency f;; does not
exist. However, decreasing l,; from 24.9 mm to 20 mm, the value to f; increases from
1.71 to 2.85 GHz, respectively, while the absorption band (absorption > 80 %) and upper
transmission frequency fi, (Insertion loss < 2 dB) remains nearly the same with some
minor variations. It can also be observed that the increase in fy; leads to the increase
in the corresponding insertion loss and beyond f; = 2.61 GHz (for l;; = 21.5 mm), the
insertion loss exceeds 2 dB. Maintaining the insertion loss within 2 dB, f;; can be varied
from 1.71 to 2.61 GHz by decreasing l;; from 24.9 mm to 21.5 mm, respectively. Thus, the
minimum and maximum limits of f; with respect to the corresponding center frequency

of absorption (f,) are provided in equations (5.9) and (5.10).

Fut(miny = 1.71 GHz = 0.31f, (5.9)

ftl(max) =261GHz = O46fa (510)
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Figure 5.13: Simulated response of the proposed FSR for varying lp2 (in mm). (a) Reflection, and (b)
transmission coefficients.

Further, the reflection and transmission coefficients of the FSR for [, varying from 14
mm to 8.5 mm with other parameters constant are shown in Figure 5.13. The performance
of FSR for the different values of l; is arranged in Table 5.2. Decreasing the values
of Iy from 14 mm to 9.0 mm causes the upper transmission frequency f;, to increase
from 8.05 to 10.65 GHz, respectively, while the absorption band and lower transmission
frequency f; remains nearly the same with some minor variations. Beyond f;, = 10.65
GHz, reflection coefficient increases above -10 dB, making the transmission insignificant.
Therefore, maintaining the insertion loss within 2 dB, f;, can be varied from 8.62 to 10.65
GHz by decreasing [, from 12.5 to 9.0 mm, respectively.

The minimum and maximum limit of f;, with respect to corresponding center fre-

quency of absorption (f,) are mentioned in equations (5.11) and (5.12).

fru(min)y = 8.62 GHz = 1.56f, (5.11)
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Table 5.1: Performance parameters of the FSR with varying [y, .

lpy (mm) |fy (GHz) [Minimum [.L|{Absorption | fy, (GHz) | Minimum |7, Try
in fy band |/ (fa) LL in f,

(GHz) band

25.0 - Nil- -Nil- 3.43-7.45 /|8.74 1.67 dB |- 1.60
(5.44)

24.9 1.71 0.93 dB 3.56-7.36 /|8.79 1.50dB |0.31 1.60
(5.46)

24.5 1.98 1.25 dB 3.61-7.49 /|8.81 1.66 dB |0.35 1.58
(5.55)

24.0 2.16 1.45 dB 3.67-7.47 /|8.85 1.57dB |0.38 1.58
(5.57)

23.5 2.29 1.61 dB 3.68-7.55 /|8.85 1.76 dB {0.40 1.57
(5.61)

23.0 2.38 1.70 dB 3.72-7.55 /|8.85 1.76 dB |0.42 1.57
(5.63)

22.5 2.47 1.78 dB 3.74-7.54 /|8.87 1.73dB (0.43 1.57
(5.64)

22.0 2.54 1.86 dB 3.75-7.54 /|8.88 1.72dB |0.45 1.57
(5.64)

21.5 2.61 1.93 dB 3.76-7.50 /|8.86 1.66 dB |0.46 1.57
(5.63)

21.0 2.71 2.06 dB 3.83-7.54 /|8.88 1.74 dB |0.47 1.56
(5.68)

20.5 2.79 2.15 dB 3.84-7.53 /|8.89 1.69 dB ]0.49 1.56
(5.68)

20.0 2.85 2.24 dB 3.86-7.53 /|8.90 1.66 dB |0.50 1.56
(5.69)

Note: fy is the center frequency of the lower transmission band; f, is the center frequency
of the broad absorption band; f;, is the center frequency of the upper transmission band;
I.L is the insertion loss at the transmission band.

Jtu(maz) = 10.65 GHz = 1.86f, (5.12)

The optimum range for the lower and upper transmission frequencies of the proposed
FSR with respect to absorption frequency are given in equations (5.13) and (5.14).

fu=0.31f, to 0.46f, (5.13)

fou = 1.56f, to 1.86f, (5.14)



5.4. EXPERIMENTAL VERIFICATION AND DISCUSSION 100

Table 5.2: Performance parameters of the FSR with varying [ps.

ly (mm) |fy (GHz) [Minimum [.L|Absorption | fy, (GHz) | Minimum |7, Try
in fy band |/ (fa) LL in f,

(GHz) band

14.0 2.02 1.30 3.47-6.82 /|8.05 2.61 0.39 1.56
(5.14)

13.5 2.06 1.34 3.54-7.01 /|8.20 2.20 0.37 1.50
(5.46)

13.0 2.09 1.38 3.59-7.22 /|8.41 2.06 0.39 1.59
(5.27)

12.5 2.14 1.40 3.67-7.33 /|8.62 1.57 0.38 1.56
(5.50)

12.0 2.16 1.45 3.67-7.47 /|8.85 1.57 0.38 1.58
(5.57)

11.5 2.19 1.52 3.68-7.57 /|9.09 1.48 0.38 1.61
(5.62)

11.0 2.23 1.53 3.72-7.56 /|9.36 1.33 0.39 1.65
(5.64)

10.5 2.29 1.57 3.78-7.51 /|9.62 1.22 0.40 1.70
(5.64)

10.0 2.35 1.62 3.83-7.55 /|9.95 1.27 0.41 1.74
(5.69)

9.5 2.40 1.67 3.88-7.55 /|10.35 1.63 0.42 1.81
(5.71)

9.0 2.45 1.72 3.92-7.53 /|10.65 1.52 0.42 1.86
(5.72)

8.5 2.47 1.78 3.94-7.65 /|- - 0.42 -
(5.79)

Note: fy is the center frequency of the lower transmission band; f, is the center frequency
of the broad absorption band; f;, is the center frequency of the upper transmission band;
I.L is the insertion loss at the transmission band.

5.4 Experimental Verification and Discussion

A prototype of the proposed FSR consisting of an array of 10 x 10 unit cells, for the
resistive and bandpass layers is fabricated. The photograph of the prototype with overall
dimension of 250 mm x 250 mm is shown in Figure 5.14. An Air gap of 12 mm between
the two layers is maintained using plastic spacer standoff (Figure 5.14(a). In the resistive
layer, chip resistors having 200 2 resistance from VISHAY (CRCW0603200RFKEA), are
mounted in between the gaps of metallic square ring as shown in Figure 5.14(b). The

measurement on the fabricated prototype is carried out using free space measurement
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(b) (c)

Figure 5.14: Photograph of the fabricated prototype. (a) Side view, (b) top, and (c) bottom layers.

Figure 5.15: Measurement setups for (a) reflection, and (b) transmission coefficients.

technique wherein a pair of standard gain horn antennas connected with the two ports

of a Keysight Vector Network Analyzer (N5224B) is used. The measurement setup for
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Table 5.3: Performance comparison of the proposed FSR
Reference|A/T  Loca-|Transmission |Absorption |Size Thickness|Polarization
tion band / I.LL  |band
[77] T-A 1.5 GHz/ 1.5/4.95-7.0 GHz|0.001A;* [0.0432\;, |Dual
dB (34.3%)
[98] A-T 10 GHz /[3-9 GHz (100]0.072A\;* [0.12\;  [Dual
0.2dB %)
[91] A-T-A 57 GHz /[2.60-5.25 0.054A;% [0.134)\; |Dual
0.48 dB GHz (67.51
%) and 6.05-
8.50 GHz
(33.67 %)
[99] A-T-A 6 GHz / 0.5(2.18-4.43 0.019A.% [0.078)\; |Insensitive
dB GHz (68.07
%) and 7.55-
9.98 GHz
(27.72 %)
[108] A-T-A-T 7.2 GHz/|4.02-6.27 0.029A;% [0.107A\; [Sensitive
2.30 dB and|GHz (43.73
13.05 GHz /|%) and 8.21-
1.69 dB 12.02  GHz
(37.66 %)
This T-A-T 2.1 GHz / 1.5(3.6-7.4 GHz 0.026).° [0.09\, Insensitive
Work dB and 8.8((69.09 %)
GHz /1.5 dB

Note: A is the absorption band; T is the transmission band; A, denotes the free space
wavelength corresponding to the lowest frequency of -10 dB reflection; I.L is the insertion
loss at the transmission band.

both transmission and reflection are depicted in Figure 5.15. In the reflection measure-
ment, a PEC sheet is used for the reference measurement which is then replaced by the
fabricated FSR prototype and the effective reflection coefficient is determined. For trans-
mission measurement, the reference case involves the direct path measurement between
the two horn antennas. The measured transmission and reflection coefficients obtained in
comparison with the simulated response is shown in Figure 5.16, where a close agreement
between the two is achieved, thereby validating the response of the proposed FSR.

A relative performance comparison of the proposed T-A-T FSR with the earlier
reported FSRs is presented in Table 5.3. The proposed FSR is a thin, polarization-
insensitive and exhibits dual transmission property as compared to the reported FSRs

[77., 198, 01}, 09, 108].
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Figure 5.16: Simulated and measured reflection and transmission coefficients of the proposed FSR.

5.5 Conclusion

In this chapter, a dual transmission and polarization-insensitive T-A-T type rasorber is
proposed. The design is realized by combining the square loop based broadband absorber
with the dual bandpass FSS such that a broad absorption (3.6 to 7.4 GHz) is achieved
between the two transmission bands (2.1 and 8.8 GHz). An ECM explains the working of
proposed FSR. A tunable range of transmission frequencies corresponding to the bandpass
FSS parameters is determined with respect to the center absorption frequency. A proto-
type consisting of 10 x 10 FSR unit cells is fabricated and the experimental validation of

the performance of the FSR is obtained.



Chapter 6

A-T-A FSR for Low RCS Radiating
System

In the previous two chapters, designs of A-T and T-A-T FSRs have been discussed.
However, for achieving low out-of-band RCS of radiating systems, the A-T-A type FSR
with transmission and two-sided absorption bands are more suitable. In this chapter, the
objective is to design a compact, polarization-insensitive A-T-A rasorber with a high Q-
factor in the transmission band for shielding and RCS reduction of a narrowband radiating
system. Further, as an application of shielding a narrow band radiator, the proposed high-
Q A-T-A FSR is used as radome on top of a patch antenna with an operating frequency
same as the rasorber’s transmission frequency. The co-design of the proposed A-T-A
FSR with the narrow band patch antenna experimentally verifies the RCS reduction in

out-of-band while maintaining the in-band characteristics.

6.1 Proposed A-T-A FSR

The FSR is commonly a two-layered design consisting of a resistive layer at the top while
the bandpass FSS forms the bottom layer of the structure. The resistive layer mounted
with the lossy components leads to the absorption of the incident electromagnetic (EM)
wave, whereas the bandpass layer provides the necessary transmission. For realizing the
FSR with A-T-A (absorption-transmission-absorption) response, the transmission band
associated with the bandpass F'SS must be located within the absorption band. However,

the insertion loss is much higher at the desired transmission band due to overlap with the

104
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absorption band. An additional resonator printed on the lossy layer provides the desired
transmission, thereby suppressing the absorption in that particular band.

