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Abstract

For microwave absorber applications, carbonyl iron (CI) powder is a commonly
used filler material in silicon rubber because of the high value of attenuation coef-
ficients (50.56 dB/cm), high curie temperature, good temperature stabilization and
the higher specific saturation magnetization intensity. Silicon rubber is preferred
as the host material because of many desirable properties such as excellent weath-
ering resistance, resistance to aging, chemical resistance, insulating properties and
compatibility with many kinds of fillers. Microwave absorbers using carbonyl iron
filled silicone rubber sheets (CISR) are widely used to attenuate electromagnetic
interference, eliminating cavity resonances, isolating components via insertion loss,
reducing harmonics and termination signals in waveguides. The fabrication accura-
cies in thicknesses and concentrations of CISR sheets are + 0.5 mm and + 2% of
CI by volume, respectively. Multilayer microwave absorbers designed in this thesis
have two layers because of inaccuracies in fabrication of CISR sheets. Broadband
microwave absorbers are designed by using conventional type and pixelated type
Frequency Selective Surface (FSS) layers embedded between two different concen-
trations of CISR sheets in the frequency range of 3.95 GHz to 8.2 GHz which are
light in weight and small in thickness.

WR-187 (3.95 to 5.85 GHz) and WR-137 (5.85 to 8.2 GHz) rectangular dielectric
waveguide (RDWG) systems are designed for non destructive testing of reflectiv-
ity, €, and p, of broadband microwave absorbers. RDWG systems consist of vector
network analyzer (VNA), coaxial cables, coaxial to rectangular waveguide transi-
tions, sections of metallic waveguides, standard gain horn antennas and sections of
dielectric waveguides. For 1 to 8.2 GHz, NRL arch method is used for measuring

reflectivity of microwave absorbers in the anechoic chamber at normal incidence and

vii



20° in TE/TM polarizations. This method involves measurements with two dou-
ble ridge horn antennas, two long coaxial cables, wooden board for holding 1 foot
x 1 foot microwave absorbers and VNA. Reflectivity of microwave abasorbers are
measured in the far field using time domain gating of VNA.

Characterization (e, and pu,) of CISR sheets are carried out in coaxial air line
system (1 to 4 GHz) and RDWG systems (3.95 to 8.2 GHz) for six CISR sheets
(0%, 10%, 20%, 30%, 40% and 50% of CI in CISR sheets by volume). In RDWG
systems, flexible CISR sheets are sandwich between two Teflon sheets which are
quarter wavelength at mid band. Teflon sheets provide impedance matching and
avoid sagging of CISR sheets. Coaxial air line system consists of coaxial air line
fixture, sections of coaxial cables and the VNA. Toroidal shaped CISR sheets are
prepared and used in the coaxial air line fixture for characterization. The Nicolson-
Ross-Weir (NRW) method is used to extract €, and p, from measured S1; and Sa;
parameters of CISR sheets. For the design of microwave absorbers, €, and pu, value
are required for arbitrary volume fraction of CI in CISR sheets. The polynomial
approximation method is used to get €, and pu, at intermediate concentration of CI
in CISR sheets by volume.

Multilayer microwave absorber in frequency range of 2.5 to 8.2 GHz is designed
in this thesis using genetic optimization of concentrations and thicknesses of different
layers of CISR sheets. Two layer broadband microwave absorber (7.35 mm of silicone
rubber as first layer and 1.4 mm of 50% of CI powder in CISR sheet by volume as
second layer) provides reflectivity better than -10 dB in the frequency range of 2.5 to
8.2 GHz. For frequency 1.6 GHz to 2.6 GHz range, single layer microwave absorber
of thickness 3 mm is designed by 50% of CI powder in CISR sheet by volume.

Broadband microwave absorbers using convential type FSS and pixelated type
FSS are designed fabricated and tested by embedding them between two CISR sheets
(24% and 33% of CI in CISR sheets by volume). Conventional type FSS layer were
designed in CST microwave studio after performing large number of simulations.
Pixelated FSS layer is designed with genetic algorithm optimization and geometry
refinement method. The reflectivity of both broadband FSS microwave absorbers are

tested in RDWG systems and found to be better than -11 dB at normal incidence in

viii



the frequency range of 3.95 to 8.2 GHz. The two layer microwave absorber (without
F'SS layer) reflectivity is around -6 dB. But, by embedding FSS layer between two
CISR layers increases its reflectivity to -11 dB which is low cost, light in weight.
The broadband microwave absorber using pixelated FSS layer has better design
methodology as it does not require human intuition, experience and a large number of
simulations required in hit and trail metholodgy of conventional type F'SS absorber.
The analysis is performed at different incidence angle and TE / TM polarizations

which shows reflectivity is generally insensitive to the incidence angles from 0° to

20°.
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Chapter 1

Introduction

1.1 Introduction

High loss microwave absorbers are used to attenuate electromagnetic interference.
Absorbers are used in a wide range of applications to eliminate stray or unwanted
electromagnetic radiation that could interfere with a system’s operation. Also, ab-
sorbers have become a critical element in some systems to reduce interference between
circuit components [1-4]. The design of a microwave absorbers essentially requires
two important conditions to help suppress electromagnetic radiations. First, min-
imal reflection at the air-absorber interface and, second, sufficient attenuation of
the incident within the different layer of microwave absorbers. The first condition
of microwave absorber can be acheive by impedance matching at the air-absorber
interface. Another property can be achieved by attenuation within the absorber ma-
trix using lossy material. These two properties depend on complex permittivity (e;)
and complex permeability (u,) of absorbing material at the desired frequency [5-9].

Absorbers can take many different physical forms including flexible elastomers,
foam, rigid epoxy and plastics. The design of planner microwave absorber is carried
out by composite layers, Frequency Selective Surface (FSS) layers [10-12]. Com-
posite materials use different host materials like rubber (silicon rubber, polyvinyl
rubber, etc), epoxy resin, etc which are filled with filler materials like Carbonyl Iron
(CI) powders, carbon nanotube, graphite powder, etc. These types of microwave
absorbers are either single layer or multilayer. FSS layer type of absorber are of two
types. These are metallic and resistive. FSS types of absorber gives flexibility in

choosing frequency response.



CI powder is a commonly used filler materials in silicon rubber because of the
high value of attenuation coefficients (50.56 dB/cm) [1], high Curie temperature,
good temperature stabilization and the higher specific saturation magnetization in-
tensity [2]. Silicon rubber is preferred as the host material because of many desirable
properties such as excellent weathering resistance, resistance to aging, chemical re-
sistance, insulating properties and compatibility with many kinds of fillers [2]. CI
powder is a ferromagnetic material and it is expected that carbonyl iron filled sili-
cone rubber (CISR) sheets will be magnetic material with (u,) values greater than
1 —40.0 [1,2]. € and p, value are measured in 1 to 4 GHz frequency range by using
coaxial air line method and in 3.95 to 8.2 GHz frequency range by using rectangular
dielectric waveguide (RDWG) methods. 0%, 10%, 20%, 30%, 40% and 50% of CI in
CISR sheets by volume are fabricated and used for characterization of CISR sheets.
Polynomial approximation is used to calculate ¢, and pu, values at intermediate con-
centration of CI in CISR sheets.

In this thesis, multilayer microwave absorbers were designed in 1.6 to 8.2 GHz
frequency range. Metallic FSS are designed which are conventional type [11] and
pixelated type [12] . These FSS layer are embedded in two different concentrations

of CISR sheets to get broadband microwave absorbers.

1.2 Problem Statement

To develop high loss microwave absorbers in sheet form that attenuate electromag-
netic interference. These sheets are used for reducing or eliminating cavity reso-
nances, isolating components via insertion loss, reducing harmonics and termination
signals in waveguides. The operating frequency is 1 to 8.2 GHz with reflection better
than -10 dB. The base materials should be iron filled silicone rubber with hardness
of 73 (Shore A). The specific gravity is between 2.1 to 5.1. Its tensile strength is
9.8 Kg/cm?. Total Mass Loss (TML) and Collected Volatile Condensate Material
(CVCM) values should be less than 1.0% and 0.1%, respectively.



1.3 Contributions of the Proposed Research Work

o Pixelated FSS microwave absorber is designed, fabricated and tested in 3.95 to
8.2 GHz range. Pixelated FSS is designed by using genetic optimization and

geometry refinement technique.

o Microwave absorber is designed in 3.95 to 8.2 GHz range by using three con-

ductive concentric square loops FSS (metamaterial).

o Multilayer microwave absorber is design, fabricated and tested in 2.5 to 8.2
GHz frequency range. Polynomial approximation method is used to get e,
and p, values at intermediate concentrations of CI in CISR sheets. Genetic
optimization is performed to get concentration of CI and thickness of CISR
sheets. This absorber should work in the space environment. TML and CVCM
testing was performed at SAC, ISRO.

« For 3.95 to 8.2 GHz range, non-destructive method (RDWG)is used to measure

reflectivity of microwave absorbers and characterize (e, and u,) CISR sheets.

1.4 Organization of the thesis

In chapter 2, literature survey of characterization of CISR sheets, multilayer mi-
crowave absorbers and FSS microwave absorbers are discussed.e, and p, values of
CISR sheets, reflectivity of multilayer microwave absorbers and FSS microwave ab-
sorbers reported by different researchers are given in this chapter.

Chapter 3 describe materials used and fabrication process of CSIR sheets. Ma-
terial properties of silicon rubber as matrix material and carbonyl irone powder as
filler material are presented. Fabrication of CISR sheets are carried out on two roll
mill assembly and molding under 150 K g/cm? pressure.

Chapter 4 discuss about coaxial air line method and rectangular dielectric waveg-
uide method (RDWG) for characterization of CISR sheets. CISR sheets of different

concentrations of CI powder were fabricated and used for characterization. Polyno-



mial approximation is used to calculate €, and pu, values at intermediate concentra-
tions of CI powder in CISR sheets.

Chapter 5 presents theory of multilayer microwave absorbers and design of multi-
layer microwave absorbers by using genetic optimization. In this chapter, microwave
absorbers are designed and tested for 1.6 to 8.2 GHz frequency range.

The design of microwave absorbers are presented in chapter 6 by embedding FSS
layer in two different concentrations of CISR sheets. These F'SS are designed either
by using conventional type or by using pixelated type in 3.95 to 8.2 GHz frequency
range in 1 to 10 GHz frequency range. Genetic optimization technique was used in
pixelated type FSS design.

Chapter 7 describes conclusions and suggestions for future work.

Appendix A gives data sheets of commercially available microwave absorbers
(FGM-40, FGM-125 and AN-73).

Appendix B describes Nicolsion-Ross-Weir (NRW) method for calculation of €,
and p, and gives Matlab code.

Appendix C presents NRL Arch method in 1 to 8.2 GHz frequency range.

Appendix D gives data sheets of CI powder manufactured by BASF CN Germany.

Appendix E gives Matlab Code for calculation of reflectivity of multilayer mi-

crowave absorbers.
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Chapter 2

Literature Survey

In this chapter, literature is reviewed for characterization of complex permittivity
(¢r) and complex permeability (u,) for Carbonyl Iron filled Silicone Rubber (CISR)
sheets, design of the multi-layer microwave absorbers and design of frequency selec-

tive surface (FSS) layer embedded in sheets.

2.1 Characterization of CISR Sheets

Myung-Jun Park at al [1] have presented the design of pyramidal absorbers in 1 to
18 GHz frequency range with -20 dB reflectivity. They have used two kind of filler
magnetic materials namely, Ni-Zn ferrite and Carbonyl iron powder. Silicone rubber
is used as matrix material. The complex permeability and complex permittivity were
measured by using the standard coaxial air line in frequency range from 50 MHz —18
GHz. In case of silicone rubber composite using CI powder, they observed broad
loss spectrum (1) in 2 to 18 GHz range as shown in Figure 2.1. ' varies from 4.8
at 1 GHz to 1.2 at 18 GHz. ¢ value remains constant at 12 over entire the frequency
range. €’ is close to 0 over the entire frequency range. In this silicone rubber
composite using CI powder, the weight fraction of CI powder is 80% (approximately
36% by volume).
Yong-Bao Feng et al [2] have fabricated rubber (Ethylene-Propylene-Diene Monomer)

radar absorbing material (RAM) with various carbonyl iron volume fractions (0, 0.1,
0.2, 0.3, 0.4, and 0.45) and calculated its €. and u, value by using the transmis-

sion/reflection method. They have used APC-7 coaxial line system for measurement

of S11 and So; in 2 to 18 GHz frequency range. As shown in Figures 2.2 and 2.3,
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Figure 2.1: p, and €, of CISR sheet with 80% of CI powder by weight [1]

the value of € varies from 2.5 to 15 and y” varies from 0 to 1.7 with increasing

concentrations of CI powder. €” is nearly 0 over entire frequency range.

——0 —a— (. —4—0.2 ——0 -] —a—02
15 =03 —4—04 —=—045
12
. . 09
[iv] 'w
0.6

3T 0000000000000 0000000000000 0000 03+

02 4 6 8 10 12 14 16 18 02.4 6. 810.12 14 16.I8
Frequency (GHz)
Frequency (GHz)
® (b)

Figure 2.2: (a) € and (b) € for RAM with volume fractions (0, 0.1, 0.2; 0.3, 0.4,
and 0.45) [2]

R. Vashisth et al [3] have calculated e, and p, of 0%, 19%, 24%, 33%, and 43% of
CI powder by volume in CISR sheets by using transmission /reflection method. They
used two RDWG systems, WR-137 for 5.85 to 8.2 GHz frequency range and WR-187
for 3.95 to 5.85 GHz frequency range. They are used for measurement of Si; and

Sa1 of CISR sheets. rectangular dielectric waveguide (RDWG) is a non-destructive
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Figure 2.3: (a) ¢/ and (b) ¢ for RAM with volume fractions (0, 0.1, 0.2, 0.3, 0.4,
and 0.45) [2]

measurement method. ¢, and p, at 6 GHz are given in Table 2.1. From Table 2.1,
it is observed that values of ¢, i/ and p” increase with increasing volume fraction
of CI powder. The negative value of ¢’ and p” are due to measurement errors. €”
values are close to 0 over 3.95 to 8.2 GHz frequency range.

D.K. Ghodgaonkar et al [4] have fabricated carbonyl iron loaded silicone rubber
sheets and calculated its €, and p, values by measuring S1; and So; using a free space
method. The measurement of S7; and So; are carried out in 8.6 GHz to 13.4 GHz.
Five CSIR sheets were prepared for measurement with 0%, 20%, 30%, 40% and 50%
of CI by volume in RTV silicone rubber. The value of € of CI powder composite
decreases with increase in frequency from 8.6 GHz to 13.4 GHz frequency range. p’
and p” value decreases with increase in frequency with concentration higher than
20%. € and p” value increases with increase in concentration of CI upto 50% by
volume in composite. Expected values of €’ is nearly equal to zero.

