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Abstract

Wireless technology stride towards gigahertz frequency applications in
modern communication system has increased the electromagnetic interference
(EMI), hindering the normal operation of the electronics system. To control
this ever increasing EMI pollution, the demand on efficient EMI shielding is
increasing. The EMI can be minimized by using radar absorbing material
(RAM) which will reduce electromagnetic waves reflections and absorb them.
The issues related to RAM are: to get an enhanced broadband absorption, to
make the material light weight and environmentally inert. The absorber
should have an easy processing technique, easily available raw material and
to reduce the overall development cost. An electromagnetic wave absorption
characteristic of material in a particular frequency range, can be enhanced by
tailoring its dielectric properties (complex permittivity, &= &'—je”) and
magnetic properties (complex permeability, pur =p/- ju") along with the
thickness of RAM. Generally, RAMs are dielectric or magnetic materials
which can absorb and dissipate incident microwave by converting it into
thermal energy. The present research work focuses on development of a
dielectric EMI absorbing shielding material for use over the X-band.

Expanded graphite (EG) flakes consisting of small stacks of graphene
sheets are selected as dielectric inclusions with low density and moderate
electric conductivity is used as inclusions in novolac phenolic resin polymer
which has good interactive property.

The EG-NPR composite developed is thermally stable up to 250-300 °C
and has density <1 making it light weight.

Broadband complex permittivity of EG-NPR composites show high dielectric
loss ~ (0.6-1.2) over the X-band and can be used as broadband microwave
absorbing materials. Using transmission line model, the reflection loss is
calculated for conductor backed single and multilayer dielectric microwave

absorber over the X-band.



Absorption studies carried out using free space technique on the
absorber shows minimum value of reflection loss in the X-band. The
optimized multilayer system shows enhancement in absorption bandwidth
almost covering the X-band.

A perforated microwave absorber is designed to improve the
absorption bandwidth and reduces the weight. Perforated single layered
structure shows 2GHz enhancement of bandwidth in X-band range.

Thus, a desired level of absorption in the required frequency range in
X-band can be achieved by using different structural designs of EG-NPR

composites.
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1.1 INTRODUCTION

Wireless technology usages have led the need to support simultaneous
operation of different wireless system in the same environment without
effecting the normal functioning of each individual system. The
electromagnetic radiations emitted from various systems hinder the operation
of electronic devices and communication systems causing electromagnetic
interference (EMI) [1]. The electromagnetic interference (EMI) is basically
electrical in nature and is due to unwanted electromagnetic emission being
either radiated or conducted. The issues of tackling electromagnetic
compatibility are challenging and proper EMI shielding mechanism has to be
ascertained.

The EMI shielding can be achieved either by reflection or absorption of
the interfering electromagnetic wave [2]. Metal is considered to be the best
material for reflection electromagnetic shielding but the reflected wave may
interfere with the electronic component inside the enclosure or in its vicinity.
Modern warfare where radar system of weapons detection and guiding
missiles are needed; hiding radar signatures and camouflaging war
equipments are also important issues to be considered [3].

EMI s;hielding through absorption mechanism, works on the principle
of absorption of the interfering electromagnetic wave by converting the wave
energy into thermal energy, thereby reducing the interference to a sufficiently
low value [4]. However, shielding by absorption requires certain design
conditions while developing the absorber and this shielding mechanism is
frequency dependent. Absorbers used for shielding in microwave or radio
frequency range are termed as microwave absorbing material (MAM) or radar
absorbing material (RAM). The RAM also finds applications as coating on the
surface of the military aircraft to avoid detection, in radio frequency anechoic
chamber, in food processing technology etc.[5-8].

In general, RAMs are fabricated in the form of sheets that consist of

insulating polymer, like rubber, and magnetic or dielectric loss materials such
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as ferrite, permalloy, carbon black, and short carbon fiber [5, 9]. An
electromagnetic wave absorption characteristic of material depends on its
dielectric properties (complex permittivity, &= &’—j& "), magnetic properties
(complex permeability, 4 =g~ ju'"), thickness and frequency range [10].
Dielectric composite absorption at microwave frequencies depends on the
ohmic loss of energy, generally achieved by adding conductive fillers like
carbon black, graphite or metal particles. On the other hand, magnetic
composite absorption depends on magnetic hysteresis effect of the magnetic
materials, like ferrite, incorporated into the matrix [11-13]. Of the two
techniques, the magnetic composite absorber has two main shortcomings;
firstly, density of the magnetic materials is too high to use them in large
quantity as filler of absorbers. Secondly, the resonance frequency. range
showing effective characteristics exist in the MHz range and hence the
efficiency of absorbers decreases rapidly in the GHz and beyond this range.
Thus, the technical requirement for the absorber limits the number of
ferromagnetic materials that can be used in the microwave range [14]. On the
other hand, dielectric RAMs using carbon based materials such as carbon
black, single and multiwalled carbon nanotubes (SWCNTs and MWCNTs),
short carbon fibers etc. got widest attention as RAMs due to lightweight and
corrosion resistant [15-17]. Infact, the research into the development of carbon
based RAMs dates back in 1936 when a quarter-wave resonant absorber based
on carbon black (CB) and titanium dioxide and was patented in Netherlands
[18]. During World War II, America developed “Halpern Anti Radiation Paint
(HARP)”, an absorbing material based on rubber filled with CB, disc shaped
aluminum flakes and barium titanate and used in airborne and seaborne
vehicles for radar detection avoidance with 15-20 dB absorption at the X-band
[19, 20]. During that time Germans developed “Wesch” material and also
produced Jaumann absorbers which is multilayer layer device of alternating

resistive sheets and rigid plastics[21] . Salisbury screen was another narrow
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band resonant absorber consisting of resistive sheet placed at odd multiple of
Y wavelength from the metal plate and was patented in 1952.

With progressive development of wireless technology during the post
world war period, the need of broadband absorbers became major challenge
with the requirement of quality anechoic chamber for accurate indoor
measurement. Carbon loaded plaster of Paris and graphite was studied for
microwave absorbing materials [22].

In the 1950s, the sponge product company developed a broadband
microwave absorber called Spongex composed of C-coated animal hair of
thickness 50.8 mm and showed 20 dB attenuation of normal incidence in the
frequency range 2.4-10 GHz [21].

During 1960s and 1970s, the particulate as well as fibrous C was used
to fabricate netlike, knitted or honeycomb structures [23]. Till the discovery of
carbon nanotubes (CNTs) in the 1990s, CB and graphite remained the most
studied microwave absorbing materials. The CNTs including single walled
and multi walled have been exploited widely in developing EMI shielding
materials [15, 24-31] and showed a strong microwave absorption in the
frequency range 8.2-12.4 GHz [32]. High aspect ratios (= length/diameter) of
CNTs help in attaining percolation threshold at very low concentration [33],
consequently microwave absorption properties can be achieved at low wt. %
of CNTs. Although CNT/composites showed low percolation threshold, there
are other issues for commercially available microwave absorbers such as cost
effectiveness, ease of production etc. CNT has difficulties in mixing with
polymer matrix due to poor compatibility with polymers, also breakage of
CNT during processing with acids resulting in decrease of aspect ratio and
moreover, making cost of CNT is about 500 times than that of graphite [34].

Another promising composite reinforcement can be expanded graphite
(EG) flakes, with the characteristics of very low density ~ 0.005-0.01 g/cc, high
electrical conductivity ~10¢S/cm, good thermal and mechanical properties

with resistant to environmental corrosion [35-39]. EG flakes are
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bi-dimensional carbon nanostructures consisting of small stacks of graphene
sheets having thickness in the range from one to few tens of nanometers and
the lateral linear dimensions varying from a few micrometers up to hundreds
of micrometers [40]. The percolation threshold of EG/polymer composites are
found to be low in comparison to that of graphite/polymer composites. Krupa
and Chodak [41] reported a percolation threshold of ~12-13 vol% for
graphite/ polymer composites whereas the percolation threshold was
achieved at 2.5 vol% for EG/polystyrene composite as reported by RK Goyal
and group [42]. A low percolation threshold of 3 wt% was reported by Zheng
et al. [43] for high density polyethylene (HPDE)/EG nanocomposites. The low
percolation threshold of EG is due to its high aspect ratio and large surface
area [34]. Considering these facts EG can be used for microwave absorbing or
EMI shielding materials as an alternative to CNTs. Moreover, due to its low
density, EG composites will be reasonably light weight. Lee Sang-Eui and
group [39] studied the microwave absorption properties of graphite
nanoplatelet/ epoxy composites in the frequency range 12-18 GHz and found
a reflection loss ~-22dB at 15 GHz.

Another aspect to be considered while fabricating microwave
absorbing material is the influence of base matrix. Reference [44] reports, that
the use of phenolic resin matrix in carbon black composite instead of epoxy
resin matrix enhances the electrical properties of the composite. NPR being
good heat resistance has dimensional stability, flame and chemical resistance
as well as low cost [45, 46] can be used as base matrix while developing
microwave absorbing materials.

The flexibility of designing microwave absorber using lossy reinforcers
and base matrix, is the tuning of microwave absorption for a desired
frequency ranges by varying the properties of material composition [47].
Considering these tunable properties of dielectric-polymer composites,
interesting application possibilities of EG-NPR composites as microwave

absorbing materials for application over the X-band has been studied.
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12 THE RESEARCH DIRECTION
The research is essentially directed towards:

e Synthesis and development of light weight dielectric composite
materials as broadband EMI shielding/microwave absorber having the
desirable microwave permittivity and dielectric loss properties for
application over the X-band frequency.

e Investigating other necessary factor requirements of microwave
absorber applications like homogeneity of filler in the base matrix, light
weight, thermal, electrical and environmental inertness.

e Design and fabrication of single layer microwave absorber based on
developed dielectric composites.

e Design optimization of multilayer microwave structure to enhance the
absorption bandwidth.

¢ Geometrical modification of developed microwave absorber to

improve the absorption bandwidth.

1.3  THESIS STRUCTURE AND OUTLINE

The thesis structurally consists of nine chapters and one appendix. A
thorough understanding of electromagnetic wave propagation through the
absorber and its equivalent Transmission line model is discussed in chapter II.
The synthesis of expanded graphite as reinforcers in novolac phenolic resin
filler as possible dielectric absorber is dealt in chapter III. The chapter also
includes microstructural studies conducted for structural, size and
ascertaining the homogeneous distribution.

Other essential property required for absorbers like thermal stability,
density, water absorbance and thermal dissipation are included in chapter IV.
In-plane and through-plane dc conductivity measurements on the developed
composite system is also conducted and included in the chapter.

Chapter V includes studies on complex permittivity at microwave
frequencies for different weight percentage compositions. Nicolson-Ross

technique is used and a detail treatment to the approach is presented.
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Single layer Dallenbach absorber using EG-NPR composite with
conductor backing is designed and fabricated and the thickness is optimized
to achieve minimum reflection loss and discussed in chapter VI.

Chapter VII describes enhancement of bandwidth of using multilayer
structure where the thickness of individual layer and permittivity of the
composition is optimized to achieve a broad absorption bandwidth.

A pe'rforated absorber structure is designed on the single and double
layer structure to reduce the weight and enhance bandwidth and is discussed
in chapter VIII.

Chapter IX summarizes the suitability of the developed EG-NPR
dielectric material as broadband X-band absorber. The limitations and future
direction of work that can be incorporated are also highlighted.

Appendix - A gives the detail of mathematical formulation for
theoretical thickness limitation for broadband microwave absorpton.
MATLAB programs developed for computing complex permittivity,
optimizing single and multilayer layer microwave absorber parameters is also

discussed in this Appendix.
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2.1 INTRODUCTION

The electromagnetic spectra especially from 03 GHz to
300 GHz frequency has been highly exploited in defense as well as by
commercial industries. This has led to the need for either avoiding detection
through camouflaging, as in military applications, or reducing the
electromagnetic pollution to avoid interference. Knowledge of physical optics
and its interaction with materials is essential to minimize reflections,
emissions and hence suppression of the electromagnetic waves. Interaction of

the microwave with different materials is explicated in figure 2.1.

Material Type Penetration
A \ TRANSPARENT Total
Low loss msulator
OPAQUE None
B Conductor (Reflected)

ABSORBER

/l /// Mixed Partial to total
/ Matrix=low loss insul\

b

C ABSORBER :
Lossy insulator Partial to total

/0 /l /I Particles=absorbing matenials

Figure 2.1 Interaction of microwaves with different materials (Sutton, 1989, [1])

As seen in case D of figure 2.1, the electromagnetic waves can be
suppressed by using composites with fillers reinforced in a matrix.
Electromagnetic wave comes across different interactions with variety of
microscopic boundary conditions due to the inclusions in the hetero-structure.
The localized field variations have a strong effect on absorption of energy at

such boundaries and the electric field intensity falls of fast. The dissipation of
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energy is mostly in form of heat etc [2, 3]. The interaction can be quantified
mainly by the two complex parameters of the absorber material viz. the
complex permittivity, & =¢& —je; and the complex permeability,
i = f; — jur. The electric component of electromagnetic wave gets attenuated
by dielectric polarization and conduction loss [4] and magnetic component by
hysteresis and resonance (domain wall and electron spin (FMR)) of the
absorbing system [5, 6]. The absorbing material considered in present
investigation is dielectric in nature. Understanding the interaction of
electromagnetic waves with dielectric material parameters is essential and is
initially discussed in this chapter. Propagation of electromagnetic wave in a
homogenous media has been treated as an equivalent transmission line model
(TLM) in many books and research papers [7-9]. Design and realization of
single and multilayer planar absorbing structure in X-band is carried out

using TLM and is discussed in the later part of the chapter.
2.2. ELECTROMAGNETIC THEORY FOR DIELECTRIC ABSORBER.