The proposed FSR is printed on a 0.8 mm thick Rogers Kappa substrate (dielectric
constant (e,) of 4.3, loss tangent (tand) equal to 0.005, and the thickness of copper plating
equal to 35 pum). The steps involved in the design of the proposed FSR are summarized

below:

1. In the first step, a study on broadband absorber is carried out to achieve an absorp-

tion within a wide frequency range.
2. The bandpass FSS is studied for achieving the desired transmission frequency.
3. The bandpass FSS substitutes the ground layer of the broadband absorber.

4. An MF-shaped resonator with a high-Q factor is co-designed with the lossy layer,

which provides the resonant transmission at the desired frequency.

5. A further modification of the lossy layer improves the performance of the FSR at a

higher absorption band.

6.1.1 Design and Analysis

The unit cell geometry of the FSS based broadband absorber is shown in Figure 6.1,
involving a two-layered design of resistive and ground layers. As depicted in Figure 6.1(b),
the resistive layer consists of a printed metallic square loop attached by a rectangular strip
at the four sides. The lumped chip resistors having 20012 resistance are mounted within the
gap of the rectangular strips. The structure is analyzed using the CST microwave studio.
The resistive and the ground layers are placed at a distance of A\/4 (A corresponding to
the center frequency of the desired absorption band). As depicted in Figure 6.1(c), the
reflection coefficient is below -10 dB in the frequency band of 4.2 to 12.7 GHz. Thus, 90%
absorption can be obtained in the operating band of 4.2 to 12.7 GHz.

The bandpass FSS, as shown in Figure 6.2(a), is studied by etching a double-cross-slot
(DCS) within the metal-coated substrate. The simulated response, as shown in Figure
6.2(b) depicts a transmission band around 8.3 GHz. The metallic ground layer of the
broadband absorber is substituted with the bandpass FSS, as shown in Figure 6.3(a).
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Figure 6.1: (a) Perspective, (b) front view of the unit cell geometry, and (c) simulated reflection coefficient
of the broadband absorber. p = 15, w = 0.5, ws = 0.8, [, = 7.1, H=8 (all dimensions are in mm).

The response of the broadband absorber in combination with the bandpass FSS is shown
in Figure 6.3(b). It can be observed that the insertion loss at the transmission frequency
of bandpass FSS is quite high (more than 5 dB) which signifies a poor transmission. The
higher reflections greater than -10 dB, further leads to weak transmission. The higher
loss at the transmission frequency occurs due to overlapping with the absorption band in
which the mounted lossy elements contribute to the losses.

To mitigate the losses at the transmission frequency, an MF-shaped resonator with
higher transmission selectivity is added within the square loop resistive resonator, as
shown in Figure 6.4. A cross loop slot is etched within the MF-shaped resonator. The
shape and design of the resonator are appropriately chosen to achieve the desired trans-
mission pole within the absorption band. The resonance frequency of the MF-shaped
structure should coincide with the desired transmission frequency. The currents at the
resonance get concentrated along the slots of the MF-shaped resonator thereby preventing
the surface currents from flowing through the lumped components, thus reducing the as-
sociated losses. This can be explained by studying the surface current distribution at the

transmission frequency for the two cases, as shown in Figure 6.5. In the case of the resis-
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Figure 6.2: (a) Front view of unit cell geometry, and (b) simulated reflection/transmission coefficients of
the bandpass FSS. p = 15, [, = 12, w, = 0.6 (all dimensions are in mm).
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Figure 6.3: (a) Perspective view of the unit cell geometry, and (b) simulated reflection/transmission
coefficients of the square loop resistive layer in combination with the bandpass FSS layer. .

tive layer without the MF-shaped resonator at center, the surface currents at the required
transmission frequency are concentrated on the rectangular strip (Figure 6.5(a)), due to
which a dominating current passes through the lumped resistor causing significant losses.
However, as shown in Figure 6.5(b), by inserting the MF-shaped resonator, the resonating
currents at the transmission frequency get concentrated along the resonator slots. The
current through the lumped elements gets considerably reduced thereby decreasing the
associated ohmic losses.

To further understand the effect of the MF resonator, the simulation response for only
the front resistive layer with the MF resonator is provided in Figure 6.6. At the desired
resonant frequency of 8.3 GHz, the insertion loss is reduced, and a typical transmission is
realized.

In the proposed FSR, the MF resonator, which includes a resistive layer, is combined
with the bandpass FSS. The full-wave simulation results of the proposed FSR is shown in

Figure 6.7. A transmission notch is achieved at 8.4 GHz within a broad absorption band.
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Figure 6.4: Front view of the unit cell with MF shaped resonator. p = 15, w = 0.5, ws = 0.8, I = 7.1,
wy = 0.3, wy = 0.3, l. = 5.8, w3 = 0.6, wy = 0.2, d = 1.6 (all dimensions are in mm).
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Figure 6.5: The surface current distribution of the resistive layer at 8.3 GHz, (a) without, and (b) with
MF resonator.

However, as noticed in Figure 6.7, the reflection coefficient in the upper absorption
band is slightly above -10 dB, due to which the absorptivity gets degraded at the upper
absorption band. Further, in the proposed FSR design, the metallic square loop printed
on the resistive layer is diagonally trimmed at its four corners, as depicted in Figure 6.8.
The effect of this corner trimmed square loop can be observed in Figure 6.9, wherein the
reflection coefficient at the upper absorption band is reduced below -10 dB. As such, the
absorption performance in the upper band is improved by the corner trimming of the
front square loop.

The proposed A-T-A FSR achieves a transmission notch at 8.4 GHz, with the absorp-
tion bands on both sides. The 80% lower absorption bandwidth is from 3.4 to 7.5 GHz
(75.22%), while the upper absorption bandwidth ranges from 9.2 to 10.8 GHz (16%). The
minimum insertion loss achieved at the transmission frequency (8.45 GHz) is 0.7 dB. The

3 dB bandwidth at the transmission band ranges from 8.17 to 8.69 GHz. For the proposed
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Figure 6.6: Simulated coefficients for the front resistive layer only with MF resonator.
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Figure 6.7: Simulated transmission and reflection coefficients of the proposed FSR

FSR structure Q factor at the passband is 16.25. which is the measure of selectivity and
is quantitatively defined by the ratio of center frequency to bandwidth.

The proposed FSR is further analyzed with respect to various polarization angles of the
incident EM wave. The simulated response of the proposed FSR under different polariza-
tion angles is shown in Figure 6.10(a). It is observed that the corresponding transmission
and reflection coefficients remain unaltered in response to different polarization angles
of the incident EM wave. As such, the proposed FSR, in accordance with its four-fold
symmetry, exhibits a polarization-insensitive behavior.

The proposed FSR structure is also analyzed under the oblique incidence. Figure
6.10(b) depicts the response of the proposed FSR for the angle of incidence up to 40°.

The increase in incidence angle results in the decrease in absorptivity for the lower and



6.1. PROPOSED A-T-A FSR

Figure 6.8: Front view of the proposed FSR unit cell with corner trimmed square loop.
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Figure 6.9: Simulated response of the proposed FSR with corner trimmed square loop.
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upper absorption bands, while the effect on the transmission band is comparably less.

However, up to 40° of incidence angle, the absorption on the two sides of the transmission

band remains within the acceptable limit. Thus, the proposed FSR possesses angular

stability up to 40°.

6.1.2 Equivalent Circuit Model

The functioning of the proposed FSR is further analyzed based on the corresponding

equivalent circuit model (ECM). The FSR structure’s incident wave leads to the genera-

tion of surface currents. Due to these surface currents on the metallic designs, inductive

and capacitive effects get induced which can be modeled by the corresponding inductors

and capacitors, respectively. An ECM analogous to the proposed FSR is provided in
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Figure 6.10: Simulated transmission and reflection coefficients of the proposed FSR under various (a)
polarization, and (b) incidence angles.

Figure 6.11, in which the corresponding equivalent models of resistive layer, a dielectric
substrate, air gap, and bandpass layer have been cascaded.

The parallel R— )y circuit models the mounted lumped resistance and the correspond-
ing gap capacitance. Inductor L; models the inductance of the rectangular strip on the
two sides of the edge trimmed square loop resonator. The parallel Ly — Cy arrangement
is associated with the square loop-shaped metallic resonator. The MF-shaped resonator
consisting of cross-loop slot is modeled using the parallel combination of series L3 — C'3
and Ly — Cy. The inter capacitance between the square loop and MF-shaped resonator
is modeled using C4. The double cross-slot-shaped bandpass layer is modeled using a
parallel Lp — Cp circuit. The air gap maintained between the two layers is represented
using the transmission line model with free space characteristic impedance Z; and length

H. The thickness of the top and bottom dielectric layers can be characterized using a
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Figure 6.11: ECM corresponding to the proposed FSR, (R= 20082, Cy = 0.036085 pF, C; = 0.187 pF, L,
— 245 nH, Ly = 0.53 nH, Cy = 0.338 pF, L3 = 0.33 nH, Cs = 0.401 pF, L, = 1.085 nH, C; = 0.65 pF,
Lp=0.7nH,Cp =05pF, Z; =181 Q, t = 0.8 mm, Zy = 377 Q).

transmission line model with characteristic impedance Z; = Z;/,/€, and length equivalent
to the thickness of substrates (¢). The overall circuit is a two-port network matched to
the free space at both ports.

The ABCD parameters for the ECM can be calculated by the sequential multiplica-

tion of individual ABCD parameters corresponding to each layer given by the following

equation:
A B 1 0 cos St jZgsin Gt
= X
C D 1/Zy 1 jsinft/Zy  cosft
cos BoH  jZysin foH cos [t jZqsin Bt
X
jsin foH/Zy  cos BoH jsinft/Zq  cos 5t
1 0
(6.1)
1/Zp 1

where f3 represents the propagation constant calculated as § = o\/fir€, (1 and €, are
the relative permeability and permittivity of the dielectric substrate, respectively). The
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Figure 6.12: Simulated transmission and reflection coefficients of the ECM and full-wave simulation of

the proposed FSR.

Zr and Zp denoting the impedance of the top resistive layer and bottom bandpass FSS

are given by (6.2) and (6.3).

Zp

R L
1— w2R2(Cy2 I

ng (1 — w2L303)(1 — w2L4C’4)

1-— W2CQL2 B wC’g + wC'4 — w3L3,C'304 — w3L4C’304

jwL
Zp Jwlp

- 1— (,UQLPCP

wC, 11— 0‘2232(00)24r

} (62)

(6.3)

The S-parameters associated with the ECM are calculated from ABCD parameters

using the following conversion formula:

S o A—i—B/Zo—CZo—D
11 = A¥B/Zg+CZo+D
Soy —-—— 2
21 = A¥B/Zo+CZy+D"

(6.4)
(6.5)

The absorptivity A(w) can subsequently be calculated from S-parameters obtained in (4)

and (5) using (6).

A(w) =1- ’511‘2 - |821’2.

(6.6)

The ECM corresponding to the proposed FSR is analyzed in a Keysight ADS Simula-
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Figure 6.13: Photographs of the fabricated prototype of the proposed FSR: (a) top layer, (b) bottom
layer, and (c) side view.

tor. The simulated S-parameters of the ECM in comparison with the full-wave simulation
of the proposed FSR are provided in Figure 6.12. It can be observed that the simulated
reflection and transmission coefficients of ECM closely follow the A-T-A characteristics
of the proposed rasorber, with the center transmission frequency at 8.4 GHz having ab-
sorption bands on both sides. Thus, the working of the proposed FSR is explained by
studying the corresponding ECM.