X.T.Maand Z. P. Jiang et al [5] calculated ¢, and p, of silicone rubber filled with
carbonyl iron powder (CIP/SR) sheets by using coaxial air line method. They have
fabricated CIP/SR composite with CIP of 78% by weight (33.33% by volume). er
and pu, values of CIP/SR are calculated from measured Si; and So; in the frequency
range of 2 to 18 GHz as shown in Fig. 2.4. € is 9.8 at 2 GHz and 10.25 at 18 GHz.
¢’ value is 0.1 at 2 GHz and 1.75 at 18 GHz. p/ value is 2.6 at 2 GHz and 1.1 at 18



GHz. p” is 1 at 2 GHz and 0.6 at 18 GHz.
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Figure 2.4: er and p, of CIP/SR composite, (a) €. (b) uy [5]

2.2 Multilayered Microwave Absorbers

Yonggang Xu et al [6] have fabricated a multilayer microwave absorber using CI
powder as a filler in Methylvinyl silicon rubber. They have reported the reflectivity
of multilayer composite microwave absorber to be better than -10 dB in 8 - 18 GHz
frequency band. Genetic algorithm is used to find optimized layer characteristics
and thickness of absorbing materials. Table 2.1 gives design of composite microwave
absorber using genetic algorithm. In this table, F means flaky shaped CI powder
and S means spherical shaped CI powder. The genetically optimized reflectivity of
the composite microwave absorbers are shown in Figure 2.5.

Xiaohu Ren at al [7] have prepared the single and multi-layer microwave ab-
sorbers by filling BaCog 42Zn1.6Fe16027 and carbonyl iron powder into epoxy matrix
material. BaCog4Zn1 ¢Fe16027 powder is mixed with CI powder forming four dif-
ferent concentrations. In figure 2.6, BF means 70% of ferrite by volume in epoxy
matrix, BF-1CI means 63% of ferrite and 7% of CI by volume in epoxy matrix,
BF-3CI means 49% of ferrite and 21% of CI powder by volume in epoxy matrix and
BF-5CI means 35% of ferrite and 35% of CI by volume in epoxy matrix. They have
reported a single layer absorber with BF-5CI material with a bandwidth of 4 GHz in

10



Sr. | 1%t Layer 25t Layer 35! Layer 45t Layer Total Mutation

No | Thickness Thickness Thickness Thickness Thickness| Coefficient
Type-Conc. | Type-Conc. | Type-Conc. | Type-Conc.

1 0.47 mm, 0.16 mm, 0.50 mm, 0.50 mm, 1.63 mm | 0.4
F-38% S-5% S-18% F-22%

2 0.40 mm, 0.77 mm, 0.43 mm, — 1.60 mm | 0.5
F-43% S-19% F-2%

3 0.40 mm, 0.43 mm, 0.50 mm, 0.23 mm, 1.56 mm | 0.6
F-44% S-22% S-12% F-39%

4 0.30 mm, 0.30 mm, 0.40 mm, 0.50 mm, 1.50 mm | 0.7
F-44% F-39% S-4% F-19%

5 0.47 mm, 0.67 mm, 0.33 mm, — 1.47 mm | 0.8
F-42% S-18% F-42%

Table 2.1: Design of composite microwave absorber using genetic algorithm [6]

Reflection loss (dB)
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Figure 2.5: The genetically optimized reflectivity of the composite microwave ab-

sorbers with variable thickness [6]

the frequency range of 3.8 to 7.8 GHz as shown in Figure 2.6. Double-layer absorber

consist of 0.9 mm BF as matching layer and 1.4 mm BF-5CI as absorption layer as

shown in Figure 2.7.

Saichao Dang et al [8] have designed triple-layered planar microwave absorber

using flaky carbonyl iron powder (FCIPs) as filler in paraffin wax matrix material.

Six composite materials were prepared with 20%, 30%, 50%, 60%, 70% and 75% of

flaky CI powder in paraffin wax by weight. With these composites, particle swarm

optimization was used to optimize the thickness of triple-layer planner microwave
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Figure 2.6: Reflectivity of single layer microwave absorbers with different thicknesses
7]

Reflection Loss (dB)

Frequency (GHz)

Figure 2.7: Reflectivity of double-layer absorber with ¢; (BF) of 0.9 mm and t;
(BF-5CI) increased from 1.0 to 1.8 mm [7]

absorber.The thicknesses of the three layers were 4.16 mm, 0.92 mm and 1.08 mm
with the FCIPs contents of 20%, 60% and 75%, respectively. Figure 2.8 shows the
simulatied and measured results of reflectivity of planner composite microwave ab-
sorber with total thickness of 6.16 mm. Bandwidth of planner composite microwave

absorber is from 3.1 to 18 GHz and 26.1 to 40 GHz. Results of absorber with uniform

12



75% by weight (25.71% by volume) of FCIP with 6.16 mm thickness is also shown
in Figure 2.8.
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Figure 2.8: Simulated and measured results of reflectivity of planar composite mi-
crowave absorbers [§]

Reflectivity of FGM-40 and FGM-125 microwave absorbers manufactured by
Laird Technology, Inc are shown in Figure 2.9 [9]. Thickness of FGM-40 is 40 mills
(Imm) and FGM-125 is 125 mills (3.2mm). The bandwidth of FGM-40 is from 5.5
GHz to 8.5 GHz and bandwidth of FGM-125 is from 2.5 GHz to 12.5 GHz. These
are thin, flexible, magnetically loaded siliocne broadband microwave absorber. The
data sheet of FGM-40 and FGM-125 is given in appendix A.

Reflectivity of An-series of broadband microwave absorbers manufactured by
Laired Technology, Inc as shown in Figure 2.10 [10]. These microwave absorbers
are lightweight, flexible and polyurethane foam sheets. Reflectivity of Data sheet of

AN-series of absorber is given in appendix A.

2.3 FSS Microwave Absorbers

R. Vashisth et al [11] designed and fabricated broadband microwave absorber having
reflectivity better than -10 dB in the frequency range of 3.95 to 8.2 GHz. They
realized microwave absorber by embedding the FSS layer between two CISR sheets

13
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Figure 2.10: Reflectivity of AN-series of microwave absorbers [10]

as shown in Figure 2.11. Two CISR sheets were fabricated with 24% and 33% of

CI powder by volume and their ¢, and p, values are calculated by RDWG method.

The FSS layer consists of three consecutive conducting loops on FR4 substrate of

thickness of 0.02 mm which is printed on 0.9 mm FR4. Figure 2.12 shows simulated

and measured reflectivity of microwave absorber and two layer absorber without

FSS. The bandwidth of composite microwave absorber is better than -11 dB from

3.95 to 8.2 GHz.
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Figure 2.11: Broadband microwave absorber embedded with FSS layer, t4 = tp =
2.7 mm and F'SS thickness is 0.92 mm [11]
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Figure 2.12: Simulated and measured result of broadband absorber and two layer
absorber (without FSS) [11]

Wei Yuan et al [12] reported a microwave absorber which consists of edge-split
square-loop FSS embedded in two sheets of silicon rubber filled with carbonyl iron
(magnetic sheet). Two different magnetic sheets are prepared and €, and pu, are cal-
culated by coaxial air line method from measuring S-parameters. Figure 2.12 shows
layers of composite microwave absorber and geometry of FSS. In Figure 2.13 (b),
P=15mm, L=13mm, W=2mm and S=3.25mm. Reflectivity of composit microwave
absorber is better better than -10 dB over frequency range of 4 to 18 GHz as shown
in Figure 2.14. Sample 1 is two layer microwave absorber without FSS and sample
2 is FSS embedded in two magnetic sheets.

Hai-Yan Chen et al [14] have designed absorbers which involve single-layer FSS
and double-layer FSS embedded in polymer composites filled with carbonyl iron and
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Figure 2.13: (a) The composite microwave absorber embedded with a FSS layer.
The thickness of each layer is t;=to=1mm, ¢t=0.2mm. (b) Geometry of FSS [12]
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Figure 2.14: The simulated (dotted curve) and measured (solid curves) reflectivity
of samples [12]

CO9Z ferrite. Figure 2.15 shows simulated and measured results for single layer FSS
embedded microwave absorber and double layer FSS embedded microwave absorber.
The thickness for both absorbers are 2 mm and thickness of all FSS are 0.017 mm.
They reported operating bandwidth of 1.08 to 3.02 GHz by double-layer FSS case
for microwave absorbers.

H. Xu et al [15] have embedded a conductor square loop FSS between layers of
EW (a type of CI powder) and flaky CI powder in silicon rubber matrix to fabricate
metamaterial absorber. Silicone rubber has 70% EW by weight (25% EW by volume)
and 60% flaky CI powder by weight (17.5% flaky CI powder by volume). The
thickness of both the layers are 1 mm and that of FSS is 0.017 mm. Figure 2.16

shows the simulated and measured reflectivity of the radar absorbing material (RAM)
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Figure 2.15: simulated and measured results for single layer FSS embedded mi-

crowave absorber and double layer FSS embedded microwave absorber.[14]

with and without the FSS. They reported reflectivity of RAM better than -10 dB

over frequency range of 5.35 to 18 GHz.
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Figure 2.16: (a) Simulated reflectivity of the RAM and the RAM with FSS and (b)
the measured reflectivity of the RAM and the RAM with FSS [15]

M. Zhao et al [16] have fabricated and measured performance of metallic pixelated
F'SS without resistors (100 €2) and with resistors. Figure 2.17 shows the measured and
simulated reflectivity curves of resistor loaded pixelaed FSS (RPFSS) and pixelated
FSS without resistors. They observed two strong absorption peaks below -6 dB in
pixelated FSS with resistors in 3.08 to 6 GHz band.

P. Ranjan et al [17] have reported a pixelated FSS metamaterial absorber with six
discrete bands of absorptions at 7.6, 10.1, 13.3, 14.7, 15.8 and 16.7 GHz. They have
designed and fabricated the pixelated structure on FR4 substrate with thickness of
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Figure 2.17: the measured and simulated reflectivity curves of resistor loaded pixe-
laed FSS (RPFSS) and pixelated FSS without resistors [16]

3.2 mm which has more than 90% absorptivity at six discrete bands under normal

incidence as shown in Figure 2.18.
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Figure 2.18: (a) Pixelated FSS geometry and (b) The simulated (dotted curve) and
measured (solid curves) reflectivity of pixelated FSS metamaterial absorber [17]
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2.4 Research gap

A very thin and light in weight microwave absorber are required in many appli-
cations where physical space is limited. These absorbers should be polarization-
insensitive. In the first approach, the number of layers and their thickness must be
increased to obtain ultra-wideband absorption using optimization technique. The
second approach which reduced the structure thickness drastically by incorporating
F'SS structure. These structure should be either conventional type or pixelated type
FSS.

The existing design technique using multilayer microwave absorber reported in
the literature have various limitations such as they do not cover lower frequency (L
and S band) bands. These multilayer absorber should work fine in space environment.
For it, the Total Mass Loss (TML) and Collected Volatile Condensable Material
(CVCM) values of designed multilayer microwave absorber should be less than 1.0%
and 0.1%, respectively.

Microwave absorber using conventional type and pixelated FSS are discussed in
the literature survey. The reflectivity of pixelated microwave absorber is not better
than -6 dB which is very less. Even the authors [16] used resistance in between pixels
to get broadband absorption. The reflectivity is quite less for many applications. The
design complexity of conventional type FSS microwave absorber is quite high. The
reflectivity of these absorber may vary with slight variation in dimension of either
FSS or thickness of microwave absorber. The design of less sensitive microwave

absorber is needed for many applications.
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Chapter 3

Fabrication of Carbonyl Iron filled Silicon
Rubber Sheets

3.1 Introduction

Various matrix materials like silicone rubber[1-7], natural rubber[8,9], epoxy resin[10,11]
etc. are studied for designing planar microwave absorbers. Materials such as Car-
bonyl Iron (CI) powder[1-4][6-7][12],carbon black [9], graphit powder[13], Multi Well
carbon Nano Tube (MWCNT) [11][14] etc are used as filler materials in microwave
absorbers. Composite materials with desired electromagnetic property are obtained
by varing filler concentration in matrix materials and thickness.

CI powder is cheaper and has more saturation magnetism. Silicone rubber is a
material which is stable against most chemicals and have wide operating temperature
range (-100°to 315°) [13]. Carbonyl Iron Filled silicon Rubber (CISR) sheets are
fabricated by mixing silicon rubber and carbonyl iron (CI) powder in two roll mill

assembly [1-4][6-7].

3.2 Silicon Rubber

3.2.1 Introduction

Silicone rubber is an elastomer (rubber-like material) composed of mostly silicone
along with carbon, hydrogen, and oxygen. The silicon rubber structure is shown

in Figure 3.1. Silicon rubber molecule has higher binding energy. The siloxane
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bond (-Si-O-Si-) that form backbone of silicone are highly stable. At 433 KJ/mol,
their binding energy is higher than that of carbon bonds (C-C), at 355 KJ/mol.
Thus, compare to common organic polymer, silicon rubber have high heat resistance,
chemical resistance and provide better electric insulation. These properties helps in
making it the best matrix material for microwave absorber application. The matrix
material is the component that holds the functional filler together to form the bulk of
the composite. High elasticity, high compressibility and excellent resistance to cold
temperatures are due to lower inter molecular force and helical molecular structure
of silicon rubber. Methyl group in silicone rubber structure is located on the outside
of coil structure that can rotate freely. This is the reason for its distinctive interfacial
properties such as water repellency and good releasability [15].

CH, CH, CH C—CH

3 2

O=—5] = 0= 51— {— S— O — 51— 0 —3l

CH CH, CH, CH,

Figure 3.1: Silicon rubber Structure

3.2.2 Various Properties of silicon rubber

3.2.2.1 Heat and Cold Resistance

Silicon rubber withstand high and cold temperatures far better than other organic
rubber. Silicon rubber can withstand 150°C temperature indefinitely with almost
no change in its properties. It can survive temperature of 200°C for 20,000 hours
and some products can survive temperature of 350°C for short period. It also has

excellent resistance to cold temperatures [15].

3.2.2.2 Thermal Property

Thermal expansion coefficient of silicon rubber is very high. Volumetric and lin-

ear thermal expansion coefficients are in the ranges 5.9 to 8 x 10~%/°C and 2 to
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3 x 107%/°C respectively. Additions of fillers lower thermal expansion coefficients.
Thermal conductivity of silicon rubber increases with increase in filler concentration.

Silicon rubber is having good flame resistance property [15].

3.2.2.3 Mechanical Property

Silicon rubber is a resilient material which can store more mechanical energy than
any other commonly used materials. Ultimate tensile strength of silicon rubber varies
from few hundreds to 1500 psi.Ultimate elongation of silicon rubber varies from 100%
to 1000%. The Specific gravity of silicon rubber is in range of 1.1 to 1.6 g/em?
The shore A hardness range of silicon rubber is from 25 to 75. Very broad range
of hardness is achieved through combination of molecular structure of silicon rubber
and inert fillers. The value of coefficient of friction is in the range of 0.25 to 0.75.

Surface of silicon rubber becomes very slippery when in contact with fluids [15].

3.2.3 Types of Silicon Rubber

There are mainly two types of silicone rubber, namely, high consistency rubber
(HCR) and liquid silicone rubber (LSR). Viscosity of HCR is higher than that of
LSR. HCR contains polymers with a high molecular weight and long polymer chains.
LSR consists of liquid silicone material that has very low viscosity, which allows the
material to be cast into rubber sheets. Very low viscosity of LSR allows to cast into

rubber sheets [16].

3.3 Carbonyl Iron Powder

Carbonyl iron powder is widely used in the field of electromagnetic shielding and
absorbing materials [1-4] over a wide frequency range because it has high curie tem-
perature, good temperature stabilization, higher specific saturation magnetization
intensity, high value of microwave permeability and high dielectric constant. CI
powder is produced from normal scrap iron, which is finely ground and reacted with
carbon monoxide at increased temperatures under high pressure. This process yields

iron pentacarbonyl, an oily yellow fluid [17]. At this stage, the impurities present in
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the scrap iron can be easily removed. Iron pentacarbonyl is distilled and obtained
in very high purity. The compound is then heated until it decomposes again into
its constituents. Carbon monoxide released during this treatment can be recycled
for the synthesis of iron pentacarbonyl. The iron, however, is deposited in the form
of high purity, microscopically small spherical particles of exactly defined structure

and size.