The absorption of microwaves in dielectric medium depends on the
material’s complex permittivity. The mathematical formulation of this loss
mechanism can be obtained using Maxwell’s wave equations [10].

The modified Ampere law equation in phasor form is

VxH=]+jwD (2.1)
where D = ¢E (2.2)
J=T+] (2.3)
J. =oE (2.4)

D is the electric flux density and ¢ is the permittivity
J; is the impressed electric current density, i.e. an excitation to the system by
an outside source.

J. is the conduction current density, caused by application of an external field.
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o, is the conductivity.

From equations (2.1), (2.3) and (2.4), we have

VxH=] +0E +jwD (2.5)

When the microwaves penetrate and propagate through a dielectric
material having electric dipoles, the dipoles align with the applied external
field [11, 12]. This action causes a term to be added to the electric flux density
that has the same vector direction as the applied field. The equation (2.2) can
be described as

D = &E + gx.E (2.6)

The term y, is the electric susceptibility and gives a relationship
between the electric field and the electric flux density caused by the presence
of the dielectric. Rewriting equation (2.6) as

D =& +x.)E (2.7)
or
D = gy¢.E (2.8)

&, , the relative permittivity of the medium is a complex quantity expressed as
g0k = £ —jE (2.9
where, &, is the permittivity of free space (¢,= 8.86 x 1012 F/m), ¢’is the real
part of complex permittivity and &” is the effective relative dielectric loss

factor [13].

When an oscillating electric field interacts with the dipole, the dipole
rotates to align itself according to the p.olarity. During the alignment the
energy is lost through the generation of heat (friction) and the acceleration and
deceleration of the rotational motion. The degree to which the dipole is out of
phase with the incident electric field is a characteristic to the material and
depends on frequency of the oscillating electric field, which determines the
magnitude of the imaginary part of the permittivity. The larger the imaginary
part, more the energy is being dissipated through the alignment motion and
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hence, less energy is available to propagate past the dipole. Thus, the
imaginary part of the relative permittivity directly relates to loss in the system.

The equation (2.5) by using equations (2.8) and (2.9), is given as

VxH =], +0.E +jw( —je)E (2.10)
VxH=J;+ (0, + we )E + jwe E (2.11)
VxH=],+0,E+jwe'E (2.12)

where, g,, is the effective conductivity, consists of static conductivity, cs
and conductivity due to the alternating field, 6a such that

0, = 05 + we’ (2.13)

or

O, =05+ 0, (2.14)
Equation (2.12) can be written as

Vx A =] +jwe (1-j2)E (2.15)

Vx H =], +jwe (1 - jtans,)E (2.16)
Loss tangent, tand, is expressed as

tans, = =% (217)

Equation (2.15) can be further expanded as

Vxﬁ=]_i+jw£'(1—j asl—fi—')ﬁ (2.18)

weE
In equation (2.18), the first term :—: describes the loss due to collisions of
electrons with other electrons and atoms. As g, - o, the electric field, E — 0,

for a finite current density as illustrated by the equation given below

E=% (2.19)

In conductors, the term :—: dominates the other term EE— . The effective

conductivity is almost entirely due to the collisions of electrons, and the
polarization dependent term is dropped. Maxwell's equation (2.18) reduces to

Vx H =] + (jwgy + 0,)E (2.20)
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The second term ¢ / ¢ describes the amount of energy supplied by an
external electric field that gets dissipated in alignment motion of dipole and
heat which is more evident in dielectrics. The effective conductivity is almost
entirely due to polarization loss (dipole motion), and hence the first term is
neglected in the formulation and the Maxwell’s equation (2.18) reduces to

VxH=~] +jwe( —-ji;:)E‘ (2.21)

Absorber can be considered as a dielectric block with finite non-zero
static conductivity and polarization loss through which a plane
electromagnetic wave propagates. As the wave originates from outside the
block, the impressed sources, Ji , are zero.

The instantaneous time domain vector wave equations (Helmholtz
equations), can be derived after some mathematical manipulations of

Maxwell’s equations and are given as
V2E = po, -+ pe55 (2.22)
V2H = ,UUs?aTH + ue— (2.23)

The phasor form (frequency domain) of wave equations (2.22) and (2.23)

are
V2E = po,(jo)E + ue(jw)’E
= jou(os + joe)E (2.24)
V2H = po,(jo)H + pe(jw)*H
= jou(os + jog)H (2.25)
Let jou(o, + jowe) = (2.26)

The equations (2.24) and (2.25) reduce to

V2E-PE=0 2.27)
V2H-pPH=0 (2.28)

Where y = \/jou(os + joe) = a + jB (2.29)
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a, is the attenuation constant which defines the rate at which the fields of the
electromagnetic wave attenuates as the wave propagates and § is the phase
constant defining the rate at which the phase changes as the wave propagates.
Separating the real and imaginary parts of equation (2.29) we have

= f [ JT —1] (2.30)
- w\[_[\/n—”s—Jr 1] (2.31)

In equations (2.27) and (2.28), the operator (V?) is the vector Laplacian

operator and in rectangular coordinates this vector Laplacian operator is

related to scalar Laplacian operator [14] as

F=Fa,+Fa, +Fa, (2.32)
VZF = (V2E)a, + (V2F,)a, + (V*F)a, (2.33)
The scalar Laplacian is expressed as

2 A
Vef = ax?- P (2.34)

The phasor equations (2.27) and (2.28) can be written as
(V2E,)a, + (V2E,)a, + (V’E,)a, = /(E,a, + E,a, + E,a,) (2.35)
(V2H,)a, + (V*H,)a, + (V*H,)a, = /(H.4, + H,a, + H,a,) (2.36)
Equating the vector components on both sides of each phasor wave

equation, one can obtain the phasor field components [(E,E, E,) and

(Hy, Hy, H;)] as follows

9%E, | 9%E, , 9’E, _ &
—+ ay; +— =7k (2.37)

a2E, aZE a E

axz’ yZE (2.38)
82E, = @82%E, aZEz =

dx2 ayZ + 322 = 72EZ (239)
920, , 9°H, , °H, _ 75
T T ay? tom = 7H, (2.40)
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92H. 82H 82H — \
et ayzy +52 = 7H, (2.41)
920, | 9%H, , 3*H, _ o

9x2 ay? + azz ysz (242)

The field components of time-harmonic electromagnetic wave must
individually satisfy the above six partial differential equations. For uniform
plane wave, E and H lie in a plane perpendicular to the direction of
propagation and also they are perpendicular to each other. Moreover, E and
H are uniform in the plane 1 to the direction of propagation and vary along the
direction of propagation. If the electromagnetic wave propagates through the
absorber in y-direction (figure 2.2), the uniform plane has only z-component
of the electric field and x-component of the magnetic field which are both
functions of y only.

/\/\/\/\» direction of|propagation —» @,
H

y

Figure 2.2. Uniform plane wave propagate in y-direction within a dielectric block

The wave equations for the two field components (E,,H,) are

d?E, =
i 7E, = (2.43)
d?H, —
dy? - 72Hx = (2.44)

The general solution to the wave equations (2.43) and (2.44) are
E,(y) =Eie?” + Ese™”

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shielding Material Over the
X-Band: Synthesis, Characterization, Analysis and Design Optimization 18



Theory of Electromagnetic Interference Shielding: Electromagnetic Wave Absorption Chapter 11

= E,eVelBy + E,em% e iBY (2.45)
and H,(y) = Hie” + H,e™?
= Hle(a+jﬁ)y + Hze—(aﬂ'ﬁ)y
= H1e™ e/Py + Hye™® =Py (2.46)
Assuming the uniform plane wave as travelling in +y direction, the

electric field

E=E,a, = Eye™ 7@, (2.47)
The corresponding magnetic field, found from the source free

Maxwell’s equations

VXE = —jwuH (2.48)

g UxE 1 [0E, . OE, _
= —— = ————q., - —
jou jouldy ¥ ox %

= [ (B ma,]
T Tjwplay 0 %
1 —yva
= —]—.w—#(—)’Eoe »)a,
= ;at'_ugoe—ryax = H,a, (2.49)
The intrinsic impedance (77) of the wave is defined as the ratio of the

electric field and magnetic field phasors (complex amplitudes)

E, Ege™™ jou Jjou jop
== = —_——= = = 2.50
n H, ]—(DY;Eoe‘Yy y JViou(os +joe) O +joE ( )
= Ipleffn = [J9K_
n =|nle T (2.51)

The magnitude of the complex intrinsic wave impedance is

K
Il = ———= (2.52)

[+@T"
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Intrinsic impedance of the medium determines the amount of
electromagnetic wave which will get reflected at the air-absorber interface and
the amount which will propagate through the medium. Once the incident
wave enters the absorbing material, the wave should exponentially decay with
distance, y, by the factor,e™®” where a is the attenuation constant as shown in
figure 2.3. Considering, o; =0 and expanding equation (2.29), a can be
expressed [15] as

ﬁ " on ' ] "o 0 r T " o
ot X \/(ﬂrgr —Ur&) + \/(.urgr - #rsr)z + (&rpr + £rllr)z 2. 53)

c

It is seen from the above equation that larger the values of complex
permittivity and permeability, larger will be the attenuation of the microwave
energy. However, larger value of complex permittivity and permeability

results in more reflection due to impedance mismatch at the absorber interface

ELECTRIC FIELD STRENGTH

DEPTH INTO MATERIAL

Figure 2.3 Progressive attenuation of electric field strength into the depth of material.

thus restricting the electromagnetic wave from entering the media [16]. Thus a
compromise has to be worked out while choosing the material for the

absorber.
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2.3. TRANSMISSION LINE ANALOGY FOR MICROWAVE ABSORBER

Plane electromagnetic waves propagating in bulk slabs can be modeled
by transmission line equations [8]. TLM is a numerical technique based on
temporal and spatial sampling of electromagnetic fields. The transmission
lines are simulated as propagation domain, where the electric and magnetic
vectors of propagating electromagnetic wave are made equivalent to voltages

and currents on the network, respectively.

2.3.1. Transmission line modeling for single layer absorber

A transmission line carrying TEM wave is represented as distributed
elements in a network having series impedance Z =R + jwL and shunt

admittance Y = G + jwC per unit length [7] as shown in figure 2.4.

L_L R
VT —WW

_Qz
+
. Vs Ve
C_E_ G A
- +
"o

{ {

Figure 2.4 A circuit representation of a transmission line

The voltage and current distribution along the transmission line are
functions of both time and position and are mainly determined from the
shape, dimension and the properties of the conductors and dielectrics [17]. For
a uniform transmission line having the constants R, L, C and G per unit length,

the voltage and current equations can be written in the differential form as

A
5;-+L5+R1—0 (254)

ar | .V | .~
& TCmteV=0 (2.55)
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If the voltages and currents vary sinusoidally with time, the phasor notation of
equations (2.54) and (2.55) become

% + (R +jwl)I =0 (2. 56)

% + (G + jwC)V =0 (2.57)

The analogous relation between electric and magnetic field components

of plane wave to the transmission line parameters are given as Z—i’- + jouH, =

d %4 (o, + jwe)E, = 0.

0 an %

Differentiating equations (2.56) and (2.57) with respect to x and

combining gives

2

%— (R + jwL)(G + jwC)V =0 (2.58)
2

;’72 ~ (R + jwL)(G + jwC) = 0 (2.59)

A possible solution for these equations would be of the form

Vorl=Ae™ + BeV” (2.60)
where y2 = (R + jwL)(G + jwC) , (2.61)

When the variation with time is expressed explicitly, the first term of
the expression (2.60) represents a wave travelling in forward direction and the

second term represents a wave travelling in reverse direction.