6.2 Experimental Measurement of the proposed FSR
and Discussions

Experimental validation for the features of the proposed FSR is obtained by carrying out
measurements on the fabricated prototype of the proposed FSR. A prototype consisting of
17 x 17 units cells of the proposed FSR is fabricated using a 0.8 mm thick Rogers Kappa
substrate having a dielectric constant (e,) of 4.3, loss tangent (tand) equal to 0.005. The
photographs of the fabricated prototype having an overall dimension of 255 mm x 255
mm are provided in Fig 6.13. The resistive layer consisting of mounted chip resistors
(CRCWO0603200RFKEA from VISHAY ) having 200€2 resistance is provided in Figure
6.13(a). The bandpass FSS layer having DCS type etching is shown in Figure 6.13(b).
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6.2.

Table 6.1: Proposed A-T-A FSR in comparison with the recently reported A-T-A rasor-
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A= free space wavelength for the lowest absorption frequency, DNG
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Figure 6.14: Measured transmission and reflection coefficients of the fabricated 17 x 17 array of FSR
prototype compared with the simulated results.

The two-layer arrangement of the proposed FSR using the plastic spacers between the
resistive and bandpass layers is shown in Figure 6.13(c).

The free space measurements are carried out separately for C(3.95 to 5.85 GHz), J(5.85
to 8.20 GHz), and X(8.20 to 12.4 GHz) bands using the corresponding standard gain horn
antennas for each of the bands. The S-parameters are measured using the Keysight PNA
Network Analyzer N5224B. For the reflection measurement, the time domain application
of the PNA is utilized in which a single horn antenna measures the reflection coefficient of
the fabricated structure using the time gating technique. The reflection and transmission
coefficients are measured with their respective references. The metallic reflecting surface
is taken as a reference for the reflection measurements. In contrast, the measurement
corresponding to the direct path between the two horn antennas is considered a reference
for transmission. The measured transmission and reflection coefficients compared to the
simulated results are provided in Figure 6.14. A close agreement between the measured
and simulated results is observed, which experimentally validates the performance of the

proposed FSR.
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In Table 6.1, the performance of the proposed A-T-A FSR is compared with the
recently reported A-T-A FSRs in the literature. The novelty and performance of the
proposed FSR over the recently reported A-T-A FSRs are listed as follows:

1. The Q-factor at the transmission band, which quantitatively measures selectivity,
is higher in the proposed FSR among all the reported FSRs [91]—[96], [100]— [104],
[111]. The higher selectivity of the proposed FSR makes it the most suitable candi-
date for shielding and EMI reduction of the narrowband radiating systems over all

the reported FSRs.

2. The proposed structure provides better absorption bandwidth of 75.22% in the lower
band as compared to the FSR designs reported in [91], 93], [94], 95, 100, 10T, 102}, 111]

and 16% in the upper band over the design studied in [101].

3. The proposed FSR is a 2-layer structure which makes the proposed design less
complex as compared to the reported 4-layer [93], [96] [101], 102] and 3-layer [92] 103
104] FSR designs.

4. The unit cell size of the proposed FSR is more compact as compared to the reported

works [01], (93], 94], (95, (100}, (L0, [104].

5. The thickness of the proposed FSR is lesser than the reported FSRs [91], [92], 94] 96,
107, 103, [104].

6. The proposed FSR, as a radome, is experimentally verified for the RCS reduction
of the narrowband patch antenna (discussed in the next section), which emphasizes
the upper hand of the proposed work over the reported works [91]—[96], [100]—[104],
[111].

6.3 Low RCS Antenna Co-designed With proposed
FSR

This section discusses the proposed A-T-A rasorber integrated with a narrowband patch
antenna to realize a low out-of-band RCS radiating system. The patch antenna is de-

signed on a 0.762 mm thick Rogers Diclad substrate (¢, = 2.2, tand = 0.0009 ) such
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Front View of
Patch Antenna

Figure 6.15: Schematic of the FSR integrated patch antenna. D=18 mm.

that its operating frequency coincides with the transmission frequency of the proposed
FSR. The ground dimensions of the patch antenna are chosen to be 75 mm x 75 mm,
which corresponds to the dimension of a 5 x 5 array of the proposed FSR unit cell. The
schematic shown in Figure 6.15 represents the arrangement in which an array of 5 x 5
FSR unit cells is placed as a superstrate above the patch antenna at a distance close to
A/2 at the antenna’s operating frequency. A study on RCS, including the other antenna
parameters, is carried out for the FSR integrated antenna compared to the conventional
antenna. The fabricated prototype of the FSR integrated antenna is shown in Figure
6.16, which consists of an array of 5 x 5 unit cell of FSR placed as a superstrate over the
patch antenna.

The simulated and measured S7; of both conventional and FSR integrated antenna
along with the corresponding gains are shown in Figure 6.17. The operating frequency
for both the conventional and FSR integrated antennas lies around 8.4 GHz. The gain
of the FSR integrated antenna at 8.4 GHz is 6.072 dBi which is slightly lesser than that
of the conventional antenna (6.854 dBi). The simulated and measured radiation patterns
of conventional and FSR integrated antennas at 8.4 GHz in both xz and yz planes are

depicted in Figure 6.18. The FSR integrated radiation pattern remains nearly stable
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Figure 6.16: Fabricated prototype photograph of the FSR integrated patch antenna.
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Figure 6.17: (a) Reflection coefficient, and (b) gain of the patch antenna.

compared to the conventional antenna.

6.3.1 Mono-static RCS Measurement

The RCS measurements on the fabricated prototypes of both conventional and FSR. in-
tegrated antennas are carried out. In the case of mono-static RCS, the the transmitter
and the receiver are located at the same position. The time domain gating application of
the Keysight PNA Network Analyzer N5224B is utilized for the mono-static RCS mea-
surement. A single horn antenna acts as both the transmitter and receiver. The general
equation of the RCS is given by equation (6.7) [13§].

P. (47)°R* P
. (4nP’RY P

RCS — E'—GtGTA2 — Ft

(6.7)

where P, and P, are the received and transmitted powers, respectively. GG, and G; are the

gain of reflecting and transmitting antennas, respectively. R is the range to target, and
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(c) (d)

Figure 6.18: The radiation patterns of the patch antenna. (a) xz plane (without FSR). (b) xz plane (with
FSR). (c¢) yz plane (without FSR). (d) yz plane (with FSR)

A is the corresponding wavelength.

The mono-static RCS measurements of the FSR integrated antenna and conventional
antenna are carried out in reference to a standard square PEC (size is the same as the
cross-section of the ground plane of the antenna). The comparison of mono-static RCS
of the FSR co-designed with the antenna, and the conventional antenna is shown in
Figure 6.19. It can be observed that the mono-static RCS of the FSR integrated antenna
is reduced in the out-of-band frequencies as compared to the conventional antenna. In
contrast, the mono-static RCS remains the same around the antenna’s operating frequency
for both FSR co-designed with antenna and conventional antenna. In the lower band, the
maximum RCS reduction is 23 dB at 5.1 GHz, while in the upper band, the maximum
RCS reduction achieved is 10 dB at 10.9 GHz. The average RCS reduction of 11.92 dB
and 5.04 dB is achieved in the lower (4—7.5 GHz) and upper (9.2—10.8 GHz) frequency
bands, respectively, for the FSR co-integrated with the antenna.

6.3.2 Bi-static Measurement

In the case of bi-static RCS measurement, the receiving and the transmitting horn an-

tennas are placed at different locations. The setup for the measurement of bi-static RCS
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Figure 6.19: Monostatic RCS of the FSR integrated antenna compared to the conventional patch antenna.
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Figure 6.20: Schematic for the bistatic measurement setup.

is shown in Figure 6.20, where the transmitting horn antenna is kept stationary, and the
incident wave falls in the normal direction to the object under test (OUT), while the
receiving antenna is placed at a far-field distance R from the OUT. The receiving horn
antenna is moved in a circular path from 0° to 90° at 10° steps in either clockwise or
anticlockwise direction. The transmission coefficient at each step is measured using PNA.

The scattered field Fi.,(f, ¢) at each angle is defined by the following equation [139)]:

Esca(.fa ¢) = SQI,O(fv ¢) - SZl,FS(fa ¢) (68)

where S210 and Sy pg is the transmission coefficient between the transmitter and
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Figure 6.21: Normalized total bi-static RCS of the FSR integrated antenna with reference to the conven-
tional antenna.

receiver horn antennas for the object and free space, respectively. The normalized to-
tal radar cross-section RC'S; orm Of the FSR integrated antenna is determined by the
integration of scattered fields intensities as given by the eq. 9 [139]:

f ’Esca,FSRA(fv ¢)|2d¢
RC'S, norm —
" f ’Esca,CA(fa ¢) |2d¢

where Ey., psra and Es, ca are the scattered fields of the FSR integrated and con-

(6.9)

ventional antenna, respectively.

The RCSinorm of the FSR integrated antenna with respect to the conventional an-
tenna is shown in Figure 6.21. A significant reduction in the RCS;,orm of the FSR
co-designed with antenna is observed with respect to the conventional antenna. The min-
imum RCS; norm are obtained as 0.02 at 4.1 GHz and 0.15 at 10.4 GHz. It can be inferred
that 98% (at 4.1 GHz) and 85% (at 10.4 GHz) reduction in total bistatic RCS is achieved
for the proposed FSR co-designed antenna with respect to the conventional antenna. The
average bi-static RC'S; orm is observed as 0.23 and 0.40 in the lower (4—7.5 GHz) and
upper (9.2—10.8 GHz) absorption bands, respectively. Accordingly, the average total bi-
static RCS reduction of 77% and 60% are achieved in the lower and upper absorption
bands, respectively.

The performance comparison of the FSR integrated antenna provided with recently

reported radome based low RCS antennas is given in Table 6.2. The performance of the
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Table 6.2: Performance Comparison of the proposed FSR integrated antenna with the
recently reported radome type low RCS antennas
Ref. |Operating Size |Thick |No. Lumped |RCS  re- | Max. Average | Measured
Fre- of element |duction |mono- mono- average
quency layers |per unit | band static static total
cell RCS re-|RCS  re-|bi-static
duction |duction RCS  re-
duction
[130] |10 GHz |1.8X x|0.2\ 2 6 5.1-9.5 |20 dB - -
1.8A GHz and
13.2—-16.2
GHz
31 |5 GHz | 1.8\ x|0.225) |4 3 - - 11dB |-
1.8
[132] |10 GHz [2.2X x|0.8\ ) 12 6—18 11.8dB |— -
2.2\ GHz
[133] | 7.5 GHz |1.5A x|0.8X 4 8 5—5.33 |- - -
1.5\ GHz and
9—-134
GHz
[[34] |10 GHz |10.6X |05x |2 2 29-76 |20dB |- -
X GHz and
10.6 A 13.6—17.9
GHz
This {8.4 GHz |2.10)\ [0.7)\ 3 4 4-7.5 23 dB|11.92 dB|77%
Work x GHz at 5.1/(4-7.5 (4-17.5
2.10)\ and GHz GHz)/ |GHz)/
9.2-10.8 5.04 dB|60%
GHz (9.2-10.8/(9.2—10.8
GHz) GHz)

A= wavelength at the operating frequency of the antenna.

FSR integrated antenna can be enlisted as:

1. The proposed FSR integrated antenna has a more compact size than the reported

designs in [132], 134]. Furthermore, the proposed FSR is electrically thinner than

the structures studied in [132] [133].

2. The complexity of the proposed FSR integrated antenna is lesser than antennas

reported in [1311 [132] (in terms of lesser number of substrate layers dedicated) and

[130, 132, 133] (in terms of lesser lumped components employed per unit cell).