3.3.1 Chemical and Physical Property

Chemical composition of CI powder is minimum 99.5% of Iron, maximum 0.04%
of Carbon, maximum 0.01% of Nitrogen and maximum 0.3% of Oxygen. The CI
powder is gray in color, fine-grained powder with mechanically soft and spherical in
shape with particle size of 6 pum to 10 pm in diameter[3-4]. The picture of CI powder

is shown in Figure 3.2. Chemical and physical properties of CI powder are given in

Table 3.1 as well as in appendix D.

Figure 3.2: Carbonyl Iron Powder [19]
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Sr. No Property Value

1 Molecular Weight 55.85

2 Appearance Gray powder

3 Melting Point 1535°C

4 Boiling Point 2750

5 Density 7.86 g/cm?(251C')

6 Electrical Resistivity 9.71 p- cm (20°C)

7 Heat of Fusion 3.56 Cal/gm-mole

8 Heat of Vaporization 84.6 KCal/gm atom at
2750°C

9 Poisson’s Ratio 0.29

10 Specific Heat 0.106 Cal/g/K @ 25°C

11 Thermal Conductivity 0.804 W/cm/K (298.2 K)

12 Thermal Expansion (25 °C) 11.8 pm - m-1 - K-1

Table 3.1: Carbonyl Iron powder Property [18]

3.4 Fabrication of Carbonyl iron filled Silicon Rub-
ber (CISR) Sheets

Fabrication of CISR sheets requires two most common machines used in rubber in-
dustry for mixing shore A 40 HCR silicon rubber and CI powder. These machine are
internal mixer and two-roll mill as shown in Figures 3.3 and 3.4. The internal mixer
produces complex flow paths and high shear forces, ensuring a uniform dispersion
of CI powder and the breakdown of particulate filler additives. A consequence of
the high shear forces is the rapid rise in material temperature during mixing. The

rubber mix is discharged from the internal mixer on to the two-roll mill as shown
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in Figure 3.4. Two rollers are rotating in opposite direction and mixture are put
on top in between them. Distance between two roller varies with the thickness of
sheets. A sheet is formed at the bottom of the two-roll mill when the roller rotates.
This process is carried out at ambient temperature with RPM (Revolution Per Min-
utes) of 10-15 as per standard practice in the rubber industry as shown in Figure 3.4.
Molding of CISR sheets is carried out with the pressure of 150 kg/cm? in a hydraulic
press under the temperature of 160°C. The vulcanising ingredients name peroxide
are added at this stage without the danger of premature vulcanisation occurring in
rubber sheets. Vulcanization of CISR sheets is carried out at Ami Polymer Pvt Ltd,
Silvassa, Dadar and Nagar Haveli, India [3-4]. Vulcanised rubber is tough, strong
and highly elastic. Density of CI powder is 7.8 g/cm? and density of HCR silicon
rubber is 1.1 g/em?. CISR sheets are formed by mixing CI powder(0 to 57 % by
volume)[20] in silicone rubber. Specific gravity of CISR sheets are in the range of

1.1g/cm? to 4.45g/cm as the CI powder concentration changes from 0% to 50% by

1|
e

Figure 3.3: Internal mixture used for mixing Silicon rubber and CI powder

volume.

Silicon rubber and CI
powder mixture

Roll mill rotating
in opposite
direction

CISR sheet

Figure 3.4: Fabrication process of CISR sheets on two-roll mill assembly
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Chapter 4

Characterization of CISR Sheets by using
Coaxial Air Line Method, Rectangular Di-
electric Waveguide Method

4.1 Introduction

For the design of microwave absorbers, it is necessary to measure the complex per-
meability and complex permeability of materials used. Coaxial Air Line (coaxial
airline)[1-4] method and Rectangular Dielectric Waveguide (RDWG) [5-8] are used
to measure complex permittivity (¢,) and complex permeability (u,) of CISR sheets.
Coaxial airline method is used in the frequency range of 1 to 4 GHz and RDWG
method is used in the frequency range of 3.95 to 8.2 GHz. For arbitary concentration
of CI powder in CISR sheets, polynomial approximate method is used for interme-
diate concentrations. Physical and mechanical properties such specific gravity is in
the range of 1.1 g/cm? to 4.45 g/cm3, tenstile strength is 110.43 K g/cm?, hardness
is 61 shore A, elongation at breakdown is 352%, etc of of CISR sheets are measured
by Ami Polymer Pvt. Ltd, Dadar and Nagar Haweli, India. Total Mass Loss (TML)
and Collected Volatile Condensable Material (CVCM) values is less than 1.0% and
0.1%, respectively. This test is performed in SAC, ISRO.
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4.2 Coaxial Air Line Method (1 to 4 GHz)

The coaxial air line is used for calculation of €, and p, values from measured Si;
and So; of toroidal shaped samples. Coaxial air line measurement system consists
of coaxial air line fixture, sections of coaxial cables and the VNA as shown in Figure

4.1 [1-4].

Figure 4.1: Photograph of coaxial air line system

The schematic diagram of coaxial air line fixture is shown in Figure 4.2. Figure
4.3 shows outer conductor, inner conductor, input/output N-type connectors and
Teflon sleeve which are used in coaxial air line fixture. The photograph of coaxial
air line fixture is shown in Figure 4.4. Photograph of toroidal shaped sleeve of CISR
is shown in Figure 4.5.

Electronic calibration kit (N4690D E-Cal module DC-18GHz) of VNA is used
for full-two calibration of coaxial air line measurement system using Open, short,
load and through option [11]. The N4690D is a precision 2-port E-Cal module that
supports 50-ohm N-type connectors. It is available in male/male (option MOM), fe-
male/female (option FOF), and male/female (option MOF') connector configurations.

For measurement of ¢, and p,, it is necessary to shift calibration planes from A

to A" (T1) and B to B’ (T). Ty is the length of sample as shown in Figure 4.6. The
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Outer Conductor Inner Conductor

10.5mm

-~
v

100 mm

Figure 4.2: Schematic diagram of coaxial air line fixture [5]

Figure 4.3: Components of coaxial air line fixture

calibration plane shifting equations are given in equations 4.1 and 4.2 [1].

Si1_ar =S a e (4.1)
Sor_arp = Sa_ap P12 (4.2)

Where A and B are port 1 and port 2 of calibrated coaxial air line.

By assuming 20 mm long toroidal-shaped Teflon sleeve or air line, 77 and 75 are

34



Figure 4.4: The photograph of coaxial air line fixture

Figure 4.5: Photograph of toroidal shape sleeve CISR.

estimated by optimization. It is assume value of €, for Teflon is 2.08 — j0.08 [12].

From S714/ and So14787, € measured A0 Uy measured Values are calculated by using
NRW method as shown in appendix B. The amplitude and phase of Sa; (or S12) was
within 0.00+0.06 dB and 0.0 4 0.8 °, respectively. The amplitude and phase of S1;
(or S9g) were 0.00 £ 0.06 dB and 180.0 + 1.9°, respectively. For materials such as
CISR sheets using NRW method, the maximum error in €, i/, tand. (= €’ /¢') and
tand,, (= p"/ 1) are 3.7%, 9.9%, 0.048 and 0.11, respectively [12].

Insert the toroidal shaped sample inside the coaxial air line as shown in Figure

4.7. The thickness of the toroidal shaped sample should be equal to or slightly less
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Figure 4.6: T1, T5 and T3 parameters inside the coaxial air line fixture
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conductor
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conductor

Figure 4.7: Sample inside the coaxial air line fixture [1]

than the size of a coaxial air line so that sample can slide without difficulty inside the
coaxial air line. The air gap will be created between the sample and coaxial air line
because of dimensional mismatch as shown in Figure 4.8. D; and Dy are diameters
of inner conductor and outer conductor of coaxial air line. di and do are the inner
and outer diameter of toroidal-shaped sample. Air gap correction method must be
used to avoid anomalies in the calculated values of €, and pu, [1,2,4]. € corrected, ¢’

corrected, p’ corrected and p” corrected are given [1].

¢ — L3(1 + tan266) [L3 _ Llegneasured(l + tan25€)] (4 3)
corrected measured Lo [Lg _ LlE;neasured(l + tan2(5e)]2 + L%tan256 .
Lstand,
" / €
= 4.4
€corrected €measured L3 N Lle;neasured(l + tCLTLQ(SE) ( )
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Figure 4.8: Schematic diagram of sample inside the coaxial airline fixture

/
_ MmeasuredL?) — L

lulcorrected - L2 (45)
Ls
mu/clorrected = /L;;”Leasurecllf2 (46>
Where :-
d1 D2
Li=In—+1In— 4.
1 n D1 +n dg ( 7)
Ly =1In & (4.8)
dy
Do
L3 =In— 4.9
)=l (19)

These air gap correction formula are only valid for isotropic solid sample like
Teflon. But for flexible materials like CISR sleeves, the effect of air gap can be
removed only by careful design of CISR sleeves and calibrations with Teflon as the
standard material. For accurate values of ¢, and pu, of toroidal-shaped sleeves, the
length should be close to odd multiple of \/4 [1]. In case of CISR sleeves, length

should be between 4 mm to 6 mm for frequency range of 1 to 4 GHz.
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4.3 RDWG Method (3.95 to 8.2 GHz)

Complex permittivity (€,), complex permeability (u,) and reflectivity of CISR sheets
are measured using RDWG systems which are non-destructive in nature. Two
RDWG systems have been designed, namely, WR-137 for 5.85 to 8.2 GHz and WR-
187 for 3.95 to 5.85 GHz which are shown in Figure 4.9 and 4.10.

Figure 4.9: Photograph of WR-137 RDWG system for 5.85 to 8.2 GHz frequency
range

RDWG systems consists of vector network analyzer (VNA), coaxial cables, coax-
ial to rectangular waveguide transitions, sections of metallic waveguides, standard
gain horn antennas and section of dielectric waveguides. Agilant E5071 B model
used as VNA. Section of metallic waveguide should be of more than few wavelength
long. Standard gain horn antenna is used which act as a launcher for microwave
signal and provide mechanical support. Teflon is used as a material for dielectric
waveguides. A portion of dielectric waveguide (1.3 wavelengths in Teflon at cen-
ter frequency) which is inserted into metallic rectangular waveguide is tapered for
conversion of TEjp mode to EY; mode in dielectric waveguide as shown in Figure
4.11. The length of tapered dielectric waveguide section beyond the horn antenna is
approximately 2 to 5 wavelengths at the center frequency. This length is required to

avoid surface waves in dielectric waveguide [7].
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Figure 4.10: Photograph of WR-~187 RDWG system for 3.95 to 5.85 GHz frequency

range

Figure 4.11: Photograph of tapered dielectric waveguide section for WR-137 fre-
quency bands

The TRL (Through, Reflect, Line) calibration method [5-8] and time domain
gating in VNA are used to calibrate and remove all measurement errors associated
with the RDWG systems due to multiple reflections. TRL calibration model of
VNA is used for RDWG systems. The through standard is realized by keeping the
distance between two tip’s of dielectric waveguides equal to zero as shown in Figure
4.12. The reflect standard is realized by placing a 2.5 mm copper sheet between
two tip’s of dielectric waveguides as shown in Figure 4.13. The line standard is

obtained by separating the tip’s of dielectric waveguides by a distance of \/4 at
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Figure 4.13: Reflect calibration standard

the mid band as shown in Figure 4.14.. The TRL calibration kit of the VNA is

Figure 4.14: Line Calibration standard

modified by defining these calibration standards regarding characteristic impedance
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and electrical delay. The full 2-port calibration is performed in dielectric waveguide
by using these calibration standards.

After TRL calibration, A ripple is observed during S-parameter measurement
of the sample. The reason for this is residual load and source mismatch. Time
domain gating (feature of VNA) is performed on S-parameters to remove residual
load and source mismatch [5-8]. The time-domain S-parameter response is obtain
from frequency domain-response data by taking inverse Fourier transform. The gated
window of pass band is applied over main path S-parameter response. Measured
data with time domain gating is obtained by taking the Fourier transform of gated
S-parameter response. After gating, through standard was measured. The amplitude
and phase of Sa; (or S12) was within 0.00£0.06 dB and 0.0 £ 0.8 °, respectively.
For the metal plate, the amplitude and phase of Si; (or Sa2) were 0.00 + 0.06 dB
and 180.0 £ 1.9°, respectively [5-6]. All the abrasions and reflection arising because
of bend in coaxial cable and imperfect coaxial to waveguide transitions and abrupt
change in impedance value in waveguide have been successfully eliminated. Full 2
port TRL calibration with time domain gating can be applied to any load placed
between two tip’s of dielectric waveguides. Care must be taken that the setup should
not be disturbed once calibration is done. If any change in RDWG systems happens
due to insertion of samples between two tip’s of dielectric waveguides, calibration
must be performed again.

For characterization of CISR sheets, ¢, and u, values are calculated from mea-
sured S11 and Sg; data using Reflection/Transmission method given by Ghodgaonkar
et al [12] as shown in appendix B. For materials such as CISR sheets, the maximum
error in €, 1/, tand. (= €"/¢') and tand, (= p"/p') are 3.7%, 9.9%, 0.048 and 0.11,
respectively [12].

CISR sheets are placed in good contact between two tip’s of dielectric waveguides.
This method is also called as Nicolsion Weir ross method. Accuracy of reflection and
transmission method for RDWG system was verified by measuring dielectric prop-
erties of sheets of standard materials such as Teflon, PVC, polycarbonate, plexiglass
and nylon.

To avoid effect of sagging of thin and flexible CISR sheets, they are sandwich
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between two teflon sheets. These Teflon sheets are quarter wavelength at mid-band
for impedance matching of CISR sheets [5,6]. Thickness of Teflon sheets are 7.4 mm
and 10.3 mm for WR-137 and WR-187 waveguide bands, respectively. It is placed in

direct mechanical contact between two RDWGs as shown in Figures 4.10 and 4.11.

4.4 Measured results of CISR sheets

4.4.1 Coaxial Air Line

Toroidal-shaped CISR sleeves with 0%, 10%, 20%, 30%, 40%, and 50% of CI powder

by volume were fabricated as shown in Figure 4.15.

Figure 4.15: Toroidal-shaped CISR sleeves for coaxial air line

e, and p, values of toroidal-shaped CISR sleeves are given in Figures 4.16 to 4.21
and in Table 4.1. The value of ¢ for silicon rubber varies from 2.95 to 2.9 in 1 to
4 GHz range. The negative values of ¢’ and p” are due to measurement errors in
coaxial air line measurement system. The value of y’' remains close to 1. € values
varies from 2.95 to 24 at 1 GHz and 2.9 to 17 at 4 GHz, with change in concentration
from 0 % to 50% in CI powder by volume. ¢’ remains close to 0 in 1 to 4 GHz range

for all concentrations of CI powder by volume. p’ varies from 1 to 5 at 1 GHz and 1
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to 2.4 at 4 GHz as concentration changes from 0% to 50% of CI powder by volume.
As concentration of CI powder changes from 0 % to 50% in CI powder by volume,
the value of p” changes from 0 to 1.8 at 1 GHz and 0 to 2.4 at 4 GHz. At 2.5 GHz,
values of €', €, i/ and p” for toroidal-shaped CISR sleeves are given in Table 4.1.
From Table 4.1 and Figures 4.17 to 4.22, it is observed that the values of €, ;' and
©” increase with increase in volume fraction of CI powder. Silicon rubber (0% of CI
powder by volume) is nonmagnetic. So, the expected value for ;' and p” are exactly
1 and 0.0, respectively. The negative values of ¢’ and y” are due to measurement

errors in coaxial air line system.