In hyperbolic function form, the solutions to equations (2.58) and (2.59)

V = Ajcoshyy + Bysinhyy (2.62)
I = Aycoshyy + Bysinhyy (2.63)
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The constants A;, A;, B; and B, are evaluated by applying boundary
conditions

V=VR'1—_—IR aty=0

V=V, I=I aty=

Substituting these boundary conditions in (2.62) and (2.63), the
coefficients are found as

Al = VR (264)
— _ [RHel :

B, = — | Iy (2.65)

and

A, =1p (2.66)

G+jwC
B, =~ /R+j.:L Ve (2.67)

The characteristic impedance (Z;) of the transmission line is related to
the primary constants R, L,G and C as

_ |z _ [Rtjwl
Zy = \/; - \’G+ij (2.68)
The characteristic impedance ( Z;) is analogous to the intrinsic

jou

impedance of the wave given by equation (2.50) i.e. n = P

Considering the location of the terminating impedance Zy the reference
point (y = 0), the other end is left of this reference point, i.e. in the -y direction
as shown in fig. 2.4. Using the expressions from (2.64) to (2.68) and writing
l = -y, , equations (2.62) and (2.63) becomes

Vs = Vrcoshyl + Zyl, sinh yl (2.69)
Is = Izcoshyl + ‘;—';sinh Yl (2.70)

The general expression for the input impedance of the transmission line

is obtained by dividing equation (2.69) by equation (2.70) i.e.
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__ Vs _ Vgeeoshyl+Zylg sinhyl
Lpy=T= VR (2'71)
Is Igcosh yl +70—smh yl
or
_ Zp+Zptanh yl 2 72
Zin =Zo Zo+Zgtanh yl ( 72)

The expression (2.72) gives the input impedance of the transmission

" line terminated by a load Zg. The reflection coefficient is expressed as

= Zn~lo (2.73)

T 2+
2.3.2. Transmission line modeling for Multilayer Absorber

The transmission line section in figure 2.4 is extended to multi section

as shown in figure 2.5 then the input impedance at the i* layer is given as

2, 1+Z, tanhy;l
o ] ot [ (2.74)
Zoi+Z,qtanhy L,

Where Z,, is the characteristic impedance of the i layer.

Zin =Z

L R L R; L R,
i 2 [4] f
G G, G G2 Ci G
I . I I 1
A - L L

Figure 2.5 A circuit representation of a multi section transmission line

B lager 274 layer 1 layer
S
Incident % & i
wave —— |22 ve
’ M
N n J;g
. ¥z Y ::fﬁ l.——
; T Metal plate
Reflected wave | 'f:f«
. e, [TV
) “ - :ﬁ&i
\ \
Z; Z; Z; Lo

Figure 2.6 Distributed parameters of a multilayer absorber structure [18]
Similar to equation (2.74), the input impedance of a plane wave
incident normal to the surface of a absorber or composite substrate backed by

a metal as shown in figure 2.6, can be expressed as
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Z,—q+ntanh y,d,

Zm = n,+Z,—1tanh y,d,

(2.75)

Where 7, is the intrinsic impedance of the i* layer and is calculated

from n = ;{% (Equation (2.51)). For free space medium, o =0 and

p=py =4m x1077(N / A*) and £ = g = 8.8541 x 10712F /m, so the value
ofn=ny = 377 Q.

The reflection coefficient of the normal incidence plane wave is
expressed [16, 27] as

_ 2,=377

T 7, 4377 (2.76)

24  DESIGN OF MICROWAVE ABSORBERS

The two essential requirements for absorption type EMI shielding
material, for uniform plane electromagnetic wave from external far field
source are (i) low reflection at the air-absorber interface and (ii) high
attenuation of plane wave within the bulk of the absorber [19]. Zero reflection
at the air-absorber interface can be achieved by impedance matching
condition, 7y =~ 377 Q (equation 2.50 and 2.51). Practical design relations of an
absorber should evaluate the reflection loss value determining the
effectiveness of microwave energy absorbed and from TLM simulation [20].
The reflection loss, RL. , of a metal backed absorber is expressed as

RL, = 20log|T]| 2.77)

The reflection loss of the absorber depends upon the intrinsic material
parameter complex permittivity, & complex permeability, u, and
conductivity (o5). Thickness (d) is another important parameter influencing the

reflection loss behavior of the absorber [21].
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24.1 Thickness considerations

A maximal microwave absorption of a dielectric absorber occurs at a
matching thickness, d,,, when d,, equals to an odd multiple of A; /% [22],
where,

Ag = Ao / (&l )/ 2.78)

[e-| and IPrl are the moduli of complex permittivity (& ) and complex
permeability (p ) respectively. A part of the incident wave is reflected from
the front surface of the material while the other part is transmitted. The
transmitted wave propagates through the absorber and undergoes total
reflection from the absorber-metal surface and propagates back through the
front face of the absorber. If the two reflected wave one from the front face
and other from the absorber-metal surface is equal in magnitude and 180" out
of phase, they cancel each other and there will be no total reflection. Since the
transmitted wave travel twice, the thickness of the absorber should be quarter
wavelength [16, 23]. The schematic diagram of single layer and multilayer

quarter wavelength absorber is shown in figure 2.7 and figure 2.8 respectively.

tutual Cancellation of Reflected and Emergent waves

. —— A
Incident Wave ‘ S

<«— ~bsorbing Layer

T e—— Metal Plate

Figure 2.7 A schematic diagram of single layer quarter wavelength absorber
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Mutual Cancellation of Reflected and Emergent waves

Incident Wave — A
/ —

|3
/ « Kl <

ol « «
R el e2 ez
'y “ 4 4
d3 /Oy g /
dz ] ‘ ‘f! Fad "‘ ,.‘L Absorbing Layers
r Y4 14 14 |
dl - _— L |

> «—— Metal Plate

Figure 2.8 A schematic diagram multilayer layer quarter wavelength absorber

The theoretical limit of total thickness for a broadband response for

multilayer absorber structure [24] is given by inequality
|/, InlR(A)|dA| < 2m? ¥, psid; (2.79)

where R is the reflection coefficient, 1 is the wavelength and the u; is
the static permeability and d; is the thickness of the it layer. For nonmagnetic
broadband microwave absorber, (u; = 1), and using decibel scale of the

reflection , RL.=20log(R), the above equation can be reduce to
[2.303RL.(A)dA /40 < ¥, d; (2.80)

The theoretical thickness limits for a frequency bandwidth (8.2-
12.4) GHz corresponding to wavelength AA = 4,,,., — Ajpwer = 12.39mm to
achieve 30dB absorption level over the X-band, of a multilayer nonmagnetic
microwave absorber should not be less than2.1mm. The detail derivation is
given in Appendix-A.
24.2 Single-layer design consideration

The schematic diagram of a single layer absorber consist of a flat

metallic surface coated with a thin layer of dielectric material often called a
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THICKNESS o= ig/4

& M

I ATTENUATED WAVE
INCIDENT WAVE

SE=mmer

REFLECTED WAVE

METAL PLATE

Figure 2.9 A schematic diagram of single layer absorber (Dallenbach absorber)

Dallenbach layer, is shown in figure 2.9. A Dallenbach layer is composed of
homogenously distributed lossy reinforcers like carbon black, metal particles,
graphite, CNTs etc.[ 25] in a base matrix and is placed on a conducting plane.
It is classified as a resonance absorber in that it is designed to be a quarter
wavelengths in thickness so that the electromagnetic waves reflected from the
first and second interfaces of the absorber are 180° degrees out of phase,
resulting in destructive interference. The electromagnetic wave is also
absorbed as it passes through the layer and impedance matching is used to

reduce the reflection from the air/absorber interface [26]. Recalling

Zi4 +nitanh Yidi

equaﬁon (275) Zin = ni ,“+Zl-_1tanh}’idi

for the conductor backed single layer
dielectric absorber, impedance at the metal plate i.e. Z;_; = 0 and considering
the conductivity of the Dallenbach layer, .0; = 0, the input impedance at the

air-absorber interface will reduce to

2y =Zim = 1o /"— tanh (j2nf / Nir1&1d; (2.81)
M = NovHr1 / &1 (2.82)
V1= J@nf / O)Vur1En (2.83)
U1 = u’rl _jﬂ"rl (284)
&1 = g'rl —j £-r1 (285)
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Equations (2.84) and (2.85) represent the relative complex permeability and
permittivity of the Dallenbach layer. Using equations (2.76), (2.77) and (2.81),
the reflection loss (dB) of the single layer absorber can be expressed as

|m0Vir1/e tanh (i2nf JOVE 1Er1d1-10

RL, = 20log [n0Vir1/ers tanh (i2nf /AT 1ErTd 1410

(2.86)

or

VHr1/er1 tanh (j2nf /c)Var1€n1d1—1

RL. = 20log Jur1/€r1 tanh (j2uf /O 1E,1d 1 +1

(2.87)

Optimizing the material parameters and thickness, RL. can be tuned for a
particular frequency.

24.3 Multilayer design consideration

One of the requirements for microwave absorbing material is to have a
wide range absorption bandwidth. Bandwidth of a single-layer absorber, is
generally insufficient. Broader absorption band can be obtained from a
multilayer approach. The multilayer dielectric absorber concept benefits from
the change of effective impedance with the distance into the material, so that
the reflections are minimized and a broad band matching can be achieved [3].
The impedance and thickness of the layers of the absorbers are to be
optimized to achieve minimum mismatch at the air-absorber interface.
Reflection loss formulation for double layer and triple layer are discussed in

subsequent subsection.

Double layer
A schematic diagram of double layer conductor backed absorber is
shown in figure 2.10. The expression for input impedance Z,, of the double-

layer absorber backed by the metal for normal incidence can be obtained by
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Layer 2 Layer 1

2
Incident d; d
wave — »
. Ny
¢ Y2 Y.
Metal plate
Reflected wave
W, M1,
w 5. z: ey

Figure 2.10 A schematic diagram of graded double layer absorber [18]

substituting the expression for input impedance Z; of the inner layer backed
by the metal in the general expression (2.75) for input impedance of the front
layer. Considering the conductivity of both the layers is zero and using
equation (2.75) and (2.81), the input impedance for a double layer absorber is

expressed as follows

Z14nytanh ypd;

Zin = M2 ey, (2.88)
Zy = tanh y;d, (2.89)
M2 = Moy ir2 / &2 (2.90)
V2= Juf [ Vi€ (291)

Substituting these in equation (2.87) the input impedance will be

n; tanh y,dy + nytanh y,d,
1252 + 1 tanh (y1dy)tanh (v;dy)

ZZ =Zin =

or

7 JHr1/Er1 tanh j2uf [OVE 1 Er1d1+yir2 Jeratanh j(2nf [cViir2E,2d;
2 = NoJHr2 / &2

Vir2/er2+1r1/er1 tanh ( 2nf /e Wir1E1dy)tanh j2af [OVir2Er2d2)
(2.92)
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The reflection loss expression of the double layer absorber is obtained by
using equations (2.75), (2.78) and (2.91) as

RL,
ST | L e tanh j@rf [ OVEriEdy + Vs ] Erptank j@uf [ OVirEady |
= 20log VHry [ &2 +te1 [ €1 tanh GRaf [ e dy)tanh jQuf [ OVt .,d,)

m[ Hr1 / &1 tanh jQaf [ Vi Edy + i [ Etanh j2af [/ Vi Ends
T Wiy /€2 + iy [ &1 tanh (G2nf [ Vg dy)tanh jQRuf [ Wi E2d,)

(2.93)

Optimization of the complex permittivity, permeability and thickness
of the individual layers, is to be carried out for broadband microwave

absorption over the desired frequency range.

Triple layer

A three layer graded dielectric absorber backed by a conductor can be
designed as shown in figure 2.11. The principle of microwave absorption of
the three layer structure is similar to the double layer dielectric absorber.

34 layer 27 layer 1% layer
Incident d; 9; g,
wave ——»
“3’ nz. np
¢ | V3 Y2 Y1
Metal plate
Reflected wave
MWy My Hi,
Hy €y 3 ! €1

Figure 2.11 A schematic diagram of graded double layer absorber [18]

The input impedance at the front layer of the absorber is calculated by
substituting the expression for input impedance Z, and Z; of the inner layers

backed by the metal in the general expression (2.75). From equation (2.75) and
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considering the conductivity of individual layers as zero, the input impedance

is expressed as

_ _ Zy4m3tanh yzds 2.94
Z3 - Zln -3 n3+Zytanh y3ds ( ’ )

N3 = Moy Hr3 / &3 (2.95)
v3=Jj2nf [ c)\ir3Ers (2.96)

Substituting the value of Z; and Z, from equation (2.81) and (2.92) in
equation (2.94), input impedance for the three layer absorber can be expressed
as

nitanhyyidy+natanhypdy |
n3tanh yad
7. = M2 401 tanh (y1dptan k (yzdz) 13 ¥3e3 2.97)
3=M n1tan h yrdi1+n2tan hypdz .
n3+12 1 222 —tan h y3d3
n2+nytanh (y1dy)tan h (yz2d2)

The reflection loss expression of the double layer absorber is obtained

by using equations (2.75), (2.78) and (2.96) as

nytan h yidyi+notan h yod
h
N253 g tan b @ d P ian F (e azyt"3tan h v3ds3
n3 nytanhyidi+n2tan h yod o
"3+n2nz+n1tanﬁiylalitanﬁiyzﬁzimnhy?)d:‘l
RLC - 20]0g tan hyjdy+notan hyod tan h vad (298)
nz,,ﬁ,,lmnﬂiyLalimnHiyzﬁz; n3 y3d3
n3 + nytan hyydi+natan hyod tan h yad
M34n2g e Tan b 1 tan F (a7t h Y343

While designing proper selection of materials and optimization of

+no

thickness of each layer is carried out for enhanced performance of the

absorber.