3. In contrast to the reported works [130]—[134], the average total bi-static RCS reduc-
tion (77% from 4-7.5 GHz and 60% from 9.2-10.8 GHz) is experimentally demon-
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strated for the proposed FSR integrated antenna with reference to the conventional

antenna.

6.4 Conclusion

This chapter presents a novel design technique for realizing an A-T-A type FSR using an
MF based resonator and exhibiting higher selectivity (Q = 16.25) at the passband. The
MF resonator with a cross-slot printed on the front side of the resistive layer provides
a transmission pole at the frequency corresponding to the transmission frequency of the
DCS based bandpass FSS, thus realizing a transmission window (at 8.4 GHz) within a
broad absorption band (3.4—10.8 GHz). An ECM corresponding to the proposed FSR
is analyzed for understanding the related working principle. A prototype with 17 x 17
proposed unit cells are fabricated, and the corresponding measurements provide the ex-
perimental validation of the proposed design. Further, the proposed FSR with a 5 x 5 unit
cell is integrated with a patch antenna as a superstrate to realize a low RCS system. The
FSR integrated antenna achieves an average mono-static RCS reduction of 11.92 dB and
5.04 dB in the lower (4—7.5 GHz) and upper (9.2—10.8 GHz) absorption bands, respec-
tively, while maintaining the other antenna parameters. Further, the average normalized
total RCS of 0.23 and 0.40 is achieved for the FSR integrated antenna with respect to the

conventional antenna in the lower and upper absorption bands, respectively.



Chapter 7

A-T-A-T FSR using Minkowski

Fractal Resonator

In the previous chapter, a novel design of A-T-A FSR based on the Minkowski Fractal
(MF) resonator has been proposed which provides higher selectivity at the transmission
band. However, a dual transmission FSR is required for the RCS and EMI interference re-
duction of a dual-band radiating system. In this chapter, a dual transmission FSR having
absorption-transmission-absorption-transmission (A-T-A-T) response has been proposed
by extending the investigation on the MF shaped resonator in realizing a dual-band trans-
mission. The proposed MF shaped resonator printed within the square loop lossy layer
provides dual transmission poles which in combination with cross slot shaped dual band-

pass FSS achieves two passbands in X and Ku bands within a broad absorption bands.

7.1 Design of Proposed Rasorber

The geometric description for the proposed dual transmissive rasorber is represented in
Figure 7.1. The proposed rasorber is a double-layered design comprising of top resistive
lossy layer and bottom bandpass layer separated by an air gap of H. Rogers Kappa having
thickness equal to 0.8 mm, dielectric constant €, of 4.3 and loss tangent of 0.005 is utilized
for the proposed design. In the top resistive layer (Figure 7.1(a)) the square loop resistor
loaded resonator is filled with a MF-shaped resonator. Within the MF-shaped resonator,
a cross-loop slot is incorporated. The bottom bandpass layer (Figure 7.1(b)) constitutes

of the cross-loop shaped slot located at center of the metal coated surface. Also, at the

125
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r

(c)

Figure 7.1: Schematic geometry of the proposed FSR unit cell. (a) Front resistive layer, (b) bandpass
FSS, and (c) perspective view of 3 x 3 unit cell. p = 10, w = 0.5, wy = 0.3, I = 4.6, wy = 0.2, we =
0.2, I, = 4.3, w3 = 0.5, wg = 0.2, d = 1.2, Iy = 6.1, Ly = 6.2, wpy = 0.8, wys = 0.4, wys = 0.4 (all
dimensions are in mm).

four corners of the bandpass FSS a quarter of the cross slot is etched. A perspective view
of a 3 x 3 proposed rasorber structure is represented in Figure 7.1(c).

The proposed design process for realization of the A-T-A-T FSR can be briefly sum-

marised from the following steps:
1. Study of the square loop shaped broadband absorber.
2. Study of the cross slot shaped dual transmissive bandpass FSS.

3. Study on the design of the proposed MF-shaped resonator co-designed with the re-
sistive layer for achieving two transmission poles corresponding to the dual bandpass

FSS

The broadband absorber is studied with resistive layer consisting of the metallic square

loop and lumped resistors mounted between the gaps of the metallic rectangular strips.
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Figure 7.2: Reflection of the square loop based broadband absorber.
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Figure 7.3: Transmission/reflection plots of the dual bandpass FSS.

The resistive layer separated with the ground layer at the distance of A\/4 achieves a
broadband absorption. The reflection plot of the broadband absorber is provided in
Figure 7.2, wherein the 90% absorption is achieved from 6.5 to 17.3 GHz.

For realizing two passbands, initially, a suitable design for dual-resonant bandpass FSS
is studied separately. The bandpass F'SS unit cell is realized by etching the cross-loop slot
within the center of the metal laminated substrate. Also at the four corners of the unit
cell, a quarter part of the cross slot is etched out. The associated simulated reflection
and transmission response are shown in Figure 7.3 where from two transmission bands
at 10.2 GHz and 15.2 GHz can be observed. The centered cross-loop slot leads to the
transmission at 10.2 GHz while the fraction of cross slots etched at the four corners of
the bandpass FSS corresponds to the upper transmission band at 15.2 GHz.

In order to attain the dual transmission bands within the broad absorption band,

the bottom metallic layer in the absorber is interchanged with the designed bandpass
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Figure 7.4: Transmission/reflection plots of the FSR without the MF-shaped resonator.
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Figure 7.5: Transmission and reflection plots of the resistive layer with MF-shaped resonator.

FSS. The bottom bandpass FSS works as the ground layer for the absorber outside the

transmission bands. However, as depicted from the transmission and reflection response

in Figure 7.4, the insertion loss and reflection coefficient at the two desired transmission

bands of 10.4 GHz and 15.2 GHz is quite high restricting the occurrence of desired trans-

mission band. This is due to the ohmic loss caused by the lossy components mounted

on resistive layer which prevents the realization of the two transmission bands at the

frequency corresponding with the dual resonance of the bandpass FSS.

For achieving the desired dual transmissions, an MF-shaped resonator is thoroughly
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Figure 7.6: Surface currents at the resistive layer at, (a) 10.4 GHz (without MF resonator), (b) 15.2 GHz
(without MF resonator), (c¢) 10.4 GHz (with MF resonator), (d) 15.2 GHz (with MF resonator).

studied and co-designed within the square loop resistive layer that realizes the transmission
poles at the desired passbands. This can be understood from the simulated reflection and
transmission plots of the single resistive top layer loaded with the MF-shaped resonator as
shown in Figure 7.5. It can be observed that by incorporating the MF-shaped resonator
with the resistive layer, the two transmission poles are achieved at around 10.4 GHz and
15.0 GHz. The addition of MF-shaped resonator in the resistive layer causes the resonance
at the two frequencies (10.4 and 15.0 GHz), thereby reducing the ohmic loss at those
particular frequencies. The working is further explained by analyzing the corresponding
surface current distributions at the two resonant frequencies. It can be observed that
currents on the top surface without MF-shaped resonator at the center are concentrated
along the square loop and the outer rectangular strips (Figures 7.6(a) and 7.6(b)) due
to which a significant amount of currents flows through the lumped lossy components,
thus leading to ohmic losses at those frequencies. Now, from Figures 7.6(c) and 7.6(d),
it can be observed that by the addition of MF resonator, the dominating currents gets
concentrated with the edge of the MF resonator slots, thus preventing the current to flow
through the lossy lumped components.

The transmission and reflection plots of the proposed MF-shaped based FSR are shown

in Figure 7.7 from which the A-T-A-T responses can be observed. The lower absorption



7.2. FABRICATION, MEASUREMENTS AND DISCUSSIONS 130

100

o
=
c
2 -
° 2
o e
= ]
[T} [+}
x \ 3
c e
R l g
@ \ g
= 1
c .35 - |
£ -35 Reflectl?n_ 1 3 {20
; = = =Transmission il :
40 [ weweeees Absorption |
-45 : : : |' : : 0
4 6 8 10 12 14 16 18
Frequency(GHz)

Figure 7.7: Transmission, reflection and absorption curves of the proposed MF resonator based A-T-A-T
FSR.

band (80% absorption) is obtained from 5.2 to 10.1 GHz (64.05%) while the upper ab-
sorption band is from 10.7 to 14.4 GHz (29.48%). The transmission windows are achieved
at 10.4 GHz and 15.2 GHz having the minimal insertion loss of 1.9 dB and 0.9 dB,
respectively.

The response associated with the proposed A-T-A-T rasorber is studied under varying
incident polarization angles. It can be depicted from Figure 7.8 that both reflection as
well as transmission plots of the proposed structure remain constant with the varying
incident polarization angles, thus leading to the polarization-independent behaviour of
the proposed rasorber design. Further, the FSR design is also examined with respect to
various oblique incidence. The plots in Figure 7.9 depict the responses of the proposed
structure for the varying incidence angle. It can be observed that with the increase in
incidence angle the lower absorption bandwidth gets reduced, while the upper absorption
band along with the two transmission bands are nearly maintained. Thus, with respect

to the lower absorption band, the angular stability up to 40° is achieved.

7.2 Fabrication, Measurements and Discussions

Prototype of the proposed rasorber consisting of 15 x 15 array of the proposed unit cell

are fabricated as shown in Figure 7.10. The top and the bottom layers fabricated on the
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Figure 7.8: Transmission/reflection plots of the proposed FSR for various incident polarization angles.
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Figure 7.9: Transmission/reflection plots of the proposed FSR associated with various angle of incidence.

Rogers kappa substrate (e, = 4.3, tand = 0.005) are separated at the distance of 5 mm
using the plastic spacers as shown from the photograph provided in Figure 7.10(a). On
the top layer lumped chip resistor (CRCW0603200RFKEA from VISHAY') with a value of
20012 are soldered within the gaps of rectangular strips (Figure 7.10(b)). The photograph
of the bandpass FSS layer consisting of cross slots is provided in Figure 7.10(c). The
fabricated structure with an overall dimension of 150 mm x 150 mm is loaded with 900
lumped chip resistors.

The fabricated prototype is analyzed using the free space measurement technique.
Three standard gain horn antennas dedicated for J (5.85—8.20 GHz), X (8.20—12.40 GHz)
and Ku (12.40—18.0 GHz) bands are sequentially used for carrying out the measurements
on the Keysight performance network analyzer N5224B. The photograph depicting the

measurement setup is shown in Figure 7.11. The reflection measurement is carried out
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(a)

(b)

Figure 7.10: Photographs of fabricated prototype depicting (a) perspective view, (b) top layer, and (b)
bottom layer.

(a) (b)

Figure 7.11: Setup for (a) reflection, and (b) transmission measurements.

using the time gating application of the PNA in which a single horn antenna measures
the required reflection coefficient (Figure 7.11(a)). For the transmission measurement,
the structure is placed between the two horn antennas connected with the two ports of
the PNA (Figure 7.11(b)).

The measured transmission and reflection coefficients of the fabricated structure in
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Figure 7.12: Measured reflection and transmission coefficients along with simulated responses.

comparison with the simulated results are shown in Figure 7.12. The acceptable resem-
blance between the measured and simulated results experimentally validates the working
of the proposed A-T-A-T FSR. A slight discrepancy in the measured results is due to
imperfect soldering and the limited size of the prototype.

A comparative performance analysis of the proposed FSR with the earlier reported
A-T-A-T rasorbers is provided in Table 7.1. The performance exhibited by the proposed
MF-shaped based FSR over the reported A-T-A-T rasorbers are summarized as:

1. The proposed FSR provides 64.05% lower absorption bandwidth which is wider than
FSR reported in [108]—[109], and the upper absorption bandwidth is 29.48%, wider
than [109]—[110].