CISR Sheets ¢ e’ u u”
Silicon Rubber sheet 2.95 0.04 1.09 0.09
CISR Sheet (10% of CI pow- | 4.2 0.05 1.56 0.25

der by volume)

CISR Sheet (20% of CI pow- | 7.09 -0.08 1.75 0.44
der by volume)

CISR Sheet (30% of CI pow- | 11.30 -0.12 2.25 1.02

der by volume)

CISR Sheet (40% of CI pow- | 17.06 -0.8 2.45 1.62
der by volume)

CISR Sheet (50% of CI pow- | 23.06 0.2 2.51 1.86
der by volume)

Table 4.1: Complex permittivity and complex permeability of CISR Sheets at 2.5
GHz
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Figure 4.16: Complex permittivity and Complex permeability of CISR sheets (0%
of CI by volume)
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Figure 4.17: Complex permittivity and Complex permeability of CISR sheets (10%
of CI by volume)
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Figure 4.18: Complex permittivity and Complex permeability of CISR sheets (20%
of CI by volume)
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Figure 4.19: Complex permittivity and Complex permeability of CISR sheets (30%
of CI by volume)

20 T \ " " ; 5

|
t-

e

)]

Complex Permittivity

0 ]
:

b
Complex Permeability

Frequency (GHz)

Figure 4.20: Complex permittivity and Complex permeability of CISR sheets (40%
of CI by volume)
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Figure 4.21: Complex permittivity and Complex permeability of CISR sheets (50%
of CI by volume)
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4.4.2 Rectangular Dielectric Waveguide (RDWG)

0%, 10%, 20%, 30%, 40%, and 50% of CI powder in CISR sheets by volume are
fabricated with dimension of 300 mm x 300mm x 3 mm. It is then sliced into 150
mm x 150 mm for use in the RDWG system as shown in Figures 4.22. The aperture of
horn antenna is approximately equal to the slice size of CISR sheets. The maximum

energy is within the dielectric waveguide €, and p, values of CISR sheets having 0%,

P 7

(d) (e) (f)

Figure 4.22: Photograph of Fabricated CISR sheets (a) 0% (b) 10% (c) 20% (d) 30%
(e) 40% (f) 50% of CI in CISR sheets by volume.

10%, 20%, 30%, 40% and 50% of CI powder by volume are plotted in Figures 4.23
to 4.28.

For CISR sheets, the maximum errors in €, i/, tande (= €’/¢€') and tand, (=
W' /i) are 3.7%, 9.9%, 0.048 and 0.11, respectively [5,6,12]. In Figures 4.23, it is
observed that the value of ¢ for silicon rubber varies from 2.75 to 2.6 in 3.95 to 8.2
GHz range of frequency. The negative values of €’ and ;" are due to measurement
errors in RDWG measurement system. The value of 4/ remains close to 1. From
Figure 4.24 to 4.28, ¢ values varies from 4.1 to 21 at 3.95 GHz and 3.98 to 23 at 8.2
GHz, with change in concentration from 0 % to 50% in CI powder by volume. €’

remains close to 0 at the frequency range of 3.95 to 8.2 GHz for all concentrations
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CISR Sheets ¢ e’ w u
Silicon Rubber sheet 2.75 0.04 0.996 -0.01
CISR Sheet (10% of CI by | 4.18 0.15 1.16 0.25
volume)

CISR Sheet (20% of CI by | 7.12 0.21 1.57 0.74
volume)

CISR Sheet (30% of CI by | 10.60 -0.12 1.77 1.12
volume)

CISR Sheet (40% of CI by | 18.06 -0.08 1.74 1.62
volume)

CISR Sheet (50% of CI by | 24.06 -0.08 1.84 1.82
volume)

Table 4.2: Complex permittivity and complex permeability of CISR Sheets at 6 GHz

of CI by volume. ' varies from 1.2 to 2.1 at 3.95 GHz and 1.1 to 1.5 at 8.2 GHz
with change in concentration from 0% to 50% of CI by volume. The value of
varies from 0.1 to 1.95 at 3.95 GHz and from 0.25 to 1.5 at 8.2 GHz with change
in concentration from 0 % to 50% in CI powder by volume. At 6 GHz, values of €/,
¢, 1/ and p” for CISR sheets are given in Table 4.2. From Table 4.2 and Figures
4.23 to 4.28, it is observed that the values of ¢, 1/ and p” increase with increase in
volume fraction of CI powder. The values of ¢, y/ and y” increase with increasing

volume fraction of CI powder.
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Figure 4.23: Complex permittivity and Complex permeability of Silicon Rubber (0%

of CI by volume)
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Figure 4.24: Complex permittivity and Complex permeability of CISR sheets (10%

of CI by volume)
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Figure 4.25: Complex permittivity and Complex permeability of CISR sheets (20%

of CI by volume)
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4.5 Polynomial Approximation of ¢, and u, for in-

termediate concentration of CI Powder

For the design of microwave absorbers, ¢, and u, values are required for arbitrary
volume fraction of CI in CISR sheets. Six CISR sheets were fabricated with 0%,
10%, 20%, 30%, 40% and 50% of CI powder by volume to cover possible range of
concentrations from 0 to 50%[13].

For intermediate values of CI powder by volume in CISR sheets, € can be obtained
by exponential dielectric mixture theory because of high contrast in dielectric and
magnetic properties of silicon rubber and CI powder [13, 14, 15]. For x' and p”,
linear interpolation is a good approximation because of small changes as a function

" can be assumed to be close to zero for intermediate

of concentration [14, 15]. €
concentrations of CI powder in CISR sheets. The exponential dielectric mixture

equation is given by following equation .

(eerp)” = f-(€ci)® + (1= f)(es)" (4.10)

Where €., €ci, €5 and f are dielectric constant of CISR sheets, dielectric constant of
CI powder in silicon rubber, dielectric constant of silicon rubber and concentration of
Cl in CISR sheets by volume, respectively. Using this equation for a = 0.4, calculated
value of €. varies from 54 to 74 for change in CI concentration from 10% to 50%.
Change in ¢.; will cause errors in estimation of €.

In our design of microwave absorbers, it was found that €, x/ and u” can be
estimated by polynomial approximation method which is superior to dielectric mix-
ture theory for € and linear interpolation for p/ , ¢”. In order to minimize errors in
estimation of € for intermediate concentrations, the exponential dielectric mixture
formula works well with small changes in concentrations like 0% to 20%, not 0% to
50%. In our experience in design of microwave absorber, polynomial approximation
works well as it approximates the curve equation with points at different concentra-
tions of CI by volume at a fixed frequency. The function "basic fitting" is available

in Matlab which is used.
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Figures 4.29 to 4.31 for 2.5 GHz and Figures 4.32 to 4.34 for 6 GHz show re-
sults from polynomial approximation technique for ¢, u/ and p”, respectively. For
any frequencies in 1 to 8.2 GHz frequency range, similar polynomial approximation

results can be obtained.

25 T T T T

y =-1741.7*x> + 1970.8*x* - 800.42*x> + 210.29*x? - 2.3217*x + 2.95

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Concentration of Cl powder in CISR sheets by volume

Figure 4.29: Polynomial approximation of ¢ at 2.5 GHz
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Concentration of Cl powder in CISR sheets by volume

Figure 4.30: Polynomial approximation of x4’ at 2.5 GHz
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Figure 4.31: Polynomial approximation of x at 2.5 GHz
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Figure 4.32: Polynomial approximation of ¢ at 6 GHz
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Figure 4.33: Polynomial approximation of y’ at 6 GHz
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Figure 4.34: Polynomial approximation of x4’ at 6 GHz

4.6 Conclusions

Coaxial air line system is used for calculation of €, and p, of CISR sheets from mea-
sured S-parameters in the frequency range of 1 GHz to 4 GHz using NRW method.
Corrected values for S parametes for toroidal-shaped CISR sleeves are obtained by
E-cal kit, time domain gating in VNA and 77 and T estimation in coaxial air line
by toroidal-shaped teflon sleeve. €, and p, values are calculated in 1 to 4 GHz fre-
quency range from corrected value of S-parameter of toroidal-shaped CISR sleeves
using NRW method. €, and p, values of CISR sheets are calculated accurately by
using RDWG system by sandwiching CISR sheets between two quater wavelength
long Teflon sheets. For thin and flexible CISR sheets, RDWG system is specially
suited because it is a non-destructive method. Polynomial approximation is used to
get €, and pu, values at intermediate concentration of CI powder in CISR sheets by

volume. It is obtained by approximating the curves of €, and p,, with known values

at 0%, 10%, 20%, 30%, 40% and 50% of CI powder.
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Chapter 5
Design of broadband microwave absorber
using multilayer carbonyl iron filled sili-

cone rubber sheets

5.1 Introduction

The multilayer microwave absorbers are designed to suppress unwanted external
electromagnetic waves from various wireless sources. Multilayer microwave absorber
are designed in 2.5 to 8.2 GHz ranges by stacking different layers of carbonyl iron
filled silicone rubber (CISR) sheets by using genetic algorithm optimization. These
CISR sheets are designed by different concentrations of CI in CISR sheets. For
frequency 1.6 GHz to 2.6 GHz range, single layer microwave absorber of thickness
3 mm is designed by 50% of CI powder in CISR sheet by volume. The fabrication
accuracies in thicknesses and concentrations of CISR sheets are & 0.5 mm and + 2%
of CI by volume, respectively. These CISR sheets are fabricated by Ami Polymer
Private Limited Silvassa, India. All multilayer microwave absorbers designed in this
thesis have two layers because of inaccuracies in fabrication of CISR sheets.
Essentially, two important conditions are to be satisfied to suppress electromag-
netic radiations [1]. Firstly, minimum reflection at the air-absorber interface and
secondly, sufficient attenuation of the incident wave power within the absorber. Re-
duction of reflection at the interface can be obtained by taking the conditions of
impedance matching at the air-absorber interface, and thereafter, attenuation within

the absorber matrix using lossy material. These two conditions can be tailored by
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appropriate values of €, and p, of the absorbing material at the desired frequency.
The two main loss mechanisms for dielectric materials are conduction and dielectric
losses. High conductivity leads to conduction losses and dipolar losses are due to
polarization effects. On the other hand, magnetic composite absorption depends on
magnetic hysteresis effect of the magnetic inclusions incorporated into the matrix
materials as in case of CISR sheets.

In order to get both characteristics, it is preferred to have a multilayer microwave
absorbers. The first layer should have matching characteristics with free space. So,
its 1/ /€ should be close to 1. It should allow maximum power to pass through it.
The second layer is used to have maximum attenuation characteristics. ¢ and p” of

second layer should be as high as possible.

5.2 Theory of multilayer microwave absorbers

Transmission line model of multilayer microwave absorber is shown in Figure 5.1

[3,4,5].

n1 Mo

Figure 5.1: Transmission line model of multilayer microwave absorber

Where, 7g is the intrinsic impedance of metallic layer which is 0 €, 7 is the
intrinsic impedance of first layer with thickness ¢; and 7, is the intrinsic impedance

of u! layer with thickness ¢,. 7,,1 is the intrinsic impedance of free space which
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is 377 Q. 6,41 is the angle of incidence from free space to ut" layer and 6, is angle
of refraction in u! layer. Z, is the input impedance of the microwave absorber.

Reflectivity of multilayer microwave absorber is given by following equations

-
Reflectivity (RC) = ZU+ZUH

U u+1
RC(dB) = 20 log1o(RC)

Where RC can be expressed in linear form or in dB. Impedance of the microwave

absorber from first layer (u = 1) Z,, can be found by following equations

7 Zy—1+ Uutcmh(%tu)
N+ Zy—1tanh(yyuty)

Zy =

Where,

M = 377,27 (5.3)

€ru

Yu = J27f \/€otto \/Erutiru COS(Qu) (5.4)

€ru and fi,,, are the complex permittivity and complex permeability of ut" layer.
Equation 5.1 to 5.3 are successively applied from layer 1 to last layer (uth layer) for
calculation of input impedance of microwave absorber.

6, is given by following equation using Snell’s law

0, = Sin~! (“7”““’7“ Sm(e““)) (5.5)
HruMu+1

TE wave is referred as Transverse Electric Wave. Here, electric field is perpendic-
ular to the plane of microwave absorber. TM wave is referred as Transverse Magnetic
Wave. Here, magnetic field is perpendicular to the plane of microwave absorber. 77;{ E

and 775 M are give by following equations

TE U
Ny = COS(QU) (56)
UEM = n,Cos(0y) (5.7)
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Equation 5.4 to 5.6 are successively applied from last layer to first layer. Matlab code
for calculation of reflectivity of multilayer microwave absorbers is given in appendix

E.

5.3 Design of multilayer microwave absorbers us-
ing genetic optimization

Genetic Algorithms (GAs) [2] are adaptive heuristic search algorithms based on the
evolutionary ideas of natural selection and genetics. There are different optimization
techniques like particle swarm optimization, ant colony optimization, gravitational
search optimization, etc. The main advantage of GA is that it is discrete in nature.
GA is used to optimize multilayer microwave absorbers for maximum bandwidth
(Reflectivity is better than< -10 dB). It is required to take into consideration the
tolerance of CISR sheets regarding thickness and concentration of CI powder by

volume. The following steps are used.

1. Choosing the interested frequency band of operation from 1 to 3 GHz or 3 to
8.2 GHz.

2. Choose frequency step of 0.1 GHz or of your interest. This is needed to cover

entire frequency range of interest.

3. For each frequency, it is required to randomly choose concentration of CI in
CISR sheets by volume and thickness of all layers. ¢, and pu, are calculated
by using polynomial approximation based on concentration values as given in

Section 4.5.

4. Two genes are required per layer which corresponds to concentration and thick-
ness of CISR sheets. These genes form a chromosome. Each chromosome cor-
respond to a solution of microwave absorber. In this thesis, the population of

15 chromosomes are used in calculations.

5. The preliminary reflectivity of microwave absorber are calculated by using

impedance formula given in Section 5.2. So, each chromosome will produce
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TE/TM

reflectivity (Rg;,, (fi,6;)) over the chosen frequency, angle of incidence and

polarization.

. Fitness function is defined as

emaz fmam
FitnessFunction = ) ( > (\Rz;ﬂ/TM(fi, 0i)|a — |Rdec|d3) (5.8)
01':00 fi:fmin

Where the angle of incidence (6;) varies from 0° degrees to 40° (04.) With
increment of 10°. The operating frequency (f;) varies over 1 to 3 GHz or 2.5
to 8.2. Rges (terminating condition) is the desired reflection coefficient in dB
whose value is set at -10 dB. Rz;i/ TM (1 6;) are magnitude of simulated re-
flection coefficient under incident angle 6; at frequency f; with TE and TM
polarization in dB. If fitness criteria give a positive value which means the
terminating condition has reached and the design of microwave absorber is
complete. The chromosome which corresponds to the solution will give con-
centrations and thicknesses of designed multilayer microwave absorber. If ter-
minating condition does not reach (fitness criteria gives negative results), then

the best chromosome according to fitness function is kept and replacement of

other chromosomes will be carried out by using recombination process.