25 Conclusions

Dielectric absorber can be modeled as lossy fillers reinforced in a
polymer base matrix. Electromagnetic wave propagating through the absorber
can be simulated as Transmission Line where the electric and magnetic
components find analogy with voltage and current propagating through the
line. The intrinsic impedance and the reflection loss of the absorber can be

optimized using the intrinsic material parameters viz. complex permittivity
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| and permeability. The absorber thickness plays an important role in the design
of the absorber for phase cancellation of incident and emergent wave. Proper
selection of intrinsic impedance and thickness of the individual layer is to be
done for design of multilayer absorber to achieve, broadband absorption over

the desired frequency range.
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3.1  INTRODUCTION

Expansion of electronic and telecommunication systems for civil and
military applications have increased electromagnetic interference (EMI)
putting new issues on studies involving the microwave absorbing matérial
technology [1,2]. The challenge is in development of thin, flexible and light
absorbing material with broad band absorption. Cost of processing technique
and raw materials are other criteria to be considered, especially for a large
scale production. Adequate combination of constituent materials and

mechanism of synthesis may produce materials with specific requirements.

Composite type dielectric microwave absorber is composed of
absorbing dielectric fillers in the polymer base matrix, where the design
flexibility lies in tuning the dielectric characteristics like, the dielectric coﬁstant
and the dissipation factor of energy, of the absorbing centre ie. fillers.
Distribution of fillers in the polymer matrix alters the extent of microwave
interaction and: for the homogeneous absorption of electromagnetic wave in
all the directions and through the thickness within the absorbing material,
uniform distribution of fillers in the matrix is desirable [2,3]. There are
different processing routes, such as the impregnation of synthetic foams,
fabrics and nonwoven substrates and manufacturing of paints and rubbers [4].
In present investigation absorbing material is made by mechanical mixing of
filler and polymer in powder form and subsequent thermal treatment of the

mixture.

Material choice and synthesis technique are discussed in the starting of
the chapter. This is followed by microstructural studies viz. XRD, TEM, SEM
and FTIR; to find the size and shape of the reinforcers and determine its

distribution in the base matrix.
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3.2 MATERIAL SELECTION AND SYNTHESIS
3.2.1 Material selection

Expanded graphite (EG) flakes have been selected as fillers and
dispersed homogenously in insulating polymer matrix to develop dielectric

absorber type EMI shielding material.
Selection of inclusions

EG flakes have electrical conductivity ~ 104 S/cm with very low density
~ 0.03 to 0.15 g/cc and are light weight [5-9]. The presence of functional
groups such as -OH, -COOH {5] in the EG gives a good physical interaction
with the polymer matrix and is chosen as the ‘lossy filler’. EG flakes are
consist of small stacks of graphene sheets of thickness ranges from 1 upto a
few tens of nanometers and lateral linear dimensions varying from a few
micrometers up to hundreds of micrometers. The EG flakes are synthesized
from natural graphite flakes using chemical oxidation and thermal treatment
method. The synthesis processes is much cheaper than that of carbon
nanotubes, that is one more reason for choosing EG over CNT in this

investigation [10].
Selection of host matrix

Novolac phenolic resins (NPR) are condensed polymerization product
of phenol and formaldehyde with water as byproduct. The polymerization
takes place when the molar ratio of formaldehyde to phenol is less than one
and it is brought to completion using acid-catalysis such as oxalic acid,
hydrochloric acid or sulfonate acids. In the .initial stage (A-stage), the polymer
is of low molecular mass, soluble and fusible. As the condensation continues
more molecules are involved and resin becomes rubbery, thermoplastic phase,
which is only partially soluble (B-stage). The resin is then cured to fully cross-
linked intractable material(C- Stage) (figure.3.1). NPRs are amorphous (not
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crystalline) thermoplastics and they are solid at room temperature and will
soften and flow at temperatures 150-220°F (65 °C - 105 °C). They are cheaper
than epoxies and easily available, have good heat resistance, electrical
insulation, dimensional stability, flame and chemical resistance [11, 12]. The
hydroxyl and methylene linkages present in NPR chemical structure facilitates

bonding for composite formation [13], and is selected as the base matrix.

[3:1 OH
©+RCHO __»dm:os
OH oH o oH on od on oH
FO =EHQ = Q= Ot— O =0 =0 =0

!
OH OH QH

=
LA A P &

Figure.3.1. Polymerization of Novolac Phenolic Resin

3.2.2 Synthesis of Expanded graphite (EG)

EG flakes are synthesized from natural graphite (NG) flakes using
chemical oxidation and thermal treatment method. Graphite is made up of
layer planes of hexagonal arrays or networks of carbon atoms separated from
each other by weak Van der Waals’ forces (figure 3.2). Each layer of carbon
atom is bonded to three other carbon atoms by covalent single bond of length
1.42 A. The fourth valence electron is delocalized over the whole layer like the
n-electrons of large aromatic molecule, accounting for the high anisotropic
quasimetallic properties of the graphite. In the ideal graphite structure the
carbon layers are arranged in alternating sheets in such a way, that carbon

atoms in any layer lie over the midpoint of the carbon hexagonal layer. The
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distance between the layers in the direction of the c-axis is 3.35 A. This
distance is too great for formation of strong chemical bond, because of the
large gap between the basal planes of graphite. Various chemical groups can
be intercalated inside them under certain chemical or -electrochemical
conditions. The graphite compound formed is known as graphite intercalated
compound. On thermal treatment the intercalated molecule causes large
expansion of the graphite basal planes and the degree of such expansion can
be as high as 300 times. In this study, natural graphite flakes of size less than
2um (supplier Mass Graphite & Carbon products, Mehsana, India) are dried at
75 °C in vacuum oven for 8 hrs to remove the moisture content and then
mixed with saturated acid consisting of sulfuric acid and concentrated nitric
acid in a volume ratio 3:1 for 12 h to form graphite intercalated compound
(GIC). Nitric acid serves as an oxidizer and sulfuric acid as an intercalant. The
mixture is stirred from time to time to obtain uniform intercalation of each
flake. The chemically treated flakes are then thoroughly rinsed with water
until the pH level of the solution reaches 7 and dried at 60 °C in vacuum oven
for 5 hours. Treated GIC is then suddenly exposed to high temperature in a

muffle furnace maintained at temperatures 800-900 °C to get EG flakes

Figure.3.2  Schematic diagrams of graphite structure
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323 Fabrication of dielectric composite material

Novolac type phenolic resin is mixed with 10% hexamethylene
tetramine as harderner (supplier Pheno Organic Limited, New Delhi). The EG
flakes and NPR powder are mechanically blended at ~ 15000 rpm for different
weight percentages of EG in the base matrix. Mathematically, if total weight of
the composite is Z' grams and X’ and Y’ are the weights of EG and NPR
respectively ie. Z' = X' + Y’, then, for N wt. % of EG/NPR composite, amount
of EG present in the composite is given by

EG =X'= (N/100) x Z’ grams (3.1)

and amount of NPR present in the composite is given by

NPR=Y'= (Z'-X’) grams (3.2)

Using the relation (3.1) and (3.2), a uniform mixture of EG flakes and
NPR powder is obtained with 5, 7, 8, 10, 20, 30, 40 and 50 wt. % of EG. The
mixture is placed in a specially designed three-piece die-mould consisting of a
cavity, upper and lower plunger with spacer) and initially heated up to 95-100
°C. A pressure up to 1.5-2 tons is slowly applied and the fixture with the
sample is isothermally heated at 150 °C for 2 hours and then allowed to cool at

room temperature. The processing chart is given in figure 3.3.

Pellets of different dimensions are molded for different
characterization. A three piece die mould with spacer, with the provision of
varying the thickness, d, of the sample is designed and fabricated as: (a) for
microwave characterization in the X-band with the sample dimension of
10.16 mm x 22.86 mm x d mm (figure 3.4) and (b) for free space microwave

absorption testing sample dimension of 152 mmx 152 mm x d mm (figure 3.5).
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Figure 3.3 Block diagram of composite preparation
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Figure.3.4 (a) Three piece die mold and (b) Prepared EG-NPR composites

for X band characterization
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Sample holder

Figure.3.5 EG/NPR composite sheet preparation for free space absorption

testing

3.3 MICROSTRUCTURAL STUDIES

Propagation of electromagnetic wave, passing through the composite
material depends not only on the intrinsic properties of the constituents, but
also on the distribution, the size of the inclusions and the change in structural
configuration of the inclusion particles in the composite matrix.
Microstructural analysis gives complete through analysis of the composite
deciding its utility as substrate in the microwave technology. Micro-structural

studies conducted are described in following sub sections.
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3.3.1 X-ray diffraction

X-ray diffraction studies are an important tool for structural analysis
and gives information of various phases present in the specimen. X-ray
diffractometer (Rigaku Miniflex 200) with monochromatic CuKa radiation
(A\=1.54178 A) is used over a 20 angle from 10° to 70° to obtain the inter-planar
spacing and microstrain of EG. The d-spacing of the graphite flakes is
calculated using the Bragg's Equation [14]. Single line approximation method
[15] is used to calculate the microstrain (y) of both NG and EG flakes. Room
temperature X-ray patterns of NPR, NG, EG and EG/NPR composite are
shown in Fig. 3.6. A broad peak is observed at 26 angles of about 20° for NPR
indicating an amorphous behavior as shown in fig.3.6 (a). From fig 3.6 (b) a
high crystalline nature of NG is confirmed from the characteristic peak
observed at 20 = 26.86° due to (002) plane corresponding to inter-layer spacing
(d002) 0.332nm. Fig.3.6 (c) shows that the characteristic peak of EG is observed
at slightly lower angle, 20 = 26.62°, corresponding to inter-layer spacing (4002)
0.335nm. Expansion in inter-layer spacing clearly confirms the formation of
EG from NG. As the graphite platelets expand, a compressive microstrain is
expected in the graphite platelets. The calculated microstrain increases from
0.7% for NG to 1.36% for EG. The increased microstrain corroborates the
increased d spacing confirming the formation of EG. Further, in fig. 3.7 (a) the
value of intensity (in a.u) along y-axis in the XRD plot shows a very large
variation ( 70,000 for natural graphite and 2,500 for expanded graphite)
showing that for same volume sample the graphite crystallite is less in
expanded graphite. EG formed by expansion in graphite platelets of NG is

shown in
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Figure.3.5 XRD patters of (a) NPR, (b) NG, (c) EG and (d) EG/NPR
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Figure3.7 (a) XRD patters of NG & EG, (b) schematic orientation of
graphite platelets in NG & EG
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schematically in fig. 3.7 (b) representing the orientation of graphite platelets
before and after the expansion. The sharp reflection at 28 = 26.62° is observed
in fig.3.6 (d) implying that in EG/NPR composite the single graphite
nanosheets consist of multilayer graphite sheets with a d-spacing of 0.335 nm.
Intrusion of NPR polymer molecules does not change the nanostructure of

graphite, and hence its crystal structure is retained.

3.3.2 Transmission Electron Micrographs

Transmission electron microscopy (TEM) is the premier tool for
understanding the internal microstructure of materials at the nanometer level.
Electrons have an important advantage over X-rays in that they can be focused
using electromagnetic lenses. One can obtain real-space images of materials
with resolutions of the order of a few tenths to a few nanometers, depending
on the imaging conditions, and simultaneously obtain diffraction information
from specific regions in the images (e.g. small precipitates) as small as 1 nm
[16]. The TEM study of EG flakes is carried out using JEOL JEM-2100
transmission electron microscope installed at the Sophisticated Analytical
Instrumentation Facility (SAIF), North-Eastern Hill University (NEHU),
Shillong, India. The micrographs is taken at 200 kV accelerating voltage at
different magnifications. TEM (fig. 3.8 (a-d)) image of EG flakes reveal its
morphological structure. Fig. 3.8(a) shows the lateral linear dimension of
~20pm with induced disorderness in graphite structure due to acid
intercalation followed by exfoliation. The TEM images also suggest the
destacking of the ordered graphitic structure. From fig. 3.8 (b) and (c) it is
observed that EG sheets have thickness of 10-40 nm and length of about 400
nm, indicating a large aspect ratio (width-to-thickness), which facilitates to

yield the conductive network. High resolution images in fig.3.8 (d), shows that
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the graphite nanosheets consists of thinner graphite nano lamellae of thickness

5 nm and with inter-layer spacing of ~ 0.335 nm.

Figure3.8  (a-d) TEM images of EG flakes

3.3.2 Scanning Electron Micrographs

Scanning electron microscopy (SEM) is a very sensitive technique for
studying the size and distribution pattern of the inclusions in the polymer
matrix. The SEM study is carried out using a JEOL JSM 6390 LV model
scanning electron microscopy installed at Central Instrumentation Facility

(CIF), Tezpur University, India. It is based on the principle of irradiating the
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specimen with finally focused electron beam. The electron beam on striking
the surface releases secondary electrons back scattered electrons, Auger
electrons, characteristic X-rays and several other types of radiation from small
part of the specimen. The surface SEM secondary electrons are generally
collected to form the image. The surface of each samples are platinum coated
using a sputtering unit before taking the micrographs. The micrographs are

taken at 10-11 A probe current
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Figure3.9 (@) SEM micrograph of (a) NG. (b), (¢) & (d) EG, (e) EG/NPR

composite surface and (f) fractured EG/NPR composite
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and 20 KV accelerating voltage at different resolutions. Figure 3.9 (a)-(f) shows
the SEM micrographs of NG, EG and EG/NPR composites. Figure 3.9 (a)
shows the SEM micrograph of natural graphite (NG) flakes of irregular shape
and sizes ranging from 2 pm to 20 pm (approximately). Figure 3.9 (b and c) is
of expanded graphite flake with magnification of x 27 and x 200 respectively,
having vermicular or worm shaped with loose and porous structure that is
due to opening of planar carbon networks wedged at the edge surface of the
crystallite by surface groups. Figure 3.9 (d) shows EG at higher magnification
(x 4300), where it can be.seen that the structure of EG basically consists of
numerous graphite sheets of nanometers thickness and micrometer diameter.
This structure endows EG with high surface area. In fig. 3.9 (e) the surface
morphology shows almost a uniform distribution of crushed EG in the NPR
polymer composite. Figure 3.9 (f) shows the distribution of EG inside the bulk

of novolac phenolic resin composite.