2. The proposed design is thinner than the designs studied in [108]—[I10] and compact

than [110].

3. The proposed FSR has a symmetric design or polarization-independent as compared

with design reported in [108].

4. The angular stablity up to 40° is achieved which is higher than the reported struc-

tures in [108]—[110].
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Table 7.1: Comparative analysis of the proposed rasorber with the reported A-T-A-T

FSRs
Ref. | Passbands | Lower Upper Thicknesg Unit Cell | Polarization Angular
(I.L) absorp- absorp- Size Stabil-
tion B.W | tion B.W ity
(GHz) (GHz)
[108] | 7.2 GHz | 4.02—6.27 | 8.21-12.02| 8 mm |9 mm x | Single 20°
(2.3 dB)/ | (43.73%) (37.66%) (0.107X) | 18 mm
13.05 GHz (0.028)2)
(1.69 dB)
[109] | 6.1 GHz | 3.3—4.97 | 7.42-9.03 |9 mm |8 mm | Dual 30°
(0.06 dB)/ | (40.38%) (19.57%) (0.09A) | hexagon
10.1 GHz (0.020)?)
0.2 dB)
[110] | 8 GHz | 4.5-7.3 8.5—11 7 mm | 15 mm x | Dual 30°
(0.39 (47.45%) (25.64%) (0.105A) | 15 mm
dB)/ 11.9 (0.05)2)
GHz (0.64
dB)
This | 10.4 GHz | 5.2—10.1 10.7-14.4 | 5 mm | 10 mm x | Insensitive | 40°
Workl (1.9 dB)/ | (64.05%) (29.48%) (0.08\) | 10 mm
15.2 GHz (0.02972)
(0.9 dB)

A calculated at lowest frequency of absorption.

7.3 Conclusion

In this chapter, a rasorber with A-T-A-T response is proposed having dual transmission

and dual absorption bands. An MF-shaped resonator exhibiting dual transmission poles

is studied and incorporated within the resistive layer of the broadband absorber which in

combination with the bottom dual bandpass FSS realizes dual transmission band within

the broad absorption band. The proposed rasorber attains two passbands at 10.4 and
15.2 GHz with the two absorption bands from 5.2 to 10 GHz and 10.7 to 14.4 GHz. Mea-

surements carried on the fabricated 15 x 15 rasorber prototype experimentally validates

the design.



Chapter 8

Low RCS Crossed Dipole Antenna
Co-Designed with AFSR Structure

In chapters 2 to 7, designs for various categories of FSRs have been discussed. The
FSR also known as AFST (absorptive frequency selective transmission) structure exhibits
transmission band along with the absorption band and can be integrated as a radome
for RCS reduction of a radiating system. The other way of achieving a low RCS ra-
diating system is the use of a band-notched absorber also known as AFSR (absorptive
frequency selective reflection) structure as a ground plane. The objective of this chapter
is to study the integration strategy of a dual-polarized crossed dipole antenna with a
polarization-insensitive AFSR structure for achieving RCS reduction. At first, a compact
and polarization-insensitive AFSR structure is proposed by incorporating a bandstop ring
resonator within a circular-cross shaped broadband absorber. A dual-polarized crossed
dipole antenna is integrated with the AFSR structure in a novel and proficient manner
such that the AFSR structure acts as a reflector at the antenna’s operating frequency.
The antenna integrated with the AFSR structure achieves the RCS reduction for both
the TE and TM polarization of the incident wave in comparison with the conventional

reflector back antenna.
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Figure 8.1: AFSR unit cell geometry, (a) perspective view, (b) front side, and (c) back side of top resistive
layer. Dimensions (in mm): p = 15, r. = 2.2, w. = 1, r, = 3.2,w; = 0.8, wp = 0.6, ] = 4.3, and H = 8.

8.1 AFSR Structure

8.1.1 Design and Analysis

The geometrical discription of the proposed unit cell for the ASFR structure is depicted
in Figure 8.1, which is basically a two-layered combination comprising of resistive layer
at top and ground layer at bottom and separated by distance H (Figure 8.1(a)). The
design is printed on a 0.8 mm thick FR-4 substrate. The resistive layer comprises of
a circular-cross shaped resonator on the front side in which the lumped chip resistors
having resistance of 200 2 are mounted within the four gaps of the rectangular strip
(Figure 8.1(b)). On the backside of the resistive layer a metallic circular ring resonator is
printed. The CST Microwave studio is used for analyzing the structure.

The resistive layer with circular-cross resonator and lumped chip resistors placed from
the ground layer at a distance of \/4 provides a broadband absorption for the incident
EM wave as shown in Figure 8.2 and having 90% absorption bandwidth from 4.7 to 10.7
GHz. For obtaining a reflection notch in middle of the absorption band a metallic circular
ring is printed on the backside of the resistive layer. This circular ring resonator acts as a

bandstop FSS at the desired reflection notch of 8.2 GHz. It can be observed from Figure
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Figure 8.2: Simulated reflection coefficients of the AFSR structure and the broadband absorber.
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Figure 8.3: ECM of the proposed AFSR structure (R = 20012, Cyp = 0.051 pF, Ly = 2.45 nH, C; = 0.0011
pF, L1 = 3.185 nH, C5 = 0.1 {F, L, = 39.305 nH, C5 = 0.0091 pF, Z; = 181 Q, t = 0.8 mm, Z, = 377
Q).

8.2 that due to insertion of ring resonator at the back side of resistive layer the broad
absorption band gets bifurcated into two absorption bands from 4.2 to 7.0 GHz and 9.2
to 11.5 GHz with a notch shaped reflection band at the center frequency of 8.2 GHz.
For understanding the working related to the proposed AFSR structure, a correspond-
ing equivalent circuit model (ECM) is designed as shown in Figure 8.3. The ECM is a
one-port network in which the corresponding models of front and back side resonators of
the resistive layers are cascaded. For the circular-cross resonator at the front side, the

lumped resistor and the associated gap capacitance is modelled by the parallel R —
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Figure 8.4: ECM response in comparison with the CST results. (a) Broadband absorber, and (b) AFSR
structure.

combination. The inductance of the rectangular strip is modelled by inductor Ly while
the parallel L; —C} models the circular ring. At the backside of resistive layer, the circular
ring is modelled by the parallel Ly — Cy while the inter-capacitance is represented by Cj.
The thickness of the substrate is modelled by a transmission line having the characteristic
impedance Zq = Zy/+/€ (Zy denotes the impedance in free space) and length equivalent
to the substrate thickness (¢). The transmission line having characteristic impedance Z,
and thickness H also models the air-gap between the resistive layer and the ground.

The Keysight ADS solver is used for analyzing the ECM of the proposed AFSR struc-
ture. The simulated reflection coefficient of the ECM compared with the full wave CST
simulation is shown in Figure 8.4. The response of the ECM without the backside ring
resonator model is shown in Figure 8.4(a), in which a broadband absorption is observed
in close resemblence with the full wave simulation of the broadband absorber. The reflec-
tion of the ECM for AFSR is shown in Figure 8.4(b) in which the reflection notch at the
center is achieved by the addition of corresponding model of the backside ring resonator.
The close concurrence between the ECM and CST responses explains the working of the
AFSR design.

The proposed AFSR structure is analyzed in response to multiple polarization an-
gles associated with the incident EM wave as depicted in Figure 8.5(a). The consistent
response of the design under various polarization angles determines the polarization-
insensitive behavior of the AFSR structure. Furthermore, the AFSR structure is also
analyzed corresponding to the oblique angle of incidence up to 50°. The angular stabil-
ity for the proposed structure exists up to 30° beyond which the absorption bands gets
degraded.
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Figure 8.5: Simulated responses of the proposed AFSR structure with respect to different (a) polarization,
and (b) incidence angle.

8.1.2 Fabrication and Measurements

For obtaining the experimental validation of the AFSR structure, a prototype consisting
of 21 x 21 proposed unit cells are fabricated using a 0.8 mm thick FR-4 substrate (¢, =
4.4, tand = 0.02). The photograph of the fabricated prototype having overall size of
315 mm x 315 mm is given in Figure 8.6. Lumped chip resistors with 200 €2 resistance
(CRCWO0603200RFKEA from VISHAY ) are soldered within the gaps of the circular-cross
resonators (Figure 8.6(a)). The metallic ring resonators are printed on the backside of the
top resistive layer (Figure 8.6(b)). The resistive substrate is separated from the ground
layer using a plastic spacers as presented in Figure 8.6(c).

The reflection measurements on the fabricated prototype is carried in an anechoic
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(c)

Figure 8.6: Photograph of the fabricated AFSR prototype. (a) Front, and (b) back side of the top layer.
(c) Side view.

chamber using the free space technique with standard gain horn antennas of C, J and X
bands in connection with the Keysight PNA N5224B. The measured reflection coefficient
of the fabricated prototype in comparison with the simulated response is shown in Figure
8.7(a). The close resemblance achieved between the experimental and simulated responses
validates the proposed design experimentally. Further, the polarization-independence of
the proposed structure is also experimentally validated by measuring the response at
various polarization angles as shown in Figure 8.7(b). The response of the proposed
structure is measured under oblique incidence (Figure 8.7(c)) and the angular stability is
experimentally validated up to 30°, beyond which the absorptivity in the two bands gets
degraded.

8.2 Low RCS Crossed dipole antenna

The design for the dual-polarized low RCS antenna utilizing the AFSR structure is pro-
posed in this section. The AFSR structure exhibiting polarization-insensitive behavior is
co-designed with the dual-polarized crossed dipole antenna. The crossed dipole antenna is
designed having operating frequency around 8.2 GHz which corresponds to the reflection

band associated with the proposed AFSR structure. A microstrip to broadside coupled
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Figure 8.7: Measured reflection coefficients for the proposed AFSR structure (a) in comparison with the
simulated result, (b) under different polarization, and (c) oblique incidence.

stripline transition feeds the crossed dipole [140] . The reference structure consists of a
crossed dipole backed by a metallic reflector as shown in Figure 8.8(a). The dimension
of the reflecting surface is taken to be equal with the size of 6 x 6 AFSR unit cell arrray
(90 mm x 90 mm). In the design for AFSR integrated antenna, an array comprising of
6 x 6 unit cell is taken. On the resistive layer, a square portion with size of the order of
the feed substrate is truncated at the center. The crossed dipole connected with the feed
substrate as shown in Figure 8.8(b), is inserted within this square portion and connected
with the ground layer of the AFSR structure. In other words the grounded reflector of the
antenna is modified with the 6 x 6 AFSR structure. The photographs showing the fab-
ricated prototypes for the crossed dipole antenna with both metallic reflector and AFSR
structure are depicted in Figure 8.9.

The simulated and measured reflection coefficients (S1;) of the crossed dipole antenna

with both reflector and AFSR structure are shown in Figure 8.10. The reflection of less
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Figure 8.8: Schematic representation of the crossed dipole antenna with (a) reflector, and (b) AFSR
structure.