. Recombination consists of selection, crossover, mutation and replacement steps.
The first step is selection of chromosomes for recombination. The second step is
the crossover. This process is similar to biological crossover.Two chromosomes
breaks off at a certain point and break off portions are exchanged with each
other. New chromosomes are produces. The mutation is a random change in
an individual chromosome. This is the third step. If the rate of mutation is
equal to 0% then the solution takes time and if it is 100%, GA becomes random
optimization. The mutation rate is kept in the range of 3% to 5%. The last
step of recombination is replacement. The replacement of old chromosomes
with new chromosomes are carried out except best chromosome as shown in

flow chart of Figure 5.2.
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8. Then, again terminating condition is checked. If any chromosome meets the
terminating condition then program terminates. If the terminating condition
does not reach then program will go to step 7 till the terminating condition is

reached.

For each frequency

v
Initialization of materials properties
and thicknesses

(8r1, €r2...8m, Hr1, Hr2.. B 1, 12, th)

Y

Generate initial population
(genes) for microwave
absorber

[ Replace genes HMutation of geneS]
| population

A

Termination condition

reached No

Selection
of genes

Perform Crossover
of genes

Simulated microwave
absorber

Figure 5.2: Flow Chart of Genetic Optimization
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5.4 Measured and simulated results of multilayer
microwave absorber in 1 to 8.2 GHz frequency

range

5.4.1 Results for 2.5 to 8.2 GHz

Multilayer microwave absorber is designed as two layer absorber using genetic opti-
mization. The two layer absorber consist of first layer of 0% CI powder by volume
in CISR sheet and second layer of 50% CI powder by volume in CISR sheet. The
thickness of first layer is 7.35 mm and second layer is 1.4 mm. It is analyzed by using
equations 5.1 to 5.7 in Matlab. At normal incidences, the measured result of two
layer absorber by RDWG method and NRL Arch method [Appendix C] are shown
in Figure 5.3.

—NRL Arch method
= RDWG method

&
T

-
o
T

Reflectivity (dB)
) N :
o (931

T T

1
&)
T

_30 | 1 1 1 1 1 1

Frequency in GHz

Figure 5.3: Measured results of two layer microwave absorber at normal incidence

by NRL arch method and RDWG method

Measured reflectivity is found to be better than -10 dB in frequency range of 2.5
GHz to 8.2 GHz by NRL Arch method. Measured reflectivity in better than -11.8
dB in 3.95 to 8.2 GHz frequency range by RDWG method. Figure 5.4 shows the
measured reflectivity of TE waves at various angle of incidences in frequency range

of 1 to 8.2 GHz. Figure 5.5 shows the simulated reflectivity of TE waves at various
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Figure 5.4: Measured reflectivity of two layer microwave absorber at angle of inci-
dences (0°, 10°and 20°) for TE waves in 1 to 8.2 GHz frequency range
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Figure 5.5: Simulated reflectivity of two layer microwave absorber at angle of inci-
dences (0°, 10°and 20°,) for TE waves in 1 to 8.2 GHz frequency range

angle of incidences using equations 5.1 to 5.7 in the frequency range of 1 to 8.2
GHz. From Figure 5.3 to 5.5, it is observed that the simulation results are matching
the measured results at normal incidence. The mismatch between simulated and
measured results for TE waves at 10°and 20°are due to measurement errors. Figure
5.6 shows the measured reflectivity of TM waves at 0°, 10°and 20°of incidences angles
in frequency range of 1 to 8.2 GHz. Figure 5.7 shows the simulated reflectivity of
TM waves at 0°, 10°and 20°angle of incidences using equations 5.1 to 5.7 in the

frequency range of 1 to 8.2 GHz. The measured results are matching with simulated
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for TM waves at angles of incidence of 0°and 10°. The results are mismatching at

20°of incidence angle.
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Figure 5.6: Measured reflectivity of two layer microwave absorber at angle of inci-
dences (0°, 10°and 20°) for TM waves in 1 to 8.2 GHz frequency range
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Figure 5.7: Simulated reflectivity of two layer microwave absorber at angle of inci-
dences (0°, 10°and 20°,) for TM waves in 1 to 8.2 GHz frequency range

5.4.2 Results for 1.6 to 2.6 GHz

For 1 to 3 GHz frequency range, two layer absorber was designed with first layer

CISR sheets as 0% CI powder by volume and second CISR sheet as 50% CI powder

by volume. Thickness of first layer is 20.5 mm and thickness of second layer is 22.2
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mm. Because of the unavailability of small internal mixture for fabrication of CISR
sheets and problem with manufacturing thick CISR sheets of 50% concentration, it
was decided to use single layer quarter wavelength (A/4) resonant absorber of 3 mm
CISR sheet of 50% CI powder by volume.

At normal incidence, the measured results of single layer absorber by NRL arch
method and simulated result by using equation 5.3 to 5.7 are shown in Figure 5.8.
Measured reflectivity is found to be better than -10 dB in frequency range of 1.6
GHz to 2.6 GHz. The bandwidth of simulated results are better from 1.7 to 3 GHz.
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Figure 5.8: Measured and simulation result of single layer microwave absorber for
normal incidence
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Figure 5.9: Simulation result of single layer microwave absorber at angle of incidences
(0°, 10°and 20°) for TE waves in 1 to 8.2 GHz frequency range

For single layer absorber, Figures 5.9 and 5.10 shows the simulated results of TE

and TM polarizations for angle of incidences 0°, 10°and 20°. The results shows the
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Figure 5.10: Simulation result of single layer microwave absorber at angle of inci-
dences (0°, 10°and 20°, ) for TM waves in 1 to 8.2 GHz frequency range

behaviour of single layer microwave absorber does not change with incident angle in

TE and TM polarizations.

5.5 Discussion and conclusions

Multilayer and single layer microwave absorbers are designed, fabricated and tested.
All multilayer absorbers are designed as two layer absorbers because of fabrication
inaccuracies in thickness and concentration of CI powder in CISR sheet. Genetic
algorithm is used to optimize thickness and CI concentrations by volume in CISR
sheets. Single layer absorber of thickness A/4 is designed as resonance absorber for
1.6 to 2.7 GHz frequency range. Two layer absorber is fabricated and tested by NRL
arch method in the frequency range of 2.5 to 8.2 GHz. The simulated results are

matching with measured results.
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Chapter 6
Design of broadband microwave absorbers
using frequency selective surface embed-
ded in carbonyl iron filled silicone rubber

sheets

6.1 Introduction

In this chapter, broadband microwave absorbers are designed by using Frequency
Selective Surface (FSS) embedded between two carbonyl iron filled silicone rubber
sheets (CISR)[1,2]. Currently, there are two methods to design the geometry of F'SS.
First method is conventional type FSS [1,3-13] design by tailoring the geometry of the
proposed structure such as length dipole, concentric ring, fractal shape, square loop
etc. Second method is pixelated type FSS design by an optimization technique [2,14-
18]. The former method is time-consuming and expensive because it requires human
intuition, experience, and a large number of simulation experiments. However, the
complex structure design of pixelated FSS makes it more difficult to obtain optimal
structure parameters according to the desired frequency selective property. With the
advantages of the latest binary version of various optimization techniques and the
high computational power of computers, pixelated FSS design can be accomplished
easily. The FSS design method based on pixelated unit cell structure provides a vast
amount of flexibility in designing and achieving the desired geometry of the unit cell

for various applications.
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F'SS is any thin, repetitive surface designed to reflect, transmit or absorb elec-
tromagnetic fields based on the frequency of the field. For thin and broadband
microwave absorbers, conductive FSS [1] and resistive F'SS [12] are used. The fre-
quency response of F'SS depends on various parameters such as thickness of substrate,
dielectric and magnetic properties of materials, size of unit cell and geometry of FSS
[1-23].

Figure 6.1 shows schematic diagram for broadband microwave absorber FSS layer
embedded between layers 1 and layer 3. It is assume that uniform plane wave of
frequency f is incident at the broadband microwave absorber. Layer 1 and layer
3 can be realized by different concentration of carbonyl iron (CI) powder in CISR
sheets by volume. t,, trss and ¢, are thickness of layer 1, layer 2 and layer 3,

respectively. 6; is the angle of incident and 6, is the angle of reflection. The layer

Reflection Cofficient (S)

A~

Incident Wave Oi Or Reflected Wave

\V4

Y

A

ta I Layer 1

trss I Layer 2 (FSS Layer)

t I Layer 3
Metallic layer

Figure 6.1: Schematic diagram of broadband microwave absorber

1 should have better matching characteristic (u./e, = 1) and layer 3 should have
attenuation characteristic (¢! and u.’ > 0). FSS behave like a microwave filter. It is
used to pass certain frequencies and block others. Using this property, broadband

microwave absorption can be achieved.
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6.2 Characterization of CISR sheets

Two CISR sheets with 24%of CI by volume as layer 1 and 33% of CI by volume as
layer 2 are prepared [6]. These sheets are characterized in RDWG method. Thickness
of each sheets are 2.7 mm. Figure 6.2 and 6.3 gives values of €, and p, of CISR sheets.
In case of 24% of CI by volume in CISR sheet, p” varies from 0.87 to 0.7 and g/
varies from 1.85 to 1.23 from frequency range 3.95 to 8.2 GHz. In case of 33% of CI
by volume in CISR sheets, p”” varies from 0.9 to 1 and u varies from 1.7 to 1.55 from
frequency range 3.95 to 8.2 GHz. €” is approximately equal to zero in both case. €
varies from 8.3 to 10.2 in 24% CI by volume in CISR sheets and from 11.8 to 11.9
in 33% CI by volume in CISR sheets in frequency range of 3.95 to 8.2 GHz.

— ' T T 3
¢ 12
m
c 25
_’_’u| 10
2
+'U" gl

15 ,

Complex Permittivity
.
Complex Permeability

4 4.5 5 55 6 6.5 7 7.5 8
Frequency (GHz)

Figure 6.2: Measured €, and g, value for CISR sheets 24% of CI in CISR sheet by
volume

6.3 Conventional Type FSS

For design of broadband microwave absorber in 3.95 to 8.2 GHz frequency range,
the conventional type of FSS (layer 2) are designed by conductive concentric three
square loops printed on FR4 dielectric substrate. Figure 6.4 shows the geometry of
F'SS unit cell. Measured dielectric constant and loss tangent of FR4 are 4.4 and 0.02,
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Figure 6.3: Measured €, and pu, value for CISR sheets 33% of CI in CISR sheet by
volume

respectively (books). The optimized FSS design for microwave absorber are a=15
mm, b=13.6 mm, ¢=9.6 mm, d=5.2 mm, e=0.8 mm, f=1 mm, ¢g=0.8 mm, ¢;=0.9
mm and ?.,=0.02 mm, which is obtained by performing large number of simulation
in CST microwave studio. t; and t., are thickness of FR4 and thickness of printed
copper, respectively. Equivalent circuit of F'SS consist of three parallel LC circuits
which correspond to three squares|24].

The fabrication is carried out in a PCB company. Printed photograph of FSS is
shown in Figure 6.5. 10 x 10 FSS unit cell are fabricated on single FR4 substrate
of size 15 em x 15 e¢m.

For F'SS layer (layer 2 in Figure 6.1), Measurement of S1; and So; is carried out
by using RDWG method. NRW method (Appendix 1) is used to extract €, and g,
from measured S1; and S9; values. Calculated €, and p, values of FSS layer are
shown in Figure 6.6. € value is near -80 at 3.95 GHz and reaches to 125 at 6.6 GHz.
Then, the value of € suddenly fall to again -80 at 6.8 GHz and rises to near -20 at
8.2 GHz. The value of ¢ is 0 at 6.75 GHz. The value of ¢” is always positive. The
value of € varies from near 40 at 3.95 GHz to 0 at 6 GHz, then it start rising and
reaches to 220 at 6.75 GHz. The value of € falls again from 220 at 6.75 GHz to near
0 at 8.2 GHz. The value of 4/ rises from -0.8 at 3.95 GHz to 1.8 at 8.2 GHz and the
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Figure 6.4: Geometry of FSS unit cell (a) Top view (b) Side view

Figure 6.5: Photoghaph of Fabricated FSS

value of y” is -1 at 3.95 GHz to -1.2 at 8.2 GHz. This behaviour shows that it is
a metamaterial. Calculated impedance of FSS layer is shown in Figure 6.7. At 5.2
GHz, FSS layer behaves like free-space. At 4.2 GHz and 7.6 GHz, FSS behave like

a short circuit . Theses properties help in getting broadband absorption.
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Figure 6.7: Calculated impedance of FSS

Using RDWG system, the measured reflectively of broadband microwave absorber
and two-layer absorber (without FSS layer) are shown in Figure 6.8. Simulated
reflectivity of broadband microwave absorber are also shown in Figure 6.8. The two
layer absorber (without F'SS layer) reflectivity is not better than -6 dB in 3.95 to 8.2
GHz frequency range. Broadband microwave absorbers gives reflecticity better than
-11 dB in 3.95 to 8.2 GHz frequency range. FSS layer is light in weight, invariable

in thickness and easy to fabrication. These measured results are slightly different
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Figure 6.8: Simulated and measured results of microwave absorbers

from simulated results because of dimension tolerance of FSS unit cell, dimension
tolerance of CISR sheets and glue used for pasting. It is observed that broadband
microwave absorber has two absorption peaks at 4.2 GHz and 7.6 GHz in simulated
results. At these frequency, FSS layer behave like a short circuit as shown in Figure
6.7. Maximum power get absorbed in layer 1 at 4.2 GHz and 7.6 GHz. At 5.2 GHz,
simulated reflectivity of microwave absorber is minimum (-11 dB). At this frequency,
FSS behave like free space which is embedded in two CISR layers.

CST Microwave Studio is used to study the reflectivity of broadband microwave
absorber for normal and oblique incident in TE and TM polarizations as shown in
Figure 6.9 and 6.10. For TM polarization, reflectivity are better then -10 dB for all
angles. In case of TE polarization, reflectivity are greater then -10 dB for 30° to
60° angles. Due to changes in propagation of electric and magnetic fields in broad-

band microwave absorber for TE and TM polarizations absorption characterstics are

different.[9,15]
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Figure 6.9: TE polarization of broadband microwave absorber at various incidence
angles
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Figure 6.10: TM polarization of broadband microwave absorber at various incidence
angles

6.4 Pixelated FSS

Pixelated F'SS (layer 2 of Figure 6.1) is designed using Geometry-Refinement Method
(GRM) and Genetic Algorithm (GA) optimization [25]. GA optimization was used

in the placement of pixels in unit cell of optimized pixelated FSS as shown in Figure
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6.11. GRM technique is used to avoid the lattice point that was placed during the GA

16 mm
16 i Upper tringular Portion of lower
0 0/1 111 1/0] —— right quater unit cell
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0,11
| 1,0
\ 0.

Figure 6.11: Flow chart of optimized pixelated FSS layer

optimization. GA and GRM operation is performed in Matlab. The simulation of
broadband microwave absorber is performed in CST Microwave Studio (Figure 6.1).
The pixels are arranged with eight fold symmetry as shown in Figure 6.11 (from 256
to 36 bit) which help in reducing computation time and make pixelated structure
polarization insensitive [15]. The flowchart of our design of optimized pixelated FSS
layer is shown in Figure 6.12. Initial population of 15 different genes are produced
for GA optimization.