3.3.4 Fourier Transform Infrared spectra Spectroscopy (FTIR)

The FTIR spectroscopy study of NG, EG, NPR and EG/NPR
composites have been conducted for understanding the bond structure and
different interactions taking place among the various constituents in the
composites. The FTIR spectra have been recorded using a Perkin Elmer
spectrum 100 spectrophotometer and Nicolet Impact 410 spectroscopy '
installed at Tezpur University, India. FTIR spectra of NG, EG, Novolac
Phenolic Resin and EG/Novolac phenolic resin composite are shown in figure
3.10. In figure 3.10 (a) the absorption band at 3484 cm-! is assigned to
hydrogen bonded -OH group. The peak due to -CH;- stretching vibration is
observed at 2925.10 cm-1. The peaks in between the 1441 - 1599 cm-! are of C-
C stretching vibration. The peak at 1232.63 cm-! is of Ar-O- stretching
vibration and peak at 1097 cm™! is of CH2-OH stretching vibration [17]. This
suggested that novolac phenolic resin having hydroxyl and methylene group’s
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linkages are responsible for bonding with EG. FTIR spectra of NG gave
absorption peaks at 1037.73, 1628.76 and 3598.72 cm as shown in figure 3.10
(b). Here, the peaks at 1037.73 cm! is due to C-O stretching vibration of ether.
The peak at 1628.76 cm! is C-O stretching of ketone group. The broad
absorption peak at 3598.72 cm? is of hydrogen bonded O-H stretching

vibration.

% Transmittance

e
1000 400

4000 3000 2000
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Figure3.10. FTIR spectra of (a) Novolac Phenolic resin(NPR), (b)Natural
graphite, (c)Exfoliated graphite (EG) & (d) EG/NPR composite
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Figure 3.10 (c) shows the spectra of expanded graphite in which the wave
number of some of the peaks are shifted to higher wave number and some
towards the lower wave number. It is observed that a strong band is
appearing at 353.28 cm1, which can be assigned to O-H stretching vibration of
phenolic or alcoholic functional groups present in the EG. The presence of
carboxyl functional groups can also be detected at around 1630 cm-l. During
the treatment of natural graphite with acids some of the carbon double bonds
are oxidized, leading to the presence of oxygen-containing functional groups
on expanded graphite which will facilitate physical and chemical interactions
between EG and polymer. Figure 3.10 (d) shows the FTIR spectra of EG/NPR
composite. The peaks in between 3695.10 to 3769.88 cm! is due to free
hydroxyl group of the phenols. The absorption band at 3409.67 cm-! is of
hydrogen bonded -OH group. The peaks at 2935.25 cm-! is due to ~CH»-
stretching vibration. The peaks at 1627.10 cm is of C-O stretching of ketone
group. C-C stretching vibration is responsible for the peak at 1431.66 cm-1. The
peak at 1261.27 cm? is of Ar-O- stretching vibration and peak at 1091.66 cm-?
is of CH2-OH stretching vibration. The FTIR spectrum of the composite shows
the presence of both phases of fillers and the matrix and no new peaks has
been observed showing that the interaction between EG and NPR is physical

in nature.

34  CONCLUSIONS

Expanded graphite flakes are synthesized from natural graphite flakes
by chemical oxidation and thermal treatment method. Formation of EG is
confirmed from XRD pattem' showing the expansion of the graphite basal
planes along c-axis and decrease in diffraction intensity. For EG (2500 a.u) in
comparison to NG (70,000 a.u). XRD studies of EG/NPR composites exhibit
that intrusion of NPR polymer molecules does not change the nanostructure

of graphite sheets, thus EG retain its crystal structure. TEM analysis EG flakes
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shows graphite sheet thickness is in nanometer ranges and a high aspect ratio
which yield a good conductive network. SEM studies showed that EG flakes
are vermicular or worm shaped with loose and porous structure. SEM images
of composites material shows the material have homogenous distribution of
EG in the base matrix. FTIR spectra analysis reveals that acid treatment of NG
during synthesis oxidizes some of the carbon double bonds leading to the
presence of oxygen-containing functional groups on expanded graphite which
will facilitate physical and chemical interactions between EG and polymer.
Also, FTIR shows presence of hydroxyl and methylene group’s in NPR which

is responsible for bonding with EG and the interaction is physical in nature.
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4.1 INTRODUCTION

In Radar targets and communication devices, the factors such as
weight, dimensional stability and environmental properties plays important
role and impose restrictions in the absorber material selection and design.
Moreover, absorbing materials are characterized by converting the energy of
electromagnetic wave into thermal energy; hence thermal stability and
thermal conductivity of the material are to be studied [1-5].

In this chapter density, water absorbance, thermal stability and thermal
conductivity of EG/NPR composite is studied to show its utility as absorber
material. Electrical conductivity increases the microwave losses and hence the
absorption. Both in-plane and through-plane dc electrical conductivity studies

is carried out on EG/NPR composite system [6].

Some of the measurement setups were indigenously built in the
laboratory with essential calibration. A comprehensive description of the set-

up wherever necessary with results are described in the following sections.
42 PHYSICAL PROPERTIES

42.1 Density and Water Absorbance

Light weight microwave absorbers are easy to install and this in turn
makes them suitable for free space applications. Density of a composite gives
an idea of the compactness of the material and its weight. Measurement of
density of the EG/NPR composites are carried out by using Archimedes’s
principle [7]. The samples of dimension 10.16 mm x 22.86 mm x 4.7 mm are
prepared and weight measured in air, Wy, The composite is suspended in
water and apparent immersed weight of the sample is measured, referred as
Wapp. Then the experimental bulk density (ds) of the composite is measured by
the Archimedes principle and is given by

Walr

dy = —r
s Walr _Wapp

X Dyater (4.1)
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War
ords = X Dwater 4.2)

Where

Wair = Weight of the sample in air (gm)
Wapp = Weight of the sample in air - weight of the displaced water

(gm)
Duwater = Density of water at room temperature (=0.997 g/cc at 25 °C)

Water absorbance studies of the material help in determining the
porosity of the material and humid and wet environmental conditions in
which the system can work without affecting its microwave performance. The
percentages of water absorption of the composites are determined according

to the expression

Wi=Wy
Wo

Water absorbance (%) = x 100 (4.3)

where W;and W) are the weights of the wet and dry composites respectively.

Table4.1  Density and percentage of water absorbance of EG/NPR composites

Sample composition Density (g/ cc) a(;/; gg::;
5 wt. % EG/NPR 0.83 0.08
7 wt. % EG/NPR 0.84 0.08
8 wt. % EG/NPR 0.85 0.08
10 wt. % EG/NPR 0.87 0.08
20 wt. % EG/NPR 0.90 0.09
30 wt. % EG/NPR 0.91 0.10
40 wt. % EG/NPR 0.93 0.10
50 wt. % EG/NPR 0.96 0.10

Table 4.1 shows that the bulk density increases with increase in EG content.

Composites with higher wt. % of EG contain less amount of NPR than
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composites with low wt. % of EG. Decrease of density for composites with
higher NPR content is due to the increase in ultimate weight loss during
curing process. Percentages of water absorbance of the composites for 48
hours are tabulated in table 4.1. It is found that there is a slight increase of
weight gain with increasing EG concentration in the composites due to

presence of porosity in the samples. The maximum weight gain is only ~0.1 %.
43 THERMAL PROPERTIES

441 Thermal gravimetric Analysis (TGA)

The thermal gravimetric analysis (TGA) is performed té predict the thermal
stability of a material at temperatures up to 1000°C. The TGA for pure NPR,
EG and (5, 7, 8, 10, 20, 30, 40 and 50 wt. %) EG/NPR composites are carried
out on Thermal Analyzer, Model STA 6000, Perkin Elmer. Figure.4.1 shows
the thermal stability of NPR, EG and EG/ NPR composite measured by TGA
in air atmosphere. TGA curve of NPR shows that there is a small weight loss
up to 150 °C. The major weight loss occurs due to evolution of volatiles in
between the temperature 350- 450 °C. Overall there is 75-80% weight loss up
to 800 °C in air atmosphere. From the figure it is seen that TGA curve of EG
shows thermal stability up to 600 °C. From 600 °C to 800 °C moderate weight
losses and above 800 °C continuous weight loss up to 850 °C is observed, this
is due to surface complexes formed during oxidation. The total weight loss up
to 850 °C is 10-15%. The EG/NPR composites with 5 to 50 wt. % show a very
small weight loss up to 300 °C. From 300 to 400 °C, a moderate weight loss
and above 400 °C continuous weight loss is observed up to 900 °C. It is seen
that addition of EG flakes in the matrix enhances the thermal stability in
comparison to pure matrix. Although, all the composites show almost same
stability upto 300 °C, but with increasing EG content overall weight loss

decreases. EG flakes form a heat conductive network in the matrix and with

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shielding Material Over the
X-Band: Synthesis, Characterization, Analysis and Design Optimization
57



Characterization of the Dielectric Composite Material: Physical, Thermal and Electrical Chapter IV

increasing EG content the conductive path is easily achieved [8].A maximum
weight loss is observed for 5 wt. % weight loss of 55-60 % and minimum for

50 wt. % weight loss of 25-30% EG/NPR composites upto 850 °C.

110

70 4

Weight (%)

101

LA N D L L L

100 200 300 400 500 700 800 900
Temperature (°C)

Figure 4.1 Thermal gravimetric analysis (TGA) curves of EG, NPR and (5-50) wt. % EG/NPR
composite.

442 Thermal conductivity

Primary mechanism of microwave absorption in dielectric RAM is
dielectric loss in which microwave energy is irreversibly transformed to Joule
thermal energies. It is important to dissipate away the heat developed in the
composites due to microwave absorption. Thermal conductivity ascertains the
extent heat can be dissipated by the material, and hence the dimensional
stability. A set-up is developed in the laboratory to measure the thermal

conductivity of the samples and described below.

Set up fabrication and measurement

There are different techniques for thermal conductivity measurements
in insulators. Lee’s method is the most popular one [9], but it suffers from the
need of bulky steam system for heating and high possibility of radial heat
flow. There are other advanced methods (e. g NPL’s (UK) Guarded Hot Plate

Method) which are very accurate but expensive. The set up is indigenously
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designed and fabricated in the laboratory by using more robust components:
guarded hot plate, solid state transducer and amplifier [10]. The theory of the

instrument is based on Lee’s method.

Design of modified Lee’s method

The instrument consists of two brass slabs where one acts as heat
source and other as sink. The sample to be tested is placed between the source
and sink. The exposed portion of the source and sink is covered with heat
insulating-seal to ensure no radial heat flow. A thermostatic electric heater is
used to heat the source and sink is kept at room temperature. A spring system
is attached to the other end of sink to ensure good contact between source,
sample and sink with the advantage of easy placement of the sample. A non-
conducting casing is used for mounting the system. The schematic diagram of

the instrument is shown in figure 4.2.

[ Casing
Electnc Guarded hot olate
Heater _|
| A
f Inslulation
Slit to insert sample # : Sample film’S’
Liver L ==‘r Sink ‘'C” Rail
a1
l [
. i Chassis
“pnang ] >
system // }/}/

Figure 42 Schematic diagram of thermal conductivity measurement set-up

Transducer element

Temperature of the slabs is measured by a transducer element,

transistor. It works on the principle of Peltier effect. The schematic of the
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transducer system is shown in figure 4.3. The system can measure both

absolute and relative temperatures of the slabs using a switch.

Thermostat

Figure 4.3 Circuit diagram of the transducer system
OPAMP = Operational Amplifier, R = Resistance=1K(2 T = Transistor

Working principle

The experimental sample S is trapped between the source and sink. The
area of sample is kept same as the area of the slab. The source is heated and
heat conducts through the sample to the sink. The rate at which heat (Q)
conducts through the specimen is equal to the rate at which the sink losses

heat
0= KA(6, - 6,)

d 4.4
where

K is the coefficient of thermal conductivity of the specimen
A is the area of the sample
d is thickness of the sample

f1and 0, are temperatures of the source and sink at steady state
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If M is the mass of the slab, s, the specific heat of the slab material, the
rate of cooling of the sink at 6; is

orsf2)
6=62 (4.5)
where
d@/dt is the rate of fall of temperature at§;
From equation 4.3 and 4.4
K6, -6,) _ Ms(ﬁ) (4.6)
d dt 0=05
dMS] (%;QJ
=6,
= (4.7)
A(@, -6, )

The rate of cooling is found by heating the sink to a temperature above
. The sample is then placed between the source and sink and source is
heated. The temperature of the source is allowed to reach an equilibrium
temperature with the sink. ¢, the time of fall of temperature of the sink is
noted at regular intervals. The slope of the tangent drawn to this plot gives the

value of rate of fall of temperature.