Crossed Dipole
Antenna

(b)

Figure 8.9: Photographs of the fabricated prototype of the crossed dipole antenna with (a) reflector, (b)
truncated 6 x 6 structure and (c) final AFSR structure.

than -10 dB is observed at the operating frequency of 8.2 GHz for both the cases of
reflector and ASFR backed antenna. At 8.2 GHz the gain of 5.52 dBi is observed for
the AFSR backed antenna which is slightly less than the gain corresponding to reflector

backed antenna (6.35 dBi). The simulated and measured radiation patterns of the crossed
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Figure 8.10: Reflection coeflicient of the crossed dipole antenna.
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Figure 8.11: (Radiation pattern of the crossed dipole antenna at 8.2 GHz. (a) xz plane (with reflector).
(b) xz plane (with AFSR). (c) yz plane (with reflector). (d) yz plane (with AFSR).

dipole antenna with both the reflector and AFSR backing in both the xz and yz planes
are given in Figure 8.11. It can be examined that the radiation pattern of the AFSR

backed antenna is nearly similar as compare to the reflector backed antenna.
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8.2.1 Mono-static RCS Measurement

The radar cross section measurements are carried out for the fabricated structures in-
volving both the reflector and AFSR backed crossed dipole antennas. The Keysight PNA
N5224B featured with time domain gating application is employed for the mono-static
RCS measurement using the same standard gain horn antenna for both transmitter and

receiver. The RCS is defined from the general equation by (8.1).

P, (47)*R* P
r Un)'R B (8.1)

RCS =2 2100
P, G,G\ P,

The terms P, and P, in (8.1) denote the received and transmitted powers, respectively.
The gains associated with reflecting and transmitting antennas are represented by G,
and Gy, respectively. The range to target is given by R, whereas A\ gives the associated
wavelength.

The mono-static RCS is measured in reference to a standard square PEC having same
size as that of the grounded dimensions associated with antenna. The comparitive mono-
static RCS of the metallic reflector and AFSR backed crossed dipole antenna for the TE
and TM incident waves are shown in Figure 8.12. It is observable that as compared with
the reflector backed antenna, the AFSR integrated antenna achieves a low RCS with the
maximum reduction of 27.52 dB (at 10.6 GHz) and 38.01 dB (10.6 GHz) for the TE and
TM incidence, respectively. The AFSR integrated antenna achieves an average reduction
of 12.51 dB and 12.62 dB for the TE and TM incident waves, within the frequency band
extending from 4.2 to 11.5 GHz, respectively as compared to the conventional metallic

reflector backed antenna.

8.2.2 Bi-static Measurement

The bi-static RCS measurement involves the transmitter and receiver test antennas placed
at different locations. In the bi-static measurement, as depicted by Figure 6.20 in chapter
6, the transmitting antenna is normal to the structure while the receiving horn antenna
is moved from 0° to 90° along the circular path at 10° steps in either anticlockwise or
clockwise direction. The FEy.(f,¢) denoting the scattered field for each step angle is
defined by (8.2) [139].
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Table 8.1: Comparative performance of the proposed AFSR integrated antenna with the
recently reported Low RCS antennas

Ref. | Antenna Structure | Operating Size | Lumped | 10 dB mono- | Average Average
Fre- Ele- static RCS | Mono- Total  Bi-
quency ments | bandwidth |static RCS |static RCS

in  the reduction |reduction
struc-
ture
[128] |Dipole + AFSR  |8.7 GHz |3.65\ |200 26% (Lower) | NA NA
X and 16.7%
3.65A (upper)
[129] |Monopole/Dipole |5.5 GHz |2.56\ |196 64.7% NA NA
+ 3D AFSR X (Lower)
1.54\ and  42.4%
(upper)
[130] |Patch array an-|10 GHz |7.2) x|96 60.3% NA NA
tenna + AFST 7.2) (Lower)
and  20.4%
(upper)
[134] |Patch antenna |10 GHz |10.66A|512 90% (Lower) | NA NA
+ Absorp- X and  27.6%
tive/Diffusive 10.66A (upper)
FSR
[133] |Patch antenna -+ |7.5 GHz |1.5\ x|128 6.9% NA NA
ASFT 1.5\ (Lower)
and  39.3%
(upper)
[135] |[Slot array antenna |6.15 GHz|1.96A |192 87.2% NA NA
+ 3D AFST X (Lower)
1.96 and  45.8%
(upper)
[136] |Cross-shaped Vi-|1.8—6 0.58\ |NA NA 4.3 dB|NA
valdi antenna GHz X (TE) and 5
0.58) dB (TM)
This |Crossed dipole|8.2 GHz|2.46) |144 38.59% 12.51 dB|80 % (TE
Work |+ AFSR x (Lower- (TE) and|and TM)
2.46)\ TE)/42.9%12.62 dB
(Lower- (TM)
TM) and
30.75%
(upper-
TE), 27%
(Upper-
TM)

A= wavelength at the operating frequency of antenna.
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Figure 8.12: Mono-static RCS of the AFSR integrated antenna in comparison with the conventional
reflector based antenna for (a) TE, and (b) TM incident wave.

Esca(fa ¢) = S21,O(f7 ¢) - S21,F5(f7 ¢) (82)

where the transmission coefficients between the two horn antennas corresponding to
the object and free space are represented by S21 o and S, rg, respectively. The normalized
total radar cross section RC'S; ,orm Of the AFSR integrated antenna is calculated by the
integrating scattered fields intensities as given in (8.3) [139]:

f |Esca,AFSRA(f7 ¢)‘2d¢
ROSt norm —
7 f |Esca,RA(f7 ¢)|2d¢

where Egeq arsra and Egqq pa are the scattered fields of the AFSR based and conven-

(8.3)

tional reflector antennas, respectively.
The measured RC'S} yorm for the AFSR combined crossed dipole antenna in reference

with the metal reflector based antenna is provided in Figure 8.13. It is noticed that with
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Figure 8.13: Normalised total bi-static RCS of the AFSR integrated antenna with reference to the
conventional reflector based antenna for (a) TE, and (b) TM incident wave.

respect to the reflector based antenna, the AFSR structure based crossed dipole antenna
achieves a significant reduction in the normalized total RCS. In the entire operating
frequency band of 4.2 to 11.5 GHz, the average value of normalized RCS obtained is
around 0.197 and 0.198 for the TE and TM incident wave, respectively which signifies a
total RCS reduction of around 80.24% for both the TE and TM incidence, relative to the
conventional reflector based crossed dipole antenna.

Table 8.1 presents the proposed AFSR integrated crossed dipole antenna with the
other low RCS antennas reported in the literature. The proposed study presents the RCS
reduction of dual-polarized crossed dipole antenna for the first time in comparison with
the single polarization antennas reported [128]—[I36]. The proposed design is compact
in comparison with reported work in [128, 130, 134]. Further, the design complexity of
the proposed structure is less than [128 [129 [134], [135], in terms of lesser quantity of
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lumped components utilized. Also, the -10 dB RCS reduction bandwidth of the proposed
design is more than [128| [133] in the lower band while the RCS reduction bandwidth for
the upper band is higher than the work reported in [128, 130, 134]. The average RCS
reduction achieved in the proposed design significantly higher in comparison with the
reported work [I36]. The proposed study achieves the RCS reduction using a 2D AFSR
structure in comparison with the 3D FSS structures used in [129] 135]. Furthermore, in
contrast to the reported works [128]—[136], the scattered fields for the AFSR integrated
antenna are measured in the proposed work at various angles and an average bi-static
total RCS reduction of around 80% is experimentally demonstrated for both the TE and

TM incident wave.

8.3 Conclusion

In this chapter, an RCS reduction technique is presented by studying an integration
strategy of the antenna with the AFSR structure. First, an AFSR structure exhibiting a
reflection notch (at 8.2 GHz) between the wide absorbing bands (4.2 to 7.0 GHz and 9.2 to
11.5 GHz) is designed by imprinting a bandstop ring shaped resonator on the back of the
top resistive substrate. The crossed dipole antenna designed at the frequency concurrent
with the reflecting notch of proposed AFSR structure, is adjusted within a small truncated
area at the middle of the AFSR structure with 6 x 6 proposed unit cell array. An average
mono-static RCS reduction of 12.51 dB and 12.62 dB is acheived for the TE and TM
incidence, respectively in the operating frequency band (4.2—11.5 GHz) for the AFSR
based antenna compared with the conventional reflector counterpart. Furthermore, an
average total bi-static RCS reduction of around 80% is experimentally demonstrated in

reference to the conventional reflector backed antenna.



Chapter 9

Conclusion and Future Scope

9.1 Summary of Research

In this thesis, studies for designing various categories of FSRs have been carried out. The
thesis starts from the design of single-layer narrow band rasorbers including multi-band
conformal rasorbers. Further various broadband FSRs have been proposed in the thesis
which includes rasorbers with A-T, T-A-T, A-T-A, and A-T-A-T behavior. The proposed
A-T-A FSR in the thesis is experimentally verified for the RCS reduction of a narrowband
patch antenna. The last part of thesis proposes an AFSR structure and integrates as a
ground with the crossed dipole antenna for realizing the low RCS radiating system.
Initially, a single-layer FSS based T-A-T rasorber is proposed in the thesis. The
rasorber is designed by printing a split-ring resonant structure and a dual bandpass FSS
on the front and back of a 0.8 mm thick FR-4 dielectric substrate. The dual bandpass
FSS comprising of concentric circular ring slots at the back, achieves two transmission
bands at 3.1 and 8.4 GHz. At centre frequency of around 6.2 GHz, the dual bandpass
FSS offers high reflection acting as a perfect reflecting surface. A split-ring resonator
printed at the front achieves the absorption at 6.2 GHz for which the bandpass FSS acts
as a reflecting ground surface. The working principle is illustrated by studying an ECM.
The proposed rasorber possesses the feature of being thin single layer structure along
with polarisation-insensitive behaviour due its four-fold symmetric design. A study has
been carried out to determine the possible range of lower and upper transmission bands,

keeping the absorption frequency (f,) fixed at 6.2 GHz. It has been noted that judicious
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choice of the parameters of concentric ring etched in the ground plane, can enable tuning
of lower transmission band from 0.45f, to 0.72f, and upper transmission band from
1.35f, to 1.69f,. Thus the proposed design method help us to tune the relative spacing
between absorption and lower /upper transmission band. Further, the results obtained in
the simulations have been experimentally verified by carrying out measurements on the
fabricated prototype of 21 x 21 rasorber unit cells. A good agreement is achieved between
the simulated and measured results.

An ultra-thin, polarization-insensitive flexible (A-T-T-A/A-T-A-T-A)rasorbers with
dual transmission and dual/triple absorption bands are designed on a 0.254 mm thick
single layer substrate. The design for dual bandpass FSS is studied and combined with
dual-band resonant absorber in such a way that at the absorption frequencies the band-
pass F'SS possess maximum possible reflection, thus realizing a 2T2A rasorber where the
two resonant absorption (f,; = 6.4 GHz and f,, = 14.7 GHz) are located on the two sides
of dual transmission bands (f; = 9.6 GHz and f;, = 13.4 GHz). Further, the structure is
modified to 2T3A rasorber in which an additional resonant absorption (fu, = 11.1 GHz)
is obtained in between the two transmission bands. Parametric studies are carried out on
the proposed rasorbers for determining the range within which each absorption frequency
can be varied in the proposed design by the judicious selection of the corresponding de-
sign parameter which controls it. Keeping other performance parameters constant the
lower and upper absorption frequency in the 2T2A rasorber can be varied from 4.61 to
6.94 GHz and 14.51 to 15.07 GHz, respectively. In 2T3A rasorber, the middle absorption
frequency can be tuned from 10.37 to 12.30 GHz while maintaining the other perfor-
mance parameters. The working of proposed rasorbers is analysed using an ECM. The
results are experimentally verified by carrying out measurements on the fabricated pro-
totype consisting of 17 x 25 unit cell for each of the dual and triple absorptive rasorbers.
Furthermore, the conformal property of the proposed rasorbers is experimentally verified
by carrying out measurements on the curved prototypes with multiple curvature angles.
The proposed ultra-thin flexible rasorbers with absorptions and transmissions in multiple
bands, along with conformal behavior can be useful in various potential applications like
radar technology and EM shielding.