GA may probably put point contact ( (1) (1) ) and ( (1) (1) ) of conductor in the unit
cell in the genes. These points are called the lattice point [25]. Lattice point give rise
to a problem as these point does not touch analytically but physically does. This
causes a change in resonance frequency because the electrical length can change due

to contact at these lattice points. After generating 1st population, GRM technique
has to find a 2D array of ( (1) (1)) and <(1) (1] > (critical point) one after another and

replace them with <% 9) and <(1) %), respectively [25]. This method takes the
connectivity condition of the elements into consideration, thereby resulting in an
easy fabrication which is far better than the pixel-overlap technique [26].

The evaluation criterion of the broadband microwave absorber performance has

been chosen as the difference between the computed and desired reflection coeffi-
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cient. To improve the incident angle stability and polarization stability, reflection
coefficients under different incident angles and polarization have been taken into

consideration.
Broadband microwave absorber Fitness Function (F) is given in equation 6.1.

amax fm(l"L’
> (fz <|R£ﬁ/TM(fi,ei>rdB—|Rdec|d3) (6.1)
;=0 \f;

:fmin

Where the angle of incidence (6;) varies from 0° degrees to 40° (0y,42) With incre-
ment of 10°. The operating frequency (f7) varies from 3.95 GHz (fy,in) to 8.2 GHz
(fmaz) in step of 0.01 GHz. Ry is the desired reflection coefficient in dB whose
value is set to -10 dB. RZ;E%/ TM (1 0;) are magnitude of simulated reflection coeffi-
cient under incident angle 6; at frequency f; with TE and TM polarization in dB.

After generating reflection coefficient for each genes, it is checked for fitness function
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Figure 6.13: Photograph of optimized pixelated FSS layer

(termination condition). If any genes meet the fitness function then that genes is
best gens and corresponding structure is the optimize pixelated F'SS layer. If fitness
condition does not meet then, best solution genes is kept and other genes are given
to GA optimization as a feedback. New genes are produced after selection, crossover
and mutation of other genes and similarly iteration was carried out until desired
reflection coefficient is obtained.

The dimension of each pixel is 1 mm x 1 mm making 256 pixels per unit cell.
A total of 10 x 10 unit cells (160 x160 mm) are printed on single side of FR4 with
thickness of 0.035 mm. The thickness of FR4 is 0.9 mm. The total thickness of
optimized pixelated FSS layer with FR4 is 0.935mm (t,s). It is having pixels of 1
and 0 which correspond to the copper (metallic pixels) and free space (blank pixels),
respectively. The photograph of optimized pixelated FSS is shown in Figure 6.13.
Its fabrication is carried out by using photoresist solder mask technique. RDWG
system was used to measure reflection (S71) and transmission (S21) coefficients after
calibration. The measured and simulated transmission and reflection coefficients of

optimized pixelated F'SS at normal incidence are shown in Figure 6.14 (magnitude)
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and Figure 6.15 (phase) which shows the validity of our optimized design.
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Figure 6.15: Reflection and Transmission of optimized pixelated FSS layer (Phase)

Optimized pixelated FSS layer behave like a filter which will pass the signal from
7.3 to 8.1 GHz frequency band (S is below -10 dB) and block the signal from 3.95
to 4.1 GHz frequency band (S21 is below -10 dB). The 4.1 GHz to 7.3 GHz band is

the transition band of the signal from block to passband.
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Figure 6.16: Reflectivity of optimized pixelated F'SS layer in TE polarization
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Figure 6.17: Reflectivity of optimized pixelated FSS layer in TM polarization

In order to know polarization insensitivity of optimized pixelated FSS for TE
and TM polarizations, the simulated and measured reflectivity at different incidence
angles are shown in Figures 6.16 and 6.17, respectively. The measurement of
reflectivety (S71) at various oblique incidence angles are performed by NRL arch
method [27]. Simulated results for different incident angles are close to each other for
TE and TM polarizations except at 30°angle of incidence. For 30°angle of incidence,

the resonance frequency for TE and TM polarizations are 7.75 GHz and 7.65 GHz,
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Figure 6.18: Measured reflectivity of broadband microwave absorber by RDWG
system

respectively. In case of measured reflectivity in Figure 6.16 and 6.17, the results are
same for TE and TM polarization at 0°and 15°of incidence angles. But, at 30°incident
angle, the resonance frequency for TE and TM polarizations are 7.75 GHz and 7.5
GHz, respectively. These differences between measured and simulated values are due
to dimension tolerance (0.05 mm) during manufacturing and measurement errors.
Hence, the characteristic of polarized-insensitivity were exhibited for the optimized
pixelated FSS layer.

RDWG measurement system is used to measure reflectivity of broadband mi-
crowave absorber. It is measured by placing a metal layer at the other end in the
overall microwave absorber. Figure 6.18 shows simulated (using CST Microwave
Studio) and measured reflectivity of broadband microwave absorber. It is observed
that measured as well as simulated reflectivity are better than -10 dB. Measured
reflectivity of two layer microwave absorber (broadband absorber without optimized
pixelated FSS layer 2) is not better than -6 dB. By introducing optimized pixelated
FSS layer in between two CISR sheets, reflectivity less than —10 dB is obtained which
is light in weight, invariable in thickness and easy in fabrication. These measured
results are slightly different from simulated results because of dimension tolerance

of FSS unit cell, and glue used for pasting. It has two resonant absorption bands
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Figure 6.19: Vector plot of the surface current density in metallic plate at resonance
frequency of 4 GHz

around 4 GHz and 7.5 GHz. Near 4 GHz, broadband microwave absorber behave
like layer 1 backed by metallic sheet (because So; is less than -10 dB). So, maximum
microwave energy gets absorbed in the layer 1 as compare to layer 3. broadband
microwave absorber at frequencies around 7.5 GHz consists of two CISR sheets with
a free space of 0.935 mm (because pixelated FSS layer behaves like free space) in
between. This type of arrangement is used to achieve absorption near 7.5 GHz as
the maximum energy is absorbed in layer 3. For region between near 4 GHz to near
7.5 GHz, the behavior of optimized pixelated FSS layer change from stop-band to
pass-band so maximum energy absorption will change from layer 1 to layer 3.

The same phenomena can be explained by using surface current density diagram
through multiple resonance. Resonant frequencies of 4 and 7.5 GHz have been in-
vestigated by using vector plots of surface current density in the metallic plate and
optimized pixelated FSS layer. The reason for the multiple resonance are shown in
Figures 6.19, 6.20, 6.21, 6.22. The color and arrows indicate the magnitude and di-
rection of vector currents, respectively. Also, as shown in the scale on the right side
of above Figures, the rainbow color in which the red color indicates the maximum
magnitude and blue color indicates the minimum magnitude.

At 4 GHz, the surface current density distribution in the metallic plate mainly

focus on outer four edges of the conductor as shown in Figure 6.19. Its maximum
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Figure 6.20: Vector plot of the surface current density in pixelated FSS layer at
resonance frequency of 4 GHz

magnitude is 5.41 A /m going upward direction as indicated by red arrow. 0.5 A /m is
the minimum surface current density at center as shown by blue arrow.The surface
current density distribution in optimized pixelated FSS layer is shown in Figure
6.20. The direction of surface current in inner optimized pixelated FSS is upward
and in outer optimized pixelated FSS is downward. Over all direction of surface
current is upward and its maximum magnitude is 84.98 A/m as indicated by red
arrow. 5.54 A/m is the minimum surface current density as shown by blue arrow.
For resonance at 4 GHz, incident microwave induces currents in optimized pixelated
layer and metal plate around which induced microwaves are produced and it causes
absorption in CISR sheets (layers 1 and 3).

At 7.5 GHz, the surface current density is mainly concentrated towards center of
the metal plate shown in Figure 6.21. It has a maximum magnitude of 2.6 A/m at
the center and a minimum of 0.221 A/m at the outer edge. The maximum magnitude
of optimized pixelated FSS is 67.86 A/m and minimum magnitude is 5.1 A/m as
shown in Figure 6.22. The direction of surface current is downwards in metal plate
and upward in optimized pixelated layer. The antiparallel currents causes magnetic
resonance [28,29] which results in induced magnetic field and confined mainly to
layer 3. Then, microwave power is absorbed by layer 3.

The analysis of different incident angles and polarization are shown in Figure 6.23
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Figure 6.21: Vector plot of the surface current density in metallic layer at resonance
frequency of 7.5 GHz
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Figure 6.22: Vector plot of the surface current density in pixelated FSS layer at
resonance frequency of 7.5 GHz

and 6.24. The reflectivity of the TE-polarized wave slightly increases with increases
in incidence angles, while in case of TM-polarized wave it decreases smoothly with
increasing incidence angles. The reflectivity is generally insensitive to the incidence
angles from 0°to 20°. Due to the use of magnetic materials in layer 1 and layer 3
of broadband microwave absorber, the propagation of electric and magnetic fields
are different for TE and TM polarizations [9][15]. These differences are increases at
higher angle of incidences because of large changes in characteristics impedance of

TE and TM polarizations [30].
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Figure 6.24: Reflectively in TM-polarization at different incident angle

6.5 Comparsion with other broadband microwave
absorbers

The broadband microwave absorber is compared with already reported broadband
absorbers as given in Table 6.1. The comparison is done in terms of bandwidth,

reflectivity, thickness, number of layers and design methodology.
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Table 6.1: Broadband microwave absorber are compared with other broadband microwave

absorbers
Sr. | Microwave Absorber | Bandwidth | Thickness | No. | Design
No of methodology
layer
1 | Rahul Vashisth et al[2] | 3.95 to 8.2 | 6.335 mm | 3 Pixelated
GHz Structure
2 | Rahul Vashisth et al[1] | 3.95 to 8.2 | 6.32 mm | 3 FSS  structure
GHz hit and trial
3 | Wei Yuan et al[19] 4 to 18| 2.2mm 3 FSS  structure
GHz hit and trial
4 | Zilong Zhang[30] 22 to 9.5 | 4 mm 7 FSS  structure
GHz hit and trial
5 | Mengyun Zhao et |3to6 GHz |4 mm 2 Pixelated
al[14] Structure
6 | Linbo Zhang et al [21] | 6.3 to 17.3 | 2.4 mm 3 FSS  structure
GHz hit and trial
7 | Hai-Yan Chen et al | 1.19 to | 2 mm 5 FSS  structure
[22] 2.89 GHz hit and trial

R. Vashisth et al [2] designed and fabricated broadband microwave absorber
having reflectivity better than -10 dB in the frequency range of 3.95 to 8.2 GHz. They
has designed and fabricated microwave absorber by using pixelated FSS embedded in
two CISR sheets. R Vashisth et al [1] realized microwave absorber by embedding the
conductive concentric square loops FSS layer between two CISR sheets. Wei Yuan
et al[19] has designed microwave absorber in 4 to 18 GHz frequency range with edge-
split square- loop F'SS embedded in two rubber CI sheets. Zilong Zhang et al[30] also
designed 2.2 to 9.5 GHz microwave absorber by using 3 layers of square patch F'SS in
four rubber CI sheets. M. Zhao et al [14] have fabricated and measured performance
of metallic pixelated FSS with resistor (100€2). They observed two strong absorption
peaks below -6 dB in pixelated FSS in 3.08 to 6 GHz range. Linbo Zhang et al [21] has

designed microwave absorber in 6.3 to 17.3 GHz range. This broadband microwave
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absorber is based on two perforated magnetic polymer composites layers embedded
with a FSS layer. Hai-Yan Chen et al [22] designed a microwave absorber with
bandwidth of 1.19 to 2.89 GHz with two FSS layers and three magnetic composite

layers.

6.6 Conclusion

Broadband microwave absorbers using convential type FSS and pixelated type FSS
are designed fabricated and tested by embedding them between two CISR sheets
(24% and 33% of CI in CISR sheets by volume) Conventional type FSS layer were
designed in CST microwave studio after performing large number of simulations.
Pixelated FSS layer is designed with GA optimization and GRM technique. The
fabricated F'SS layer is tested with simulation results to validate the design. The
reflectivity of both broadband microwave absorbers are tested in RDWG and found
to be better than -11 dB at normal incidence in the frequency range of 3.95 to 8.2
GHz. The two layer microwave absorber (without FSS layer) reflectivity is around -6
dB. But by embedding FSS layer between two CISR layers increases its reflectivity
to -11 dB which is low cost, light in weight. The broadband microwave absorber
using pixelated FFS layer has better design methodology as it does not require
human intuition, experience and a large number of simulations required in hit and
trail metholodgy of conventional type FSS absorber. The analysis is performed
at different incidence angle and TE / TM polarizations which shows reflectivity is

generally insensitive to the incidence angles from 0° to 20°.
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Chapter 7

Conclusions and suggestions for future work

Two rectangular dielectic waveguide (RDWG) systems have been designed, namely,
WR-137 for 5.85 to 8.2 GHz and WR-187 for 3.95 to 5.85 GHz, for non-destructive
testing of €., u, of carbonyl iron silicone rubber (CISR) sheets. S-parameter mea-
surements are carried out by sandwiching CISR sheets between two Teflon sheets.
These Teflon sheets provide impedance matching and prevent sagging of CISR sheets.
Coaxial air line system and RDWG system were used for calculation of ¢, and p,
of CISR sheets from measured S-parameters in the frequency range of 1 GHz to 8.2
GHz using Nicolson-Ross-Weir method. 0%, 10%, 20%, 30%, 40% , 50% of CI pow-
der by volume in CISR sheets were fabricated and tested. Polynomial approximation
is used to get €, and pu, values at intermediate concentrations of CI powder in CISR
sheets by volume.

Multilayer microwave absorbers were designed by using genetic algorithm for
finding concentrations of CI powder in CISR sheets and thicknesses of different layers.
Two layer absorber is fabricated and tested by NRL arch method in the frequency
range of 2.5 to 8.2 GHz. Single layer absorber of thickness A/4 is designed as
resonance absorber for 1.6 to 2.7 GHz range.

Broadband microwave absorbers are design and fabricated by using convential
type FSS and pixelated type FSS embedded between two CISR sheets (24% and
33% of CI in CISR sheets by volume). The design of conventional type FSS layer
was carried out after performing large number of simulations. Pixelated FSS layer
was designed with genetic optimization and geometry refinement method which has
better design methodology with high computational power of computers. The re-

flectivity of pixelated type microwave absorbers as well as conventional type FSS
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microwave absorber are better than -10 dB in the 3.95 to 8.2 GHz frequency band
for normal incidence. For TE/TM polarizations, the reflectivity of FSS microwave
absorbers were insensitive to angle of incidences from 0° to 20°.

For CISR sheets, CI powder is a commonly used filler material in silicon rub-
ber because of the high value of attenuation coefficients (50.56 dB/cm), high Curie
temperature, and the higher specific saturation magnetization intensity. Silicon rub-
ber is preferred as the host material in CISR sheets because of excellent weathering
resistance, resistance to aging, chemical resistance, insulating properties and com-
patibility with many kinds of fillers.

Literature survey was carried out for characterization of CISR sheets, multilayer
microwave absorber and FSS microwave asborbers. Yong-Bao Feng et al characteri-
zation results matches with €, and p, results of CISR sheets reported in this thesis.
Yong-Bao Feng et al reported for €, and p,values for different CI powder in rubber
(Ethylene-Propylene-Diene Monomer) which matches with CISR sheets (0% to 50%
CI powder concentration in CISR sheets by volume) used in this thesis.