Thermal conductivity measurement results

The thermal conductivity of the prepared samples measured with the above
techniques is tabulated in table 4.2. Table 4.2 shows the variation of thermal
conductivity for EG/NPR composites. It can be seen that thermal conductivity
increases with increase in filler content. The effective thermal properties of
composite depend on the intrinsic, microstructural properties of the filler,
homogeneity of its -distribution and compactness of the filler [11, 12]. Heat

transfer in this composite takes place via NPR-EG interface. The increasing EG
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flakes effectively form better conductive network in the NPR and improve

thermal conductivity significantly.
Table42 Thermal conductivity of EG/NPR composites

Sample composition K(W/m %K)

Pure NPR 0.027
5wt % EG/NPR 0.210
7 wt. % EG/NPR 0.262
8 wt. % EG/NPR 0.275
10 wt. % EG/NPR 0.312
20 wt. % EG/NPR 0.418
30 wt. % EG/NPR 0.521
40 wt. % EG/NPR 0.598
50 wt. % EG/NPR 0.642

444. Coefficient of Thermal Expansion - Setup Development and
Measurement

Thermal expansion coefficients of the prepared samples are measured
with comparator method. The experimental setup, developed in the
laboratory [10] is shown in figure 4.4. The setup consists of a glass cavity
containing inlet and outlet for steam. A glass rod is used as holder to place the
sample inside the cavity. A thermometer is placed near the sample to measure
its temperature. A travelling microscope of least count 0.01 mm monitors the
change in the dimension of the sample. The length of the sample is made
manifolds than the cross sectional dimensions so as the change can be taken
linearly. Prior to placing the sample the change in length of the glass for the
same increase in temperature is observed which is found to be negligible as

compared to the change in the sample length.
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The initial length of the sample is I; (say) at room temperature, ¢;°C.
After passing steam at 100°C through the cavity a steady temperature is

reached value (#,°C) and the new linear dimension is I.

N TR

P

Figure 4.4 Setup for thermal expansion coefficient measurement

The thermal expansion coefficient (a.1) can be found from

a, = ——llxlit_zl_ltl) per °C (4.8)
Thermal Expansion Coefficient Measurement Results

The coefficient of thermal expansion (CTE) of EG/NPR composites are
tabulated in table 4.4. It is seen that CTE decreases with increasing EG
percentages in the composites. It is because the heat conductive network of EG
drain away the heat created or supplied in the composite and there is little
accumulation of thermal energy in the composite, consequently linear thermal
expansion is very less. Increasing wt. % of EG consolidated the conductive
network and hence decreases the CTE. Thus, the developed composites show

dimensional stability.
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Table4.3  Coefficient of thermal expansion (CTE) of EG/NPR composites

Sample composition o x 10°(K™)
Pure NPR 80
5 wt. % EG/NPR 252
7wt % EG/NPR 246
8 wt. % EG/NPR 241
10 wt. % EG/NPR 27
20 wt. % EG/NPR 19.25
30 wt. % EG/NPR 17.75
40 wt. % EG/NPR 16.18
50 wt. % EG/NPR 14.29

44  ELECTRICAL CONDUCTIVITY

In-plane and through-plane dc electrical conductivity of the EG/NPR
composite is measured by two probe method using Keithley 2400-C source
meter interfaced with PC using GPIB port. Initially, resistance of thé samples
is calculated from current-voltages (I-V) characteristics at room temperature.
The resistivity of a bulk samples is based on accurate measurement of
resistance and the sample dimensions. For a homogenous bar of length, L and

uniform cross section A, the resistance, R, is related to the resistivity, p, by
R =pL/A (4.9)
The reciprocal of p gives the conductivity (o) of the samples given as

s=1/, (4.10)
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The schematic diagram of in-plane and through plane dc conductivity

measurement is shown in figure 4.5.

Through-plane

»
/ In-plane

dfrorsvecd

Figure 45 Schematic diagram of plane of dc conductivity measurement

The in-plane and through-plane 1-V characteristics of EG-NPR composites
with different wt. % are shown in figure 4.6 and figure 4.7 respectively. The
slope of the curve gives the reciprocal éf resistance, R. From equation (4.9) and
(4.10), both the in-plane and through plane conductivity of the composites is
calculated and tabulated in table 4.4. It is seen that the electrical conductivity
increases with increasing EG loadings. EG/NPR composites consist of
" insulating phenolic resin phase (~101! S/cm) and conducting EG flakes
(~10%S/cm) [13]. Pure NPR shows insulating behavior, however, inclusion of
EG loadings (~5wt. %) transform the insulating composites to semiconducting
state. In this investigation, EG is syntﬁesized from NG using 3:1 volume ratio
of concentrated sulfuric acid and nitric acid, this assists in increasing the
surface area [14], removing contaminants from EG surface, reducing the pores
and unbonded interfaces between EG and phenolic resin, thus establishing a
conductive network of EG in the composite system and hence the enhanced

conductivity.
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44.1 In-plane dc electrical conductivity
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Figure 4.6 In plane -V characteristics of EG-NPR composites
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4.4.2. Through-plane dc electrical conductivity
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Figure 4.7. Through plane I-V characteristics of EG/NPR composites
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Table 4.4:In plane and through plane dc electrical conductivity of EG/NPR

composites
In plane conductivity Throggh plan €
Sample composition o 6/ cm) conductivity
O (S/ cm)
Pure NPR 2.4E-11 4.8E-13
5wt. % EG/NPR 6.05E -07 5.526 E-10
7wt. % EG/NPR 4.96E-06 5.98 E-10
8 wt. % EG/NPR 9.88E-06 7.12 E-10
10 wt. % EG/NPR 4.78E-05 1.58 E-10
20 wt. % EG/NPR 0.0135 1.296 E-03
30 wt. % EG/NPR 10.00 0.108
40 wt. % EG/NPR 108.00 0.1257
50 wt. % EG/NPR 147.00 0.3267

45. CONCLUSIONS

EG-NPR composite system shows low density <1 and has negligible

water absorption. The TGA curve shows that the developed composite is

thermally stable up to 300 °C. Thermal conductivity and thermal dimensional

stability shows significant improvement with increase in weight % of EG

flakes in the matrix. The increasing EG flakes improve the conductive network

in the NPR enhancing the electrical conductivity. EG-NPR composite system

shows promises to be useful for free space microwave shielding applications.
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5.1 INTRODUCTION

In dielectric materials, the main properties that enable them to be
applicable as microwave absorber are the dielectric constant and the loss at
the operational frequency. Referring equation (2.77), chapter II, the reflection
loss estimation of a conductor backed absorber design depends on the values
of & Accurate measurement of complex permittivity (&=&"-j&") determines
the performance and geometry of the absorber over a range of frequency
band. Several methods have been reported on material property
characterizations at microwave frequencies based on transmission lines and
resonant structures developed from transmission lines [1-7]. Most accurate
resonant method is the cavity perturbation method but has the limitation of
single frequency operation [8, 9]. Broadband characterization of the dielectric
properties of material is possible using nonresonant methods [10]. Nicolson
and Ross [11] developed a transmission/reflection technique for obtaining the
complex permittivity of linear materials over a broad range of microwave

frequencies.

The chapter discusses determination of complex permittivity
of the expanded graphite-novolac phenolic resin (EG-NPR) composites over
the X-band frequency. A MATLAB program is developed to compute the
complex permittivity of the composites from the measured value of Si; and
S21. Dielectric loss tangent, attenuation constant and microwave conductivity
are calculated from the measured values of complex permittivity. Further, to
substantiate the microwave characterization of the test materials at microwave
frequencies, complex permittivity measurement is carried out using cavity

perturbation technique [2, 8, 9].

52 WORKING PRINCIPLE OF NICOLSON-ROSS METHOD
The working principle of Nicholson-Ross method which is a

transmission/reflection method and systematically analyzed in literature
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[11]. Figure 51 shows a typical measurement configuration for a
transmission/ reflection method. The details of the waveguide method are
described in reference [25]. A sample of rectangular shape with permittivity
£ = g&, and permeability u = yop, is inserted into a segment of transmission
line with characteristic impedance Zy. Letdand Z be
the thickness and the new characteristic impedance of the segment in which

the material is installed.

Figure5.1 A schematic diagram of transmission/reflection method with rectangular shape

material inserted

The characteristic impedance Z=,/y, /¢, Zy where yu, and g, are complex
quantities if the material is lossy in nature. For an infinite thickness d the

reflection coefficient of the microwave at the air-sample interface (A) is given

as
= Z-Zy _ ‘:: 1 5.1
T z4Zy JE“ (6.1
If the thickness d is finite, the transmission coefficient through the
segment AB is given as
T = exp|~jVEEd] - 62)
The scattering coefficient S21 and S11 of the slabs are given as
1-T4)T
Sy (w) = _2_(1—1' 1)'2 (5.3)
1-T2)r
Si(w) = £1__1—2T)—2 (54)
Let
Vl = 521 + 511 (55)
V2 =81 -5 (5.6)

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shielding Material Over the
X-Band: Synthesis, Characterization, Analysis and Design Optimization 72



Microwave Characterization of Expanded Graphite-Novolac Phenolic Resin Composite Over the X-band Chapter V

f x=141% (5.7)

Vi=V;
Then using equations (5.3)-(5.7), the reflection coefficient can be found as

r=x+vxZ-1 (5.8)

For equation (5.8), the appropriate sign is chosen such that |[T'| < 1.

Similarly, using equations (5.3)-(5.7), the transmission coefficient T can be
found as

_ vy-T

= T (5.9)
Rearranging equation (5.1), let us define
. 14\ 2 _
b= (S) =« (5.10)
Rearranging equation (5.2), let us define
& 1\12
we =— [Eln (;)] =c, (5.11)

From equations (5.10) and (5.11),

5 = JZ (512)

U, =+/cic; (5.13)

Right-hand side of equation (5.12) and (5.13) is a complex term.
Separating real and imaginary parts, the complex permittivity and
permeability values can be obtained.

53 MICROWAVE PARAMETERS OF EG-NPR COMPOSITES

5.3.1 Measurement of complex permittivity

The measurement set up for X-band permittivity characterization is

Figure 5.2 X-band microwave characterization set up using transmission/reflection

technique
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shown in figure 5.2. The setup broadly consists of an Agilent E8362C vector
network analyzer, Agilent WR-90 X11644A rectangular waveguide line and an
interfacing computer to collect the data. Prior to measurements, the system is

calibrated using Thru-Reflect-Line (TRL) method [12, 13]. In thru calibration,

L‘_._,“ i vii'\'

Secesn
- —

ADAPTE‘R

Y o

Figure 5.3 TRL calibration using Agilent WR90-X11644A calibration kit (a) Thru-calibration,

(b) reflect-calibration and (c) Line-calibration
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the two ports are connected directly at the desired reference plane as shown in
figure 5.3(a), whereas for reflect calibration, the ports are terminated with a
load such that high reflection occurs (fig.5.3 (b)). The two ports are connected
by a quarter wavelength segment in line calibration (fig.5.3 (c)). After TRL
calibration, the EG-NPR composites of dimension 10.38 mm x 22.94 mm x 3.7
mm (chapter 3, Section 3.2.3) are inserted in the sample holder of length
9.78 mm (shown in fig.5.4) and mounted on the zero reference plane i.e at the
adapter of port 1 (fig 5.2). The scattering parameters (S11 and Sz1) measured

are transformed to the sample edges as described in reference [25].

Figure 5.4 (a) Developed EG-NPR composites samples and (b) X-band flange filled with

sample of EG-NPR composite for X-band characterization

The transformed S11 and S21 parameter are substituted in the
equations (5.5 to 5.13) to determine the complex permittivity and permeability
of the composites. The computation is carried out by a developed MATLAB
program based on Nicolson Ross method discussed in the above section. The
details of the program is discussed in Appendix-A. The algorithm of the

developed program is as follows:

/ Step 1: Read data (521 and S11) from files. \
Step 2: Calculate V1, V2, X and find T

Step 3: Choosing the value of I' such that [I'| < 1.

Step 4: Calculate T using Vi and I'.

\ Step 5: Calculate & and g using T 'and T. j
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The computed values of & and g thus obtained are compared with the

values obtained from Agilent 85071E material measurement software

employing Nicolson Ross method.

5.3.2 Analysis of measured complex permittivity and complex permeability

Microwave characterizations of EG-NPR composites are carried out

using developed MATLAB program mentioned above and the results are

validated by Agilent 85071E material measurement software. Both the

computations show similar results. The measured values of complex

permittivity of (5, 7, 8, 10, 20, 30, 40 and 50) wt. % EG-NPR composites are

plotted as a function of frequency over the ranges 8.2 GHz to 12.4 GHz. The
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Figure 54 Complex permittivity spectra for 5 to 50 wt. % EG-NPR composites with

developed program and Agilent software (a) Real parts and (b) Imaginary parts
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real parts (¢,) and imaginary parts (g;) of complex permittivity of the
composites are shown in figure 5.5(a) and figure 5.5(b) with increase of EG
wt. %. £, decreases linearly with increasing frequency for all the compositions.
The &, values increases from 5 wt. % to 10 wt. % and for further increase in EG
weight % the values starts decreasing from 20 wt. % to 50 wt. % EG wt. % in

the composites. The real part of permittivity spectra is tabulated in table 5.1.