In the next part, this thesis presents the works on various broadband FSRs. A design

technique of a FSR having wide band absorption and a higher transmission band (A-T)
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is studied. The FSR structure is a two-layer design consisting of resistive and bandpass
layers. Increased bandwidth and reduced insertion loss are achieved at the higher trans-
mission band by modifying the design of the bandpass FSS layer from DCS to MDCS.
The proposed FSR achieves a broad absorption band ranging from 3.1 to 8.7 GHz with
absorptivity greater than 80% and a higher transmission band at 11.46 GHz with insertion
loss of 0.7 dB and -10 dB reflection bandwidth of 520 MHz (11.206 to 11.726 GHz). The
working principle of the proposed FSR is also illustrated by analyzing a corresponding
ECM. The parametric analysis carried on the bandpass FSS reveals that the transmission
band of the proposed FSR can be varied from 10.64 to 16.20 GHz, retaining nearly the
same broadband absorption property within 3.1 to 8.7 GHz. A prototype of the pro-
posed FSR structure is fabricated and an experimental validation of simulated results is
obtained.

A polarization-insensitive T-A-T FSR is proposed by combining the designs of the
Jerusalem cross based bandpass FSS with the resistive square loop absorber. The dual
resonant characteristics of the Jerusalem cross shaped bandpass FSS is utilized to obtain
dual transmission bands (2.1 and 8.8 GHz) with an in-between broad absorption band
(3.6 to 7.4 GHz). The proposed FSR is a compact structure having thickness and unit cell
size of 0.09A; and 0.026)\%, respectively (A7, is the lowest frequency of -10 dB reflection).
The working principle of the proposed FSR is analyzed using an ECM. The lower and
upper transmission bands can be tuned in the range of 0.31f, to 0.46f, and 1.56f, to
1.86 f,, respectively (f, is the center frequency of the absorption band) by the judicious
choice of the bandpass FSS parameters. A prototype consisting of 10 x 10 FSR unit cells
is fabricated and the experimental validation of the performance of the FSR is obtained.
The proposed FSR can provide potential application in RCS reduction for a dual-band
radiating system.

Further in the thesis, a compact polarization-insensitive A-T-A FSR has been proposed
using a MF based resonator, exhibiting higher selectivity at the passband. The proposed
FSR is a double-layer structure comprising air-gap separated resistive and bandpass lay-
ers. The MF resonator with a cross-slot printed on the front side of resistive layer provides
a transmission pole at the frequency corresponding to the transmission frequency of the
DCS based bandpass FSS, thus realizing a transmission window (at 8.4 GHz) within a
broad absorption band (3.4—10.8 GHz). The corner trimming of the square loop resonator
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on the top resistive layer further achieves the increased absorptivity at the upper absorp-
tion band. An ECM corresponding to the proposed FSR is analyzed for understanding
the related working principle. A prototype with 17 x 17 proposed unit cells are fabri-
cated, and the corresponding measurements provide the experimental validation of the
proposed design. The proposed FSR exhibiting much higher selectivity (Q = 16.25) than
the reported FSRs is the most suitable candidate for shielding and EMI/RCS reduction
of narrowband radiating systems. Further, the proposed FSR with a 5 x 5 unit cell is
integrated with a patch antenna as a superstrate to realize a low RCS system. The mea-
surements carried on the FSR integrated antenna substantiate the RCS reduction outside
the antenna’s operating frequency. The FSR integrated antenna achieves a maximum
monostatic RCS reduction of 23 dB and 10 dB in the upper and lower bands, respectively
with an average reduction of 11.92 dB and 5.04 dB in the lower (4—7.5 GHz) and up-
per (9.2—10.8 GHz) absorption bands, respectively, while maintaining the other antenna
parameters. Further, the average normalized total RCS of 0.23 and 0.40 is achieved for
the FSR integrated antenna with respect to the conventional antenna in the lower and
upper absorption bands, respectively. Thus, the proposed A-T-A FSR co-designed with
a narrowband radiating system is experimentally demonstrated for low out-of-band RCS.

As an extension to the concept of A-T-A rasorber design, a polarization-independent
dual transmissive FSR has been studied realizing the A-T-A-T response. The proposed
design of FSR is a dual-layer structure comprising of resistive and bandpass layers at
the top and bottom, respectively. An MF-shaped resonator is studied and incorporated
within the resistive layer of the broadband absorber which realizes dual transmission poles
within the broad absorption band. The proposed rasorber attains two passbands at 10.4
and 15.2 GHz with the two absorption bands from 5.2 to 10 GHz and 10.7 to 14.4 GHz.
Measurements carried on the fabricated 15 x 15 rasorber prototype experimentally vali-
dates the design. The proposed FSR exhibiting dual transmission is a potential candidate
for the RCS and EMI reduction in the dual-band radiating system. Also, the proposed
FSR can be applied suitably as a low RCS radome for the dual-band radiating system
having operating bands overlapping with the passbands of A-T-A-T rasorber.

In the last part of thesis, a low RCS dual-polarized crossed dipole antenna is studied for
the first time by judiciously integrating with a polarization-insensitive AFSR structure.

The AFSR structure exhibiting a reflection notch (at 8.2 GHz) between the wide absorbing
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bands is designed by imprinting a bandstop ring shaped resonator on the back of the top
resistive substrate. The crossed dipole antenna designed at the frequency concurrent with
the reflecting notch of proposed AFSR structure, is adjusted within a small truncated
area at the middle of the AFSR structure with 6 x 6 proposed unit cell array. The
AFSR structure acts as a modified ground for the antenna. Both the mono-static and
bi-static measurements performed on the dual-polarized antenna backed with the AFSR
structure verify the RCS reduction while the other antenna parameters are observed to be
maintained nearly the same. An average mono-static RCS reduction of 12.51 dB and 12.62
dB is achieved for the TE and TM incidence, respectively in the operating frequency band
(4.2—11.5 GHz) for the AFSR based antenna compared with the conventional reflector
comprising counterpart. Furthermore, an average total bi-static RCS reduction of around
80% 1is experimentally demonstrated in reference to the conventional reflector backed
antenna. The proposed low RCS antenna is a potential candidate in the dual-polarized

applications for stealth communication.

9.2 Future Scope

This thesis presents the designs for several type of rasorbers ranging from single-layer
narrow band to rasorbers with A-T, T-A-T, A-T-A, A-T-A-T responses. This thesis
also discusses the AFSR structure and its integration with the crossed dipole antenna
for realizing low RCS system. However, there exists much more scope for carrying out
further works. Some of the future scopes related to the work presented in this thesis are

given as:

1. The FSR proposed in this thesis can be extended with higher performance like
A-T-A-T-A and above.

2. A dual-band antenna can be integrated with the A-T-A-T FSR wherein the oper-
ating frequencies of the antenna coincides with the transmission bands of the FSR,

thus realizing a low RCS dual-band radiating system.

3. A conformal narrow band rasorber is presented in this thesis. However, the con-
formal features of the broadband FSR can be investigated in the future which can

make them more suitable for practical applications.
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4. The reconfigurability features of various FSS structures can be worked out as a

future scope. This can enable a single FSS structure to have switchable/tunable

absorption/transmission /diffusion characteristics.
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N\ ___ A
VISHAY.

D/CRCW e3

Vishay
Standard Thick Film Chip Resistors
FEATURES @
o Stability AR/R =1 % for 1000 hat 70 ° C
* 2 mm pitch packaging option for 0603 size RoHS

COMPLIANT

e Pure tin solder contacts on Ni barrier layer HALOGEN

provides compatibility with lead (Pb)-free and lead FREE
containing soldering processes

."\ * Metal glaze on high quality ceramic
¢ AEC-Q200 qualified

e Material categorization: For definitions of compliance
please see www.vishay.com/doc?99912

STANDARD ELECTRICAL SPECIFICATIONS
SIZE RATED LIMITING
MODEL DISSIPATION ELEMENT | TEMPERATIRE | TOLERANCE REE‘EJ@ECE SERIES
P70 c VOLTAGE %
INCH | METRIC ® Uney AC/DC ppm/K Q
+100 +1 E24; E96
0.063 50 * 1RO to 10M '
D10/CRCW0402 | 0402 | RR 1005M +200 x5 E24
Zero-Ohm-Resistor: Rmax. = 20 mQ, Imax. at 70°C = 1.5 A
+100 +1 E24; E96
0.10 75 * 1RO to 10M '
D11/CRCWO0603 | 0603 | RR 1608M +200 +5 E24
Zero-Ohm-Resistor: Rmax. = 20 mQ, Imax. at 70 °C = 2.0 A
+100 £1 E24; E96
0.125 150 * 1RO to 10M '
D12/CRCW0805 | 0805 | RR 2012M +200 x5 E24
Zero-Ohm-Resistor: Rmax. = 20 mQ, Imax. at 70 °C = 2.5 A
+100 +1 E24; E96
0.25 200 * 1RO to 10M '
D25/CRCW1206 | 1206 | RR 3216M +200 £5 E24
Zero-Ohm-Resistor: Rmax. = 20 mQ, Iymax. at 70 °C = 3.5 A
£100 +1 E24; E96
0.5 200 * 1RO to 10M '
CRCW1210 1210 | RR 3225M +200 +5 E24
Zero-Ohm-Resistor: Rmax. = 20 mQ, Iymax. at 70 °C = 5.0 A
£100 +1 E24; E96
1.0 200 * 1RO to 2M2 '
CRCW1218 1218 | RR 3246M +200 +5 E24
Zero-Ohm-Resistor: Rmax. = 20 mQ, Iy at 70°C =7.0 A
+100 +1 E24; E96
0.75 400 * 1RO to 10M :
CRCW2010 2010 | RR 5025M +200 +5 E24
Zero-Ohm-Resistor: Rmax. = 20 mQ, Imax. at 70 °C = 6.0 A
+100 £1 E24; E96
1.0 500 * 1RO to 10M '
CRCW2512 2512 | RR 6332M +200 +5 E24
Zero-Ohm-Resistor: Rpax. =20 MO, Inax. at 70°C=7.0 A
Notes

* These resistors do not feature a limited lifetime when operated within the permissible limits. However, resistance value drift increasing over
operating time may result in exceeding a limit acceptable to the specific application, thereby establishing a functional lifetime.

o Marking: See data sheet “Surface Mount Resistor Marking” (document number 20020).
o Power rating depends on the max. temperature at the solder point, the component placement density and the substrate material.
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D/CRCW e3
Vishay Standard Thick Film Chip Resistors
TECHNICAL SPECIFICATIONS
D10/ D11/ D12/ D25/
PARAMETER UNIT CRCWO0402 | CRCW0603 | CRCW0805 | CRCW1206 CRCW1210|CRCW1218| CRCW2010 | CRCW2512
Rated dissipation Pq (1) W 0.063 0.1 0.125 0.25 0.5 1.0 0.75 1.0
Limiting element voltage
Umax AC/DC \'% 50 75 150 200 200 200 400 500
Insulation voltage v >75 >100 > 200 > 300 > 300 > 300 > 300 > 300
Uins (1 min)
Insulation resistance Q >10°
Category temperature oc 5510 + 155
range
Failure rate h-1 <0.1x10°°
Weight mg 0.65 2 5.5 10 16 29.5 25.5 40.5
Note

() The power dissipation on the resistor generates a temperature rise against the local ambient, depending on the heat flow support of the
printed-circuit board (thermal resistance). The rated dissipation applies only if the permitted film temperature of 155 °C is not exceeded.