The work presented hear may be extended as follow:

o Other filler materials in CISR sheets.
For design of multilayer microwave absorbers, filler materials ( like graphit pow-
der, carbon nano tube, ferrites, etc) other than CI powder can be investigated

because resonance frequency of CI powder is at 2 GHz.

» Pixelated FSS design.
Pixelated FSS design by using smaller pixel can be explore as it gives more fre-
quency flexibility. Optimization of complete pixelated FSS microwave absorber

can be try.
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Appendix A
FGM-40, FGM-125 and AN-series Data sheet

[1,2]

Laird") Eccosorb® FGM

smart Technology. Delivered™ Thin, Flexible, Broadband Microwave Absorber

THIN FLEXIBLE BROADBAND ABSORBER

Eccosorb FGM is a thin, flexible, magnetically loaded, silicone absorber. Silicone absorbers
have high service temperature capabilities and offer advantages for high power and low out-
gassing applications. They can be subjected to high altitudes, including space, with no adverse

effects.

FEATURES AND BENEFITS MARKETS

* High power performance * Commercial Telecom
® High magnetic loss ® Security and Defense

® Low outgassing properties

SPECIFICATIONS

TYPICAL PROPERTIES

Frequency Range (GHz) 4-18 2-12
Max Service Temperature °C (°F) 170 (338) 170 (338)
Hardness (Shore A) 94 85
Weight kg/m? (Ib/ft?) 5.0 (1.0) 10.8 (2.2)
Outgassing

(%TML) (%CVCM)* 0.16/0.06 0.31/0.10

Data for design engineer guidance only. Observed performance varies in application.
Engineers are reminded to test the material in application.
* Outgassing data per ASTM E595-07; criteria for acceptability is 1.00% TML and 0.10% CVCM.

APPLICATIONS

Eccosorb FGM is used to line cavities in which antennas operate. It may be applied to
surfaces to improve radar performance, reduce radar cross section or backscattering.
Eccosorb FGM is effective even at high power in reducing specular reflections as well as
surface currents due to the high magnetic loss properties.

When bonded to a metal surface Eccosorb FGM will significantly reduce the reflectivity of
metal objects or structures due to the flow of microwave currents on that surface.

It can be applied to antenna elements, microwave dishes, the inner or outer surfaces of
waveguides for isolation, attenuation or modification of radiating patterns.

Applications include power amplifiers, oscillators, down/up converters and LNB’s. It is also
utilized to modify antenna patterns, cover antenna feed supports, line antenna caps to
reduce reflections and improve the isolation of sensitive RF devices.

AVAILABILITY

e Standard sheets are 305 x 305mm (12”x12").

e Standard thicknesses are 1.0mm (.040”) and 3.2mm (.125").

® Onrequest Eccosorb FGM can be supplied with a Pressure Sensitive Adhesive.

e The product is also available in other sizes, thicknesses and customer specified
configurations upon regﬁt.

Americas: +1.866.928.8181
Europe: +49.(0)8031.2460.0
Asia: +86.755.2714.1166



Eccosorb® FGM

INSTRUCTIONS FOR USE

To obtain low reflectivity, the absorber must be mounted on a metal surface.

The material can be bonded by use of an RTV silicone based adhesive in conjunction with a
suitable primer. To obtain a strong bond, the metallic surface should be thoroughly cleaned
with a degreasing solvent.

Eccosorb FGM can be readily cut with a sharp knife and template.

It is a very flexible material and conforms to contoured surfaces.

Typical Reflectivity

=
o
2
2
=
o
L]
=
Q
[
Frequency (GHz)
RFP-DS-FGM 092515
Any information furnished by Laird Technologies, Inc. and believed liable. use and application of Laird Technologies materials rests with the
end user. Laird itability or non- any Laird Technolog terials or products: Y S Laird Technolog hall not be 2
any kind. All Laird pursuant to the Laird Technologies’ Terms and Conditions of sale in effect from time to time, a copy of wmch will be fum\shed upon mzues( (© Copyright 2015 Laird
Technologies, Inc. All Nghls Reserved. Laird, Laird Technologies, the Laird Technologies Logo, and other marks are trademarks or registered trademarks of Laird Technologies, Inc. or . y
property of third parti license under any Laird Technologies or any third party intellectual property rights.
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Laird .

Smart Technology. Delivered.”

Americas: +1.866.928.8181
Europe: +49.(0).8031.2460.0
Asia: +86.755.2714.1166

www.lairdtech.com

ECCOSORB®AN

Flexible Foam Sheet Broadband Microwave Absorber

FLEXIBLE FOAM SHEET BROADBAND MICROWAVE ABSORBER:

Eccosorb AN is a lightweight, flexible, polyurethane foam sheet broadband microwave absorber.
It is designed to reflect less than -17 dB of normal incident energy above specified frequencies and
relative to a metal plate.

FEATURES AND BENEFITS MARKETS

e Carbon loaded, multilayer absorber e Commercial Telecom
e Broadband free space absorber e Security and Defense
e Low weight e Test & Measurement
e RoHS/Reach compliant

SPECIFICATIONS

TYPICAL PROPERTIES ECCOSORB AN

Front surface color (facing oncoming EMI) White
Back surface color Black
Max. Service Temperature °C (°F) 90 (194)
Power Handling, W/cm? 0.15

Fire Retardancy UL94-HBF

Data for design engineer guidance only. Observed performance varies in application.
Engineers are reminded to test the material in application.

APPLICATIONS

Eccosorb AN is commonly used for the lining of small test chambers to reduce reflections.
Eccosorb AN is being used for reducing crosstalk between adjacent antennas, shrouding
antennas to improve the antenna patterns and undesired backlobes, as well as selective
shadowing of parts of a target for RCS measurements.

Shadowing of posts and supports in anechoic chambers, and as absorbing blankets for testing
radar systems without harm to personnel.

For isolation of components or antennas by means of insertion loss, it can be used without a
metal backing.

AVAILABILITY

Eccosorb AN is available in six standard grades depending upon the lowest desired frequency of
operation, starting from 600 MHz.

Standard sheets are 61 cm X 61 cm (24" x 24”)

Eccosorb AN is available in other sizes and customer specified configurations, incorporating
miter cuts or attachment to metal parts.

It can be manufactured, on special order, on a mandrel, to take a contoured shape.
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Reflectivity (dB)

Eccosorb® AN

Typical Reflectivity Reflectivit Nominal
Y N Nominal Weight
0 ) range Thickness
5 \%\ (>17 dB) cm (inch) kg/piece (Ib/piece )
-10 AN-72 AN-72 >20 GHz 0.6 (0.24) 0.25 (0.6)
\ \ AN-73
15 AN-74 AN-73 >7.5 GHz 1.0 (0.39) 0.50 (1.1)
\ , AN-75
20 —— N | Qm:;; AN-74 >3.5 GHz 1.9 (0.75) 0.70 (1.5)
25 AN-75 >2.4 GHz 2.9(1.14) 0.80 (1.8)
-30
0509 11 15 2 4 6 8 10 12 14 16 18 AN-77 >1.2 GHz 5.7 (2.24) 1.50(3.3)
Frequency (GHz) AN-79 >600 MHz 11.4 (4.49) 2.95 (6.5)

ENVIRONMENTAL PROPERTIES

.

Eccosorb AN is not waterproof and will not operate correctly when wet. Since there is no
washout, it will function as expected after being allowed to dry.

A special CERSEAL coating to prevent moisture uptake in high humidity to moderately wet
environments is available on special request.

For high humidity to moderately wet environments, sealed versions of Eccosorb AN are
available. They are essentially the same material as Eccosorb AN but the absorber is sealed to
provide improved outdoor properties.

The available types are :

Eccosorb AN-xx-W :sealed with neoprene coated nylon fabric, color olive green.

Eccosorb AN-xx-WPC : sealed with a poly-urethane coating, different colors available on request
Eccosorb AN-xx-WPVC :sealed with a PVC plastic, different colors are available on request and
can be provided with eye-lets for fixing

Reflectivity performance is similar to the standard Eccosorb AN product;

INSTRUCTIONS FOR USE

.

RFP-DS-AN 081215

To obtain low reflectivity, the absorbers must be mounted on a metal surface. If a metal surface
is not available, Eccosorb AN can be supplied metal backed with aluminum foil (ML).

For correct operation, Eccosorb AN must have the white (front) face towards the signal to be
attenuated.

Layering of multiple pieces or slicing off part of the thickness will degrade the overall
performance.

Reflectivity performance also degrades for off-normal bistatic incidence and at different rates
for different polarizations.

Eccosorb AN can be securely bonded to itself or to other materials such as metal, wood, and
common plastic composites. Our specific Eccostock® foam adhesive is recommended.

Any information furnished by Laird Technologies, Inc. and its agents is believed to be accurate and reliable. All specifications are subject to change without notice. Responsibility for the use and application of Laird Technologies materials rests with the end user. Laird
Technologies makes no warranties as to the fitness, merchantability, suitability or non- infringement of any Laird Technologies materials or products for any specific or general uses. Laird Technologies shall not be liable for incidental or consequential damages of any
kind. All Laird Technologies products are sold pursuant to the Laird Technologies’ Terms and Conditions of sale in effect from time to time, a copy of which will be furnished upon request. © Copyright 2015 Laird Technologies, Inc. All Rights Reserved. Laird, Laird
Technologies, the Laird Technologies Logo, and other marks are trademarks or registered trademarks of Laird Technologies, Inc. or an affiliate company thereof. Other product or service names may be the property of third parties. Nothing herein provides a license

under any Laird Technologies or any third party intellectual property rights.
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Appendix B
NRW Method

Figure B.1 shows a CISR sheets of thickness d placed in free space [1]. The complex

permittivity (e,) and complex permeability (u,), relative to free space, are defined

as,
e =€ —jé' =€ (1 —jtand,) (B.1)
pr = gt = g = p' (1= jtand,) (B.2)
Sn Son
a4

Figure B.1: Schematic diagram of CISR sheet

It is assumed that the CISR sheet is of infinite extent literally so that diffraction
effects at the edges can be neglected. A linearly polarized, uniform plane wave of
frequency f is normally incident on the sample. The reflection and transmission
coefficients S1; and Sy; are measured in free space for the normally incident plane
wave. By applying boundary condition at the air sample interface in Figure B.1, it

can be shown that S7; and S2; parameters are related to the parameters I' (Reflection
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Coefficient) and T (Transmission Coefficient) by the following equations.

_T(1-T?)

511 — W (B3)
o = 20T (B.A)
S T '

Lgn — 1
r = B.5
7 1 (B.5)
T = (B.6)

In equations B.7 and B.8, Z,, and 7 are the normalized characteristic impedance

and propagation constant of the CISR sheet. They are related to ¢, and p, by

Zon = |22 (B.7)
€r

Y = Y0V Erlir (B-8>

following relationships.

Where 9 = (j 2w/ A\o) represents the propagation constant of free space and g
is the free-space wavelength. From equations B.3 and B.4, I' and T are given by

following equation.

Ir=K+K2-1 (B.9)

Where,
Sh =S5 +1
K=— = B.10
7= Sn—Sn-T (B.11)

1= (S11+ Sn)T

In equation B.9, the plus or minus sign is chosen such that |T'|<1. Using equation
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B.10, the complex propogation constant « is given by following equation.
v = [log.(1/T)]/d (B.12)
From equations B.5 and B.8, we get following equation.

1 14T
Ve =1°T (B.13)
T

From equations B.7 and B.13, we get following equations.

v (1-T
= - — B.14
.. 'm<1+T> (B.14)

v (14T
Hr = % (1—1") (B.15)

Since the parameter T in equation B.12 is a complex number, there are multiple

values for . If T is defined by the following equation.
T = |T|e/? (B.16)

Then, ~ is given by;

(B.17)

v = [loge(1/|T)]/d + j [2”” - ﬂ

d

Where n =0+1,+2...
The real part of v is unique and single valued, but the imaginary part of + has
multiple values. So, equation B.14 and equation B.15 will give multiple values of €,

and p,. The phase constant [ is as given below.
B = (2X\/Am) = imaginary part(~) (B.18)

Where A, is the wavelength in CISR sheet. From equations B.17 and B.18,

_ ¢
A/ A =n— - (B.19)
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For n = 0 and —27 < ¢ < 0,(d/\y,) is between 0 and 1. If the CISR sheet
thickness d is chosen such that it is less than )\, then equation B.9 - B.15 will give
a unique value of €, and p, which corresponds to n = 0. For d > \,,, ambiguity in
e and p, can be resolved by making measurements on two different thicknesses of
CISR sheets. In case of flexible CISR sheets, the accuracy of free-space measurement
of S11 and S is poor because of sagging. For thin and flexible CISR sheets, they are
sandwiched between two Teflon sheets. These Teflon sheets are quarter wavelength
at mid-band for impedance matching. Thickness of Teflon sheets (d,) are 7.4 mm and
10.3 mm for WR-137 and WR-187 waveguide bands, respectively [2,3]. Schematic

diagram of Teflon sheet-CISR sheet-Teflon sheet assembly is shown in Figures B.2.

Teflon Plate

S So1

Y

’

A

CISR Sheet

——rt—pa—>

dq d ds
Figure B.2: Schematic diagram of Teflon sheet-CISR sheet-Teflon sheet assembly

Parameters S11, and Sa1, of the Teflon sheet-CISR sheet-Teflon sheet assembly
are measured in free space. S1; and So; of the CISR sheet can be calculated from
S11q and Sa14 of assembly. Because of symmetry of the assembly and the reciprocal
nature of the CISR sheet, S11, = S224 and S214 = S124. The ABCD matrix [A?] of

the assembly is given by following equation.

A* B¢ (1—-5%14) + S5, (14 S11a)* — S31,

[AY] = = 5. (B20)

¢t De (1_811G)Z_S%1a (1_512161) +S§1a
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From €., and d, of Teflon sheets, the ABCD matrix is given by the following equation.

A1 B1 cosh(vgdy) — Zgsinh(vyqdy)
[A7] = = (B.21)

c1 D1 sinh(yqdq)/ Zq — cosh(vqdy)

where 7, is the propagation constant in Teflon sheet which is defined as,

Vg = j(27r\/ Erﬂr)/)\() (B.22)

Where A represents the free-space wavelength and Z; is the normalized character-
istic impedance of Teflon sheet.

If the ABCD matrix of the CISR sheet is denoted by [A®], then the relationship

between [A?] and [A®] is given by the following matrix equations.

[A%] = [A7][A°][AY] (B.23)

or

[A°] = [A9) 7 A (A1 (B.24)
Parameters S11 and Sa1, of the CISR sheet are given by following expressions.

A+ B*—-C°—-D?