Table5.1 Variation of €, values of EG-NPR composites

wt. % of EG-NPR Real permittivity (&)
composites at82GHz | at124 GHz

5wt % 4.7 2

7wt % ' 6.2 4

8wt. % 6.8 4.8
10 wt. % 8.6 77
20 wt. % 7.1 . 6.6
30 wt. % 49 3.5
40 wt. % 49 3.5
50 wt. % 49 3.5

With increase in EG wt. % in the composite the &” values increases
over the test frequency range. As seen in plot figure 5.5(b). The &” spectra for
5 wt. % shows almost a constant value of ~1.0 till 11.5 GHz and at 124 GHz a
resonance peak is observed with &”~ 1.9. With increase in the EG wt. % the
values of &” increases and the resonance peak values of 1.9, 2.07, 2.5 and 3.42
are obseﬁed at 12.4 GHz, 12.0 GHz, 11.16 GHz and 9.7 GHz for 5, 7, 8 and 10

wt. % composites, respectively. The &” spectra for 20 wt. % to 50 wt. % show a
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decreasing trend with increase in frequency with maximum values of ~6.2 at
8.2 GHz to minimum value of ~4 at 12.4 GHz for 50 wt. % composite.

The EG/NPR composite is a heterogeneous system consisting of NPR
as insulating section and EG as conducting section, with EG encapsulated
within the polymer. The insulating sections acts like a high resistive path for
flow of free electrons, however some electrons may still conduct by tunneling
effect [14]. Within the composite system, there could be two paths of
electromagnetic propagation as shown in figure 5.6. In one path, line of
electric flux can pass from EG flakes-polymer-EG flakes and in the other path
through direct contact between the EG flakes. This is in analogy to reference
[15] where M. Matsumoto and Y. Miyata have discussed a model for metal-

polymer composite, with filler conductivity of ~10¢5/cm.

l (a) ]
e e of
- M‘ s I

i

Figure 5.6  Schematic diagram of electromagnetic propagation within the composite system

The first path of conduction is effective for composites with lower EG
percentages, forming interfacial polarization and probably leads to the loss
mechanism due to the associated relaxation phenomenon. EG flakes have
n—electrons that can travel freely within the flakes and accumulate at the EG-
NPR interface, forming a structure similar to a boundary-layer capacitor
which generates the interfacial electric dipolar polarization [16], which may

increase the loss. The second path of conduction, however, will be more
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effective for higher filler concentration which increases the interaction
between the fillers. As EG conductivity is quite high as compared to polymer,
increasing EG content increases the effective conductivity which in turn
increases the loss factor €”. In the same reference [15], the modeling done for
higher concentration metal particles embedded in polymer matrix showed a
decreasing trend for real and imaginary part of permittivity with frequency, as is

observed in EG-NPR composite system.

The computation of complex permeability of EG-NPR composites is
found to be of a constant value of real part (4, ~ 1), and imaginary part
(4, ~ 0) over the entire X band frequency confirming that the composites are

non-magnetic in nature.
5.3.3 Analysis of calculated dielectric loss tangent

The dielectric loss tangent (tand, =¢, /&) of the developed
composites is calculated using the measured value of &, and &” over the X
band. Figure 5.7 shows the frequency dependent tand, variation for different
(5.7, 8,10, 20, 30, 40 and 50) wt. % EG-NPR composites. The tand,spectra for
5 wt. % composites shows a constant value ~ 0.22 from 8.2 GHz to ~11.6 GHz
and then abruptly increase to a maximum value ~0.89 at 124 GHz
correspondence to the resonance peak of &, spectra for 5 wt. % composite. The
tand, spectra for 7, 8 and 10 wt. % composites show that the maximum tans,
peak decreases and shifts to lower frequencies of 12.0 GHz, 11.16 GHz and 9.7
GHz, respectively. The composites from 20 wt. % to 50 wt. % EG show a
linear increasing trend with EG wt. %, however, the compositions show
constant value tand, over the X-band. A tané,>1 is observed for the 30, 40
and 50 wt. % compositions with maximum value of ~1.20 for 50 wt. %.
Dielectric loss greater than unity suggest that the material has high dissipation
factor rather than storage capacity. From the dielectric loss spectra for the
composites it is seen that the developed EG-NPR composites have the

potential characteristics for microwave absorption.
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Figure 5.7 Dielectric loss tangent spectra of EG-NPR composites over the X-band

5.3.4 Analysis of calculated attenuation constant

The attenuation constant (a) of the developed EG-NPR composites is
calculated from the measured value of €, and &” over the X band using the

equation (2.53)

a =L |Gie; — e + G — )+ G T e (514)

Figure 5.8 shows the values of a for 5, 7, 8, 10, 20, 30, 40 and 50 wt.
%EG as a function of frequency. The plot indicates increase a for higher EG
loadings. Increase in attenuation can be attributed to conduction loss,
dielectric relaxation and interfacial polarization [17, 18]. Conduction loss is
due to directional motion of charge carriers and is dependent on composites
conductivity. Dielectric relaxation occurs because of the orientation
polarization of intrinsic dipoles. Presence of conducting EG in insulating NPR
produce interfacial polarization. Higher percentages of EG increase these
properties and consequently attenuation increases. It is also observed that a
maximum value of attenuation is achieved for 5 wt. %, 7 wt. %, 8 wt. % and 10
wt. % EG/NPR composites at 12.4, 12, 11 and 9.5 GHz, respectively. The
composite with 20, 30, 40 and 50 wt. % shows a value of high attenuation

constant over the entire X band, which may be due to high conduction loss.
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Figure 5.8 Attenuation constant spectra of EG-NPR composites over the X-band

5.3.5 Analysis of microwave conductivity

The electrical conductivity (o) of the EG-NPR composites in
microwave frequencies is calculated by using the equation, o = 2nfege,,
where f is the microwave frequency, & is the permittivity of free space
(g0 = 8.854 x 10" Fm™') and &, is the measured imaginary permittivity[19].
Microwave conductivity of 5, 7, 8, 10, 20, 30, 40 and 50 wt. % EG-NPR
composites plotted against frequency is shown in figure 5.9. It is observed that
o increases with increases of EG wt. % in the composites. The 5 wt. %
composite shows almost a constant value ~0.5 S/m from 8.2 GHz till 11 GHz
and then gradually increases to a maximum ~1.4 S/m at 12.4 GHz, however
for 7, 8 and 10 wt. % EG-NPR composites the maximum peak value of o is
shifted towards lower frequency with increase in wt. %. The maximum peak
for 7 wt. %(o~1.4S/m), 8 wt. %(o~16S/m) and 10 wt. %(0~1.85/m) is
observed at 12 GHz, 11.2 GHz and 9.6 GHz respectively. For higher
compositions 20, 30, 40 and 50 wt. %, the ¢ graph is almost constant over the
X-band, though it increases with EG wt. %. The EG-NPR composites system
have conducting EG flakes and insulating NPR and can be described by a

parallel resistor-capacitor circuit model [19]. For lower EG wt. % compositions
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the ease of electrical conduction is hindered by insulating phase but with
increase in wt. %, EG flakes form a continuous conductive network and ease
of electrical conduction is enhanced, as shown in figure 5.6, Also, a capacitive
behavior occurs between faces of EG flakes and NPR. The capacitance, C, of a
single capacitor is directly proportional to the surface area and inversely
proportional to the distance between EG faces. With increases of EG wt. % the
distance between the faces decrease and the surface area increases, thus the
capacitance for higher wt. % composites enhances [20]. The capacitance
impedance (Z, = 1/ j2nfC) reduces as the value of C increases [21] and hence

facilitates microwave conduction easily for higher wt. % EG-NPR composites.
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Figure 5.9 Microwave conductivity of EG-NPR composites over the X-band

54 SUBSTANTIATION OF PERMITTIVITY VALUE- BY CAVITY RESONATOR
TECHNIQUE

The complex permittivity of the EG-NPR composites measured so far is
substantiated by cavity perturbation technique [8, 22, 23]. A TEio3 cavity is
designed at 9.9 GHz to measure the complex permittivity of the composites.
An iris is used to couple the oscillations excited within the cavity with outside
microwave measurement system as shown in figure 5.10(a). The diameter of
iris hole for critical coupling in the cavity is found to be 8.42 mm. The quality

factor (Q) of the cavity is obtained by sweeping the cavity in the frequency
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range 8.2 GHz to 124 GHz using Agilent E8362C VNA as shown in
figure 5.10(b).

oy

Figure.5.10 (a) A TE103 rectangular resonant cavities with tuning screw and iris hole

(b) Cavity perturbation measurement of complex permittivity

During microwave excitation of the cavity, a frequency shift (both +ve
and -ve) takes place from the design frequency due to mismatch. A tuning
screw is incorporated into the cavity to remove this mismatch,(figure 5.10).
The Q of the cavity is calculated using the formula given as

Resonant frequency  f,
3dB band widih — (f— f;)

0= (5.14)

f>and fi are the frequencies corresponding to 3 dB point, such that fo>f; and f;
is the resonant frequency. The Q for the TEjp; reflection cavity is
experimentally found to be 1833.52.

The EG-NPR composite sample of dimension 1mm? sizes is inserted into
the TE103 cavity at the maximum electric field position using a Teflon sample
holder. On insertion of the samples, the resonant frequency of empty cavity
and Q factor alters due to change in the overall capacitance and conductance
of the cavity without perturbing the inductance [23]. If fi and fo are the
resonant frequencies with and without the samples, the real (") and

imaginary part of permittivity (&") are given by [24]
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' 2_f2 Ve

e =1+ @_ff—lﬁ (5.15)
v _ Ve [(L_ 1

€ = w7 (01 Qo)] (5.16)

where, Vs is the volume of the sample, V¢ is the volume of the cavity, Q1,
Qo are the respective quality factors (Q) of the cavity with and without the
sample. Through this technique microwave characterization can be done for
only one frequency corresponding to resonant frequency of the cavity.
The measured values of ¢, and &” of different EG-NPR composites are
tabulated in table 5.1 and compared with the values obtained from Nicolson
Ross Method at 9.9 GHz. The real and imaginary part of the complex

permittivity the composite samples from both the techniques are comparable.

Table 5.2  Complex permittivity of developed EG-NPR composite at 9.9 GHz

At99 GHz
Sample Cavity perturbation Nicolson Ross
P technique technique
£ g £ £

NPR 2.47 0.76 253 0.8
5 wt. % EG-NPR 4.48 0.89 45 0.92

o —
7wt. % EG-NPR 5.1 1.36 5.2 14
8 wt. % EG-NFR 5.76 174 - 5.8 185

o -

10wt % EG-NPR | 3.08 7.71 3.17
20wt % EG-NPR | (54 423 6.41 4.68
30wt. % EG-NPR 3.89 454 4.03 47
40wt. % EG-NPR 3.86 463 4.02 483
50 wt. % EG-NPR | 3.5 478 4.01 491
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55 CONCLUSIONS

Microwave characterization of EG-NPR composites are performed over
the X-band. The complex permittivity and permeability are computed from
measured values of S and Si; using Nicolson Ross method. The results
obtained from this method are substantiated by cavity resonator method and
found to be in close proximity. The real permittivity &, increases linearly from
5 to 10 wt. % but further increase in EG wt. % decreases its value.
Enhancement of &, , is observed with increase in EG percentage in NPR. Both
real and imaginary part of complex permittivity shows a decreasing trend
with frequency. The complex permeability measurement shows the real part
is closed to unity and imaginary part equals to zero confirming the composite
to be purely dielectric. Dielectric loss tangent (tans,), attenuation constant ()
and microwave conductivity (¢) are calculated using the measured values of
g, and £,. Composite with higher EG concentration in matrix shows higher
loss. a and o values shows an increase with EG wt. % in the composites.

The complex permittivity studies conducted on developed EG-NPR
composite shows its potential to be used as microwave absorbing material for

applications over the X-band.
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CHAPTER VI

DESIGN OF SINGLE LAYER MICROWAVE ABSORBER:
THICKNESS OPTIMIZATION AND REFLECTION LOSS
MEASUREMENT OVER THE X-BAND
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6.1 INTRODUCTION

The main requirements of microwave absorber are low reflection at the
interface layer with the air and high attenuation within the absorber of the
incident microwave signal. To realize the conditions, the primary requirement
is that the absorbing materials should be lossy in nature [1-3]. However as
discussed in the chapter II section 2.2, a high lossy material also reflects the
microwave signal incident from free space due to impedance mismatch at the
air-absorber interface [4]. To obtain a low reflecting surface with attenuating
characteristics, proper designing of microwave absorber is required.
Microwave characterization discussed in chapter V show that the developed
EG-NPR composites can be potentially used as microwave absorbing
materials over the X-band. ’

In this chapter, theoretical calculation of reflection loss of 5, 7, 8, 10, 20,
30, 40 and 50 wt. % EG-NPR composites are studied with optimized thickness
for each composition. Based on the theoretical results a practical design
structure of single layer Dallenbach absorber is developed and tested for free

space microwave absorption over the entire X-band.

62 MICROWAVE ABSORPTION REQUISITES

Minimization of reflection

The reflection phenomenon mainly occurs at two location; firstly at the
air-absorber interface and secondly from the metal backing of the RAM.
Technically, reflection at the interface can be minimized by making input
impedance of RAM close to that of free space. The input impedance at the

air-RAM interface is determined from the equation [1],

Zm = ZO \/#r /gr tanh[](zn'fd/c)\/ 6',/1’ ]

where, Zo=377 2.
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The expression shows the dependence of Z., on RAM material
properties viz. the complex permittivity, & (= & —j&”), complex permeability
M (=~ ju"), and external parameters like the thickness, d, of the RAM and
incident microwave frequency, f.

Realization of impedance matching condition between the RAM and
the free space interface, the ratio of u/&’ should approach to unity [1]. For a
EG-NPR dielectric composite g =1- j.0, the intrinsic tunable parameter to

achieve impedance matching, is by making &’ close to unity.
Enhancing attenuation

Within the composite, microwave energy decays exponentially with
distance y by factor e"*’ where the attenuation constant (a) as described in

Chapter II section 2.2 is reduced to

¢ ﬁcnf 8 j (=&) +,/(—fsr')2 + (&)

The expression indicates that attenuation of microwave power

increases with & and since the real part (&) is the constrained by the condition
for low reflection at the interface, for increasing attenuation the imaginary part

(&”) can only be enhanced.
Thickness Considerations

Effective reflected wave can be minimized by reducing the reflected
wave from the front-face interface and from the back face (absorber-metal)
interface which can be achieved by phase cancellation following the principle
of destructive interference. [5-9] One type of microwave absorber design is a
Dallenbach absorber[6] in which a quarter wavelength thickness of absorbing

layer, composed of homogenously distributed lossy reinforcers, is placed on a
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metal plate. The thickness which depends on the operating frequency is an
important parameter for the design of the absorber (Chapter II, Section 2.4).

6.3 REFLECTION LOSS FROM COMPLEX PERMITTIVITY VALUES WITH
THICKNESS OPTIMIZATION

From the transmission line model (TLM), referred in chapter II, the
input impedance at the air-absorber interface of a single layer absorber backed

by a perfect electric conductor (PEC) as shown in figure 6.1, is given[10-13] as

Zin = novHr / & tanh (j21f /)£, d (6.1)
Where n = Uom (6.2)
v =j@nf / )V (6.3)
He=p, —ju, (6:4)
& =€,—j€, (6.5)

The reflection loss (dB) of the single layer absorber can be expressed as

RL, = 20log %;—"”0 (6.6)
Ty

or
] {ur/er tanh (j2nf [c) JuErd—n

RL, = 20log |~ - (6.7)
Mo J#r/er tanh (j2nf [c) [iErd+n,

or
’/l,./Er tanh (j2uf [c) i e d—1

RL, = 20log I (6.8)
’pr/er tanh (j2nf [ ) fr Erd+1 l

_ In the present study, the values of complex permeability for all the developed
composites are found to be, 4', = 1land ' =0, and the equation (6.8) is

reduced to

_ |V1/e tank 2nf/c)Ved—1 |
RL; = 20log |V1/2, tanh G2nf /e d+1 | (6.9)
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Equation (6.9) shows that RL. value depends on the complex
permittivity and thickness of the composite material. For a fixed composition
of EG-NPR composite and a single absorbing layer, the absorption can be
further enhanced by optimizing the thickness (d).
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Figure 6.1 Design structure of conductor backed single layer absorber

A MATLAB program is developed based on equation (6.9) to estimate
the minimum RL; value for different EG-NPR composites by varying
thickness, d, over the X-band.

@ algorithm of the program is as follows: \

Step 1: Read data from file.

Step 2: For each frequency from 8.2 GHz to 12.4 GHz at the step size of
0.02 GHz, calculate RL, for each frequency for a fixed thickness.
Store data and calculate RL; for the other frequencies of the

same thickness.

Step 3: Repeat step 2 for other thickness and store the data.

o /
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Start

Read €, y, / from data file

l Input different thickness

For each frequency from 8.2 to 12.4 GHz at the step of 0.02 GHz
calculate RLc

|

Figure 6.2 Flow chart for single layer absorber program

6.3.1 COMPUTED REFLECTION LOSS

The reflection loss, RL values of conductor backed (5, 7, 8, 10, 20, 30, 40 and
50) wt. % EG-NPR composites with different thickness (d=2, 4, 6 mm) are
calculated as a function of frequency over the X-band. Most applications of
microwave absorber, especially for strategic defense, the optimum thickness
required are about 4mm [14], hence the thickness is varied within 2 to 6mm
limit. Figure 6.3 shows the frequency dependent calculated RL. real and
imaginary impedance values of the developed composites of 2 mm thickness
in the frequency range 8.2 GHz to 12.4 GHz. It is seen from figure 6.3(a) that
RL. >-10dB for all the composifes except 20 wt. % EG is observed, which is due
to impedance mismatch at the air-substrate interface and makes the surface
more reflecting. According to equation (6.1), minimum reflection takes place

when the real input impedance, Zi»’approaches 377Q and the
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Figure 6.3  Calculated (a) reflection loss, (b) real impedance and (c) imaginary impedance of
2mm thickness single layer EG-NPR composites absorber design

4

corresponding imaginary input impedance; Z;,”, approaches zero Q [15].
Figure 6.3 (a) and (b), indicates that the real and imaginary impedance of the
composites are not approaching to the matching criteria simultaneously over
the entire X-band. Hence the values of RL. for 2 mm thickness EG-NPR
composites are very low for all the compositions. The RL: values of 4 mm
thickness absorber design is shown in the figure 6.4(a), where RL~-53 dB is
observed for 5 wt. % composition at 12.4 GHz. The RL. peaks show a shift
towards the lower frequency with decrease in the value as EG concentration in
the composite increases. 7 wt. %, 8 wt. % and 10 wt. % EG-NPR composite
show a maximum RL~-27 dB, -20dB and -10 dB with peaks at 12 GHz, 11

GHz and 9.5 GHz, respectively. However 20 wt. % composites show a
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Figure 6.4 Calculated (a) reflection loss, (b) real impedance and (c) imaginary impedance

of 4mm thickness single layer EG-NPR composites absorber design

constant RL.~ 13dB and 30 wt. %, 40 wt. % and 50 wt. % composites show
RL~-20dB over the entire X-band. Analyzing the impedance matching
condition for these compositions of 4 mm thickness, it is seen from figure
6.4(b) and (c) that at 12.4 GHz, Z' and Zix" for 5 wt. % composite are found to
be 375 Q and 75 Q respectively which is the closest to the required values of
377 Q and 0 Q. Hence the best impedance matching is observed at 12.4 GHz
with RL~ -53dB for this composition. For other compositions of 7 wt. %, 8 wt.
% and 10 wt. %, the maximum impedance matching condition occurs at 12
GHz, 11 GHz and 9.5 GHz, respectively, although the values of Zix" and Zin"
are not too close to that of free space impedance. The reflection loss graphs of

the composites with 6 mm thickness absorber design are shown in figure
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6.5(a). A RL->-10 dB is observed for composites from 5 to 20 wt. % EG over the
X-band, except for 5 wt. % composites at 12.4 GHz, RL. is found to be ~22dB.
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Figure 6.5 Calculated (a) reflection loss, (b) real impedance and (c) imaginary impedance
of 6mm thickness single layer EG-NPR composites absorber design

Composites from 30 to 50 wt. % EG show almost a constant RL-~-12dB over
the X-band. Real and imaginary impedance graphs elucidated in figure 6.5 (b)
and (c) respectively, shows that none of the composites approached the
impedance matching condition of real part -»377Q and imaginary part —zero
simultaneously over the entire frequency range. Hence, the composites with 6
mm thickness single layer absorber gives a low value of RL, in the frequency

range of 8.2 GHz to 12.4 GHz.

The above discussion corroborated that the effect of thickness

parameters in designing a single layer absorber is very crucial. As compared
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to 2Zmm and 6mm thickness, 4mm sample shows good RL. over the test
frequency range. The absorber thickness relates to the frequency of operation
in a single layer absorber which is basically resonant in nature [16]. Maximal
microwave absorption occurs at matching thickness, d», when d,, equals to an
odd multiple of A, /4 where A, /4 =2,/ (JellnD¥/? , the condition for phase
cancellation [17]. Referring to 4 mm thickness absorber design, reflection loss
graph (figure 6.4(a)), a maximal microwave absorption or reflection loss
occurs at 12.4 GHz for 5 wt. % composition. Calculating the value of dr for this
composite at 12.4 GHz, it is found to be 3.6 mm which is closed to 4 mm, and
hence RL~-53dB is obtained. Other composites of 7, 8 and 10 wt. % EG
showing RL-~-27 dB, -20 dB and -10 dB at 12 GHz, 11 GHz and 9.5 GHz have
the calculated dr, values of 3.2mm, 3mm and 2.8 mm respectively.

Based on the theoretical results, a practical conductor backed single
layer microwave absorber is designed using the developed EG-NPR
composites and a thickness of 4mm is maintained for all the composites to

justify the measured reflection loss value with the calculated RL.

64 FREE SPACE REFLECTION LOSS MEASUREMENT

6.4.1 Measurement Technique

A schematic representation of free space reflection loss measurement is
shown in figure 6.6. The microwave power is incident on the sample with
dimension of 152 mm x 152 mm x 4 mm. The incident wave is partly reflected
from the interface surface and partly absorbed [18, 19]. If Pi, is the incident
power density on the sample, Pr is the reflected power density and Pa is the

absorbed power by the test sample, then

Pn=Pr+Pa (6.10)
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If RL,, and A, are the measured reflection loss and the absorption loss in

decibels (dB), respectively, then

RLw =10 log Pr/Pin (6.11)
A=10log Pa/Pin (6.12)

Aluminum sheet

Figure.6.6 Schematic representation of microwave absorption measurement

Here, RL, is a measure of the microwave-absorbing efficiency. More the

absolute value of RL,, higher the microwave absorption ability will be.

642 Measurement Setup

Free space microwave absorption test measurement system requires the
sample of large dimension. Fabrication of a large size sample requires a fair
amount of inclusions and matrix material. In laboratory scale, it is
inconvenient to synthesize a large sample with uniformity. An effort is made
to reduce the dimension of the test samples without compromising on the
measurement standard. A pair of spot focusing horn lens antenna will focus
the microwave radiation to a single spot at the focal point of the lens, so a
small sample size situated at the focal point of the spot focusing lens will be

sufficient to carry out the microwave absorption testing. The use of lens also
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reduces the edge effect from the samples during the measurement. The
schematic diagram of free space absorption measurement using spot focusing

horn lens is shown in figure 6.7.

Spot focusing
polymer lens
{diameter
30.5cms, focal
length 30.5¢ms)

Spot focusing
polymer lens
{diameter
30.5cms, focal
langth 20 Gemel

Source
[ ] 7

~~~~~ P 4
_— T . >
30.5cm 30.5cm
Transmitting horn l Receiving horn

L 61 cms

antenna e antenna
- Ll

Figure.6.7 Schematic diagram of free space microwave absorption measurement using spot

focusing horn lens antenna

Development of Spot Focusing Horn Lens Antenna

A plano-convex lens is designed based on the application of phase
equivalence to a generally curved aperture connected to a planar surface as
shown in figure 6.8. An expression which dictates the aperture profile can be
derived in terms of the lens focal length fi. by applying the phase equivalence
condition to figure 5.8 such that

VO % _f1 I

Yo

Yo v

(6.13)

Where v is the velocity of microwave in the material and is related to

dielectric constant of the material as

Vo __ Vo

VER TV
Using equation (6.13) and (6.14), the expression for lens profile is

(6.14)
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x> -1 +2fix(n—1)—y*>=0 (6.15)

An expression for the maximal axial thickness (d') can be found by
assigning a value to the diameter of the lens and replacing the point (x, y) with
(d, r), where, 1, is the radius of the planar aperture.

d = Loy (L) + 2 (6.16)

n+1 n+1 n—1

(0.0,0.0) o —5—
y (0.395,3.5) & B

(1.512,7) ¢
(2.667,9.5) /./
(x ,v)-._m"
(4.348 ,1255) * r
(4.96"% ,13.5) °’
" (5.605 , 14.5) T,

A
v
4

Figure.6.8 Upper half section of a general plano-convex lens system

Polyethylene with refractive index (n = 1.5 or ¢ = 2.25) is used to make
the lens. The focal length and diameter of the plano-convex lens (f;) is kept at
30.5 cm. The tip of the lens is taken as r = 0 the axial thickness is also zero and
at the centre, r = 15.25 cm the lens structure has maximal axial thickness. Axial
lens thickness (d) corresponding to different (r) values is shown in the fig.6.8.
Reference for the thickness is taken from the planar side (red line in the
fig.6.8). The figure shows only the upper half section of the plano-convex

lens system, the same design is to be repeated lower half section. Complete
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dimension plano-convex lens is shown in figure 6.9. The fabricated spot
focusing lens are mounted back to back to an X-band horn antennas such that
the receiver, the sample and the transmitter lies in