PART NUMBER AND PRODUCT DESCRIPTION
Part Number: CRCW0603562RFKEC
Lef[rlle][w]lof[s][o]f[s][s|[s][2][r][F][x][e]lc|[ |[ |
I—‘ [ I | r—,I l—, I_l
MODEL VALUE TOLERANCE TCR PACKAGING SPECIAL
CRCW0402 R = Decimal F=+1.0% K =+ 100 ppm/K EA, EB, Up to 2 digits
CRCWO0603 K = Thousand J=+50% N =+ 200 ppm/K EC, ED,
gggm’ggg M = Million Z = Jumper 0 = Jumper EE, EF,
= EG, EH,
CROW1210 0000 = Jumper E(i-‘a e
CRCwW1218 I,EK s
CRCW2010
CRCW2512
Product Description: D11/CRCW0603 100 562R 1 % ET6 e3
D11/CRCW0603 || 100 | 562R | 1% | ET6 | e3
I I I I I I
MODEL TCR RESISTANCE VALUE TOLERANCE PACKAGING LEAD (Pb)-FREE
D10/CRCW0402 + 200 ppm/K 10R=10Q +5% ET1, ET2, e3 = Pure tin
D11/CRCW0603 + 100 ppm/K 562R = 562 Q £1% ET3, ET4, termination finish
D12/CRCW0805 10K = 10 kQ ET5, ET6,
D25/CRCW1206 1M0 = 1 MQ ET7, ET8,
CRCW1210 ORO = Jumper ET9, EF4,
CRCwW1218 E02. E67
CRCW2010 s »
CRCW2512 E82

www.vishay.com
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®
Standard Thick Film Chip Resistors Vishay
PACKAGING
MODEL CODE QUANTITY CARRIER TAPE WIDTH PITCH REEL DIAMETER
ED =ET7 10 000 180 mm/7"
CRCW0402 8 mm 2 mm
EE = EF4 50 000 330 mm/13"
El= ET2 5000 180 mm/7"
ED = ET3 10 000 180 mm/7"
8 mm 2 mm
EL=ET4 20 000 285 mm/11.25"
CRCW0603 EE = ET8 50 000 330 mm/13"
EA = ET1 5000 180 mm/7"
EB = ET5 10 000 8 mm 4 mm 285 mm/11.25"
EC =ET6 20 000 Paper tape acc. 330 mm/13"
to IEC 60068-3
EA = ET1 5000 Type | 180 mm/7"
CRCWO0805 EB = ET5 10 000 8 mm 4 mm 285 mm/11.25"
EC = ET6 20 000 330 mm/13"
EA = ET1 5000 180 mm/7"
CRCW1206 EB = ET5 10 000 8 mm 4'mm 285 mm/11.25"
EC = ET6 20 000 330 mm/13"
EA = ET1 5000 180 mm/7"
CRCW1210 EB = ET5 10 000 8 mm 4mm 285 mm/11.25"
EC = ET6 20 000 330 mm/13"
CRCW1218 EK = ET9 4000 _ 12 mm 4 mm 180 mm/7"
CRCW2010 EF = E02 4000 Blister tape acc. 12 mm 4mm 180 mm/7"
to IEC 60068-3
EG = E67 2000 Tvoe Il 8 mm
CRCW2512 ype 12 mm 180 mm/7"
EH = E82 4000 4 mm
DIMENSIONS

SIZE DIMENSIONS in millimetors SOLDER PAD DIMENSIONS in millimeters
REFLOW SOLDERING WAVE SOLDERING
INCH | METRIC L w H T T2 a b I a b [
0402 | 1005 | 1.0£0.05 | 0.5+0.05 | 0.35+0.05|0.25+0.05| 0.2+0.1 0.4 0.6 0.5
0603 | 1608 | 1.55*210 | 0.85+0.1 [0.45+0.05| 0.3+0.2 | 0302 | 05 0.9 1.0 0.9 0.9 1.0
0805 | 2012 2.0 702 11.25+0.15|0.45+0.05| 037 )% | 03+02 | 07 1.3 1.2 0.9 1.3 1.3
1206 | 3216 | 32*9)° | 1.6+0.15 |0.55+0.05| 04502 | 04+02 | 09 1.7 2.0 1.1 17 2.3
1210 | 3225 | 32:02 | 25+02 |055+0.05| 045+02 | 04+02 | 09 25 2.0 1.1 25 2.2
1218 | 3246 | 32*0)% | 46+0.15 |055+0.05| 045+02 | 04+02 | 1.05 | 4.9 19 | 125 | 48 1.9
2010 | 5025 | 50x0.15 | 25+0.15 | 06+01 | 06+02 | 0.6+02 | 1.0 2.5 3.9 1.2 2.5 3.9
2512 | 6332 | 6.3:0.2 |3.15+0.15| 06+0.1 | 06+02 | 0.6=02 | 1.0 3.2 5.2 1.2 3.2 5.2
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D/CRCW e3
Vishay Standard Thick Film Chip Resistors

FUNCTIONAL PERFORMANCE
Single Pulse
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Pulse Duration t; (s)

Maximum pulse load, single pulse; applicable if P—=0 and n < 1000 and U < Upay;
for permissible resistance change equivalent to 8000 h operation

Continuous Pulse
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Maximum pulse load, continuous pulses; applicable if P < P (3amb) @and U < Upax;
for permissible resistance change equivalent to 8000 h operation
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. Maximum pulse voltage, single and continuous pulses; applicable if
P < Ppax; for permissible resistance change equivalent to 8000 h operation
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N\ ___ A
VISHAY.

D/CRCW e3

Standard Thick Film Chip Resistors Vishay
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Vishay Standard Thick Film Chip Resistors
TEST PROCEDURES AND REQUIREMENTS
REQUIREMENTS
IEC PERMISSIBLE CHANGE (AR)
EN
60115-1 6(1)_(;6881'_2 TEST PROCEDURE SIZE 0402 to 2512
CLAUSE STABILITY STABILITY
METHOD CLASS 1 CLASS 2
OR BETTER OR BETTER
Stability for product types:
D/CRCW e3 1Qto 10 MQ
4.5 - Resistance - +1% +5%
4.7 - Voltage proof U=1.4xUjs 60s No flashover or breakdown
U=25x,/P, xR
413 - Short time overload <2 X Umax.; +(0.25% R +0.05Q) +(0.5% R +0.050Q)
duration: Acc. to style
Solder bath method;
Sn§0Pb40 . Good tinning (> 95 % covered)
non activated flux; no visible damaae
(235 + 5) °C g
(2+0.2)s
4.17.2 58 (Td) Solderability
Solder bath method;
Sn96.5.Ag30u0.5. Good tinning (> 95 % covered)
non-activated flux; no visible damaae
(245 £ 5) °C 9
(3+0.3)s
} Temperature (20/- 55/20) °C and
4842 coefficient (20/125/20) °C * 100 ppm/K *200 ppm/K
Shear RR 1608 and smaller: 9 N -
4.32 21 (Uug) (adhesion) RR 2012 and larger: 45 N No visible damage
. No visible damage, no open circuit in bent position
4.33 21 (Uuy) | Substrate bending Depth 2 mm; 9
3 times +(0.25 % R + 0.05 Q)
30 min. at - 55 °C;
419 14 (Na) Rapid change of 80 min. at 125 °C
' temperature 5 cycles +(0.25 % R + 0.05 Q) +(0.5% R +0.05 Q)
1000 cycles +(1% R +0.05Q) +(1% R +0.05Q)
4.23 - Climatic sequence: -
4.23.2 2 (Ba) Dry heat 125°C; 16 h
. 55 °C; > 90 % RH;
4.23.3 30 (Db) Damp heat, cyclic 24 h; 1 cycle
4.234 1 (Aa) Cold -55°C;2h +(1% R +0.050Q) +(2%R+0.10Q)
4235 13 (M) Low air pressure 1kPa; (25+10)°C; 1 h
. 55 °C; > 90 % RH;
4.23.6 30 (Db) Damp heat, cyclic 24 h; 5 cycles
4.23.7 - DC load U= /P, xR
U=,/P;g X R <Unax;
.y ) Endurance 1.5 hon; 0.5 h off;
" at 70 °C 70 °C; 1000 h +(1%R+0.050Q) +(2%R+0.1Q)
70 °C; 8000 h +(2%R+0.1Q) +(4%R+0.1Q)
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N\ ___ A
VISHAY.

D/CRCW e3
Standard Thick Film Chip Resistors Vishay

TEST PROCEDURES AND REQUIREMENTS

REQUIREMENTS
PERMISSIBLE CHANGE (AR)

EN IEC
60115-1 6$?5688T2 TEST PROCEDURE SIZE 0402 to 2512
CLAUSE STABILITY STABILITY
METHOD CLASS 1 CLASS 2
OR BETTER OR BETTER
Stability for product types:
D/CRCW e3 1Qto 10 MQ
Resistance to Solder bath method
4.18.2 58 (Td) ) (260 + 5) °C; +(0.25% R + 0.05 Q) +(0.5% R +0.05Q)
soldering heat
(10+1)s
Flamability, IEC 60695-11-5; .
4.35 - needle flame test 10s No burning after 30 s
Damp heat (40 £ 2) °C;
4.24 78 (Cab) P ' (93 + 3) % RH; +(1%R+0.050Q)
steady state
56 days
Endurance at
4.25.3 - upper category 155 °C, 1000 h +(1%R+0.050Q) +(2%R+0.10Q)
temperature
Electrostatic |3E0021 ?_4;) ;1::1 ;
4.40 - discharge pos. 9 +(1%R +0.05Q)
discharges;

(human body model) ESD voltage acc. to size

Component solvent Isopropyl alcohol; .
4.29 45 (XA) resistance 50 °C: method 2 No visible damage
. Isopropy! alcohol; . .
4.30 45 (XA) Solvent reS{stance 50 °C: method 1, Ma.rk.mg legible,
of marking no visible damage
toothbrush
f =10 Hz to 2000 Hz;
Vibration, endurance X, ¥,z< 1.5 mm; o o
4.22 6 (Fc) by sweeping A < 200 m/s2: +(0.25 % R + 0.05 Q) +(0.5% R +0.05 Q)
10 sweeps per axis
U= /15 x P, xR
a Periodic electric <2 X Umax; o
4.37 overload 0.1 s on; 2.5 s off; =(1%R+0.050)
1000 cycles
Single pulse high U=10x /P, x R
4.27 - voltage overload, <2 X Unax; +(1% R+0.05Q)
10 pus/700 ps 10 pulses

All tests are carried out in accordance with the following specifications:
* EN 60115-1, generic specification

e EN 140400, sectional specification

o EN 140401-802, detail specification

o |[EC 60068-2-x, environmental test procedures

Packaging of components is done in paper or blister tapes according to IEC 60286-3.
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VISHAY., Legal Disclaimer Notice

v www.vishay.com Vishay
Disclaimer

ALL PRODUCT, PRODUCT SPECIFICATIONS AND DATA ARE SUBJECT TO CHANGE WITHOUT NOTICE TO IMPROVE
RELIABILITY, FUNCTION OR DESIGN OR OTHERWISE.

Vishay Intertechnology, Inc., its affiliates, agents, and employees, and all persons acting on its or their behalf (collectively,
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