S =
11 AS+BS+C$+DS

(B.25)

2
— B.2
= B+ 05 1 D (B.26)
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Matlab Code the for NRW method

clc;

clear all;

close all;

t=input ('Thickness in mm');
d=t.*x1e-3;
cvsl=csvread('magnitude.CSV');
frO=cvs1(:,1);

S11 _dB=-cvsl1(:,2);
S11_phase=cvs1(:,3);
cvs2=csvread (' MAGNITUDES21.CSV ') ;
S21 dB=-cvs2(:,2);
S21_phase=cvs2(:,3);
frO=£fr0.*1e9;

c=3e8;

lambda _O=c./fr0;
gamma_0=0+j*2.%pi./lambda_O0;

%% Convert db and phase to magnitude and radian

mag_S11=db2mag(S11_dB);
pha_S1i1=deg2rad(S11_phase);

S11 _ABS=mag_S11.*xexp(j.*pha_S11);
mag_S21=db2mag(S21_dB);
pha_S21=deg2rad(S21_phase);

S21 _ABS=mag_S21.*xexp(j.*pha_S21);
S12=S21 ABS;

522=S11_ABS;

%% Convert magnitude and radian into comples number
[x,y]l=pol2cart(pha_S11 ,mag_S11);
Com_S1ll=x+j*y;
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[a,bl=pol2cart (pha_S21 ,mag_S21);
Com_S21=a+j*b;
%% Calculate K
S11 2=Com_S11.72;
S21 2=Com_S21.°2;
K=((S11_2-821 2+1) ./(2xCom_S11));
%% Calculate Gamma
K 2=K."2;
GM_1=K+sqrt(K_2-1);
GM_2=K-sqrt(K_2-1);
if abs(GM_1)<1

GM_1=GM_1;
else

GM_1=GM _2;
end
%% Calculate Tee
Tee=((Com_S11+Com_S21-GM_1)./(1-((Com_S11+Com_S21) .*GM_1))
Tee_mag=abs (Tee) ;
Tee_ang=angle (Tee) ;
%% Calculate propogation constant
gamma=((log(1./Tee_mag))-j*(Tee_ang));
gamma=gamma ./d;
s=((1-GM_1) ./(1+GM_1));
epsilon=(gamma./gamma_0) .*s;
mu=(gamma ./gamma_0) ./s;
input=[fr0/1e9 real(epsilon) -imag(epsilon) real (mu)

-imag(mu)];

csvwrite ('FSS _DATA .csv',input)
%% Plot Comman
figure (1)

g=plot (fr0,real (epsilon),'linewidth',2, 'color','r")
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xlabel ('Frequency ')

ylabel ('Real part of Permittivity')

axis ([3.95e9 8.2e9 -200 200]);

grid on;

saveas (gcf, 'FSS_er.jpg')

figure (2)

r=plot (fr0,-imag(epsilon),'linewidth',2, 'color','b")
xlabel ('Frequency ')

ylabel (' Imaginary part of Permittivity')

axis ([3.95e9 8.2e9 -200 300])

grid on;

saveas (gcf, 'FSS_er2.jpg')

figure (3)
s=plot(fr0,real(mu),'linewidth',2, 'color','g"')
xlabel ('Frequency ')

ylabel ('Real part of Permeability')

axis ([3.95e9 8.2e9 -10 10]1);

grid on;

saveas (gcf, 'FSS mu. jpg');

figure (4)

t=plot (fr0,-imag(mu),'linewidth',2, 'color','black’')
xlabel ('Frequency ')

ylabel (' Imaginary part of Permeability')

axis ([3.95e9 8.2e9 -10 10]);

grid on;

saveas (gcf, 'FSS mu2.jpg');

t=plot (fr0,real (epsilon) ,fr0,-imag(epsilon) ,fr0,real (mu),fr
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Appendix C
NRL Arch Method (1 to 8.2 GHz)

NRL arch method is the industry standard for testing the reflectivity of materials
[1,2]. Originally designed at the Naval Research Laboratory, the NRL Arch method,
allows for quick, repeatable non-destructive testing of microwave absorbent materials
over a wide frequency range. Reflectivity is defined as the reduction in reflected
power caused by the introduction of an absorbent material. This reduction in power
is compared to a ‘perfect’ reflection which is approximated very well by the reflection
off a flat metallic plate [1].

The measurement system for NRL arch method consists of two double ridge horn
antennas, coaxial cables, wooden board, two stands and vector network analyser
(Rohde & Schwarz ZVA 40 with operating frequency range from 40 MHz to 40 GHz)
[3]. These double ridge horn antenna are ETS-Lindgren, Model No. 3115 [4]. The
bandwidth of antennas is 750 MHz to 18 GHz, with gains of 5 dB, 7.5 dB and 8.2 dB
at 1 GHz, 4 GHz and 8 GHz, respectively. The half power beam widths in E-plane
are 90°, 40° and 47° at 1 GHz, 4 GHz and 8 GHz, respectively. The half power beam
widths in H-plane are 70°, 60° and 34° at 1 GHz, 4 GHz and 8 GHz, respectively. The
aperture dimensions of the antenna are 15.9 em x 24.4 e¢m. The wooden boards
are used to hold microwave absorber sheets of cross sections 1 foot x 1 foot and
2 feet x 2 feet. The height of wooden boards are 4 feet. The distance between
double ridge horn antenna and wooden board is 2.5 meter which will ensure far field
operation in 1 to 8.2 GHz range. The measurement system is located in anechoic
chamber to avoid multiple reflections as shown in Figure C.1. The measurement

procedure is as follows.
1. Perform SOLT calibration of network analyzer till ends of two coaxial cables.
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. After connecting coaxial cables to two horn antennas, height of antenna on

tripods are adjusted to 4 feet.

. The angle between two antenna beams of horn antennas are kept close to 0°

for normal incidence.

. Time domain gating on VNA is used to eliminate multiple reflections and cross

talk between antennas.

. Mount 1 foot x 1 foot or 2 feet x 2 feet metallic plate on the wooden
board. Record S5; in dB of metal plate as shown in Figure C.2.

. Mount microwave absorber on the metallic plate. Record So; in dB as shown

in Figure C.2.

. Reflectively of microwave absorber at normal incidences (or oblique incidence)
is calculated by subtracting microwave absorber readings from metallic plate

readings.

. Angle between two horn antennas are adjusted to 10° or 20° for oblique incident

measurement. Perform step 4 to 7 for oblique incidence.

Figure C.1: Measurement system for NRL arch method
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Figure C.2: S5 of metallic plate and microwave absorber.
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Appendix D
BASF CN Germany

Product specification Inorganic
CAS-CEPCN-E 2005-02-18 Specialities
Revision 3 Page 1 of 1

supersedesRCA-CEPCN-E, Rev.2  dated 2000-04-13 n n BASF

The Chemical Company

® = req of BASF

CARBONYL IRON POWDER CN
PRD-No.: 30042255

1. General

This product is produced and marketed by BASF AG, Ludwigshafen, Germany. The units producing and
marketing this product are certified according to ISO 9001:2000.

Appearance: grey, fine grained powder, with mechanically soft, spherical particles
Description: Iron, Fe

CAS-Nr: 7439-89-6

EINECS-Nr: 231-096-4

2. Properties

Property Unit Limit Test Method
Fe g/100g min. 99.5 calculated
C g /100 g max. 0.04 IRS (RCA/Q-C 296)
N g/100 g max. 0.01 TCD (RCA/Q-C295)
) g/100 g max. 0.3 IRS (RCA/Q-C 295)
Tap density g/cm 35-4.1 ASTM B 527 (analog)
Particle size distribution:

Dyo pm max. 4.0 Microtrac X100

Dso pm max. 8.0 Microtrac X100

Dgo pm max. 25 Microtrac X100

The aforementioned data shall constitute the agreed contractual quality of the product at the time of passing of risk. The data
are controlled at regular intervals as part of our quality assurance program. Neither these data nor the properties of product

specimens shall imply any legally binding guarantee of certain properties or of fitness for a specific purpose. No liability of
ours can be derived therefrom.

more information? Please visit us at www.carbonylironpowder.com

114



References

[1] https://aerospace.basf.com/carbonyl-iron-powder.html

115



Appendix E
Matlab Code for Calculation of Reflectiv-

ity of Multilayer Microwave Absorbers

clear all;

clc;
al=csvread ('50IIW DATA.csv');
a2=csvread ('0%.csv');
freq=al(:,1) .*x1e9;
theta(:,1)=[0;10;20;30;40];
tl=1.4e-3;

t2=7.35e-3;

%%

er (:,1)=a1(:,2)-j.*xa1(:,3);
mu(:,1)=a1(:,4)-j.*xal1(:,5);
mu(:,2)=a2(:,4)-j.*xa2(:,5);

er (:,2)=a2(:,2)-j.*xa2(:,3);

er (:,3)=1-j.%0;

mu(:,3)=1-j.%0;

%%
z(:,1)=120.%pi.*xsqrt(mu(:,1)./er(:,1));
z(:,2)=120.*pi.*xsqrt(mu(:,2)./er(:,2));
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c0=3e8;
z(:,3)=120.%pi;
Do

gammal (:,3)=...

j.*2.xpi.*xfreq.*sqrt(er(:,3) .*mu(:,3)).*xcosd(0)./c0;

oo
for k=2:-1:1;

thet1 (:,k)= ...

asind ((mu(: ,k+1) .*z(:,k))*sind(0) ./(mu(:,k) .*xz(:,k+1)));

thet2(:,k)= ...
asind ((mu(: ,k+1) .*xz(:,k))*sind (10) ./ (mu(:

thet3(:,k)= ...

asind ((mu(: ,k+1) .*z(: ,k))*sind (20) ./ (mu(:

thetd (: , k)= ...

asind ((mu(: ,k+1) .*z(: ,k))*sind (30) ./ (mu(:

thet5(: , k)= ...
asind ((mu(: ,k+1) .*z(:,k))*sind (40) ./ (mu(:

%% TE

zoutl (: ,k)=z(:,k)./cosd(thetl1(:,k));
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zout2(: ,k)=z(:,k)./cosd(thet2(:,k));
zout3(:,k)=z(:,k)./cosd(thet3(:,k));
zoutd (:,k)=z(:,k)./cosd(thetd (:,k));
zout5(:,k)=z(:,k)./cosd(thet5(:,k));

hth TM

zout6 (:,k)=z(:,k) .*cosd(thetl(:,k));
zout7 (: ,k)=z(:,k) .*xcosd(thet2(:,k));
zout8(:,k)=z(:,k) .*xcosd(thet3(:,k));
zout9 (:,k)=z(:,k) .*xcosd(thetd (:,k));

zoutl1l0(:,k)=z(:,k) .*xcosd(thet5(:,k));

gammal (:,k)=j.*2.%xpi.*freq.*sqrt(er(:,k) .*mu(:,k))./cO;
gammal (:,k)=gammal (:,k).*cosd(thetl(:,k));
gamma?2 (: ,k)=j.*2.*%xpi.*xfreq.*sqrt(er(:,k) .*mu(:,k))./cO;
gamma?2 (: ,k)=gamma2 (:,k) .*xcosd(thet2(:,k));
gamma3 (: ,k)=j.*2.%xpi.*xfreq.*sqrt(er(:,k) .*xmu(:,k))./cO;
gamma3 (: ,k)=gamma3 (:,k) .*xcosd(thet3(:,k));
gamma4 (: ,k)=j.*2.*%xpi.*xfreq.*sqrt(er(:,k) .*xmu(:,k))./cO;
gamma4 (: ,k)=gamma4 (:,k) .xcosd(thetd (:,k));
gammab (: ,k)=j.*2.%xpi.*xfreq.*sqrt(er(:,k) .*mu(:,k))./cO;
gammab (: ,k)=gammab (:,k) .*xcosd (thet5(:,1));

end

zinl=zoutl(:,1) .*tanh (gammal (:,1)*tl);
zin2=zoutl (:,2) .*((zinl+zoutl (:,2) .xtanh (gammal (:,2) .*xt2))

./(zoutl1(:,2)+zinl .*xtanh (gammal (:,2) .*xt2))

zin=(zin2-377) ./ (zin2+377) ;

zin=abs (zin) ;
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db_1=20.%(logl10(zin));

zinl=zout2(:,1) .*tanh(gamma2(:,1)*tl);
zin2=zout2(:,2) .*((zinl+zout2(:,2) .*xtanh (gamma2 (:,2) .*xt2))

./(zout2(:,2)+zinl .*xtanh (gamma2 (:,2) .*xt2)));

zin=(zin2-377) ./(zin2+377) ;
zin=abs (zin) ;

db_2=20.%(logl0(zin));

zinl=zout3(:,1) .*tanh(gamma3 (:,1)*tl);
zin2=zout3(:,2) .*((zinl+zout3(:,2) .*xtanh (gamma3(:,2) .*xt2))

./(zout3(:,2)+zinl .*xtanh (gamma3(:,2) .*xt2))

zin=(zin2-377) ./ (zin2+377) ;
zin=abs (zin);

db_3=20.%*(logl0(zin));

zinl=zout4 (:,1) .*xtanh (gammad (: ,1)*t1);
zin2=zout4 (:,2) .*((zinl+zout4 (:,2) .xtanh (gamma4 (:,2) .*xt2))

./(zout4 (:,2)+zinl .*xtanh (gammad (:,2) .*xt2))
zin=(zin2-377) ./ (zin2+377) ;

zin=abs (zin) ;

db_4=20.%(logl0(zin));
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zinl=zout5(:,1) .*tanh (gammab (:,1)*tl);
zin2=zout5(:,2) .*((zinl+zouthb(:,2) .xtanh (gammab (:,2) .*xt2))

./(zout5(:,2)+zinl .*xtanh (gammab(:,2) .*xt2))

zin=(zin2-377) ./(zin2+377) ;
zin=abs (zin) ;

db_5=20.%(log10(zin));

zinl=zout6(:,1) .*xtanh (gammal (:,1)*tl);
zin2=zout6 (:,2) .*((zinl+zoutl(:,2) .xtanh (gammal (:,2) .*xt2))

./(zout6 (:,2)+zinl .*xtanh (gammal (:,2) .*xt2))

zin=(zin2-377) ./ (zin2+377) ;
zin=abs (zin) ;

db_6=20.%(logl10(zin));

zinl=zout7 (:,1) .*tanh (gamma2 (:,1)*t1);
zin2=zout7 (:,2) .*((zinl+zout2(:,2) .*xtanh (gamma2(:,2) .*xt2))

./(zout7 (:,2)+zinl .*xtanh (gamma2 (:,2) .*xt2))

zin=(zin2-377) ./(zin2+377) ;
zin=abs (zin) ;

db_7=20.%(logl0(zin));

zinl=zout8(:,1) .*tanh(gamma3 (:,1)*tl);
zin2=zout8(:,2) .*((zinl+zout8(:,2) .*xtanh (gamma3(:,2) .*xt2))

./(zout8(:,2)+zinl .*xtanh (gamma3(:,2) .*xt2))
zin=(zin2-377) ./ (zin2+377) ;
zin=abs (zin) ;

db_8=20.%*(logl0(zin));

120




zinl=zout9(:,1) .*tanh(gammad (:,1)*tl);
zin2=zout9(:,2) .*((zinl+zout9(:,2) .xtanh (gammad (:,2) .*xt2))

./(zout9(:,2)+zinl .*xtanh (gammad (:,2) .*xt2))

zin=(zin2-377) ./(zin2+377) ;
zin=abs (zin) ;

db_9=20.%(log10(zin));

zinl=zoutl10(:,1) .xtanh (gammab(:,1)*t1);
zin2=zout10(:,2) .*((zinl+zout5(:,2) .xtanh (gammab5(:,2) .*xt2)

./(zout10(:,2)+zinl .*tanh (gammab (:,2) .*t2

zin=(zin2-377) ./ (zin2+377) ;
zin=abs (zin) ;

db_10=20.*(log10(zin));

figure (1)
plot(freq./1e9,db_1,freq./1e9,db_2,freq./1e9, ...

db_3,freq./1e9,db_4,freq./1e9,db 5, 'linewidth',3);
grid on;

figure (2)

plot (freq./1e9,db_6,freq./1e9,db_7,freq./1e9,...
db_8,freq./1e9,db 9,freq./1e9,db 10, 'linewidth',3);

grid on;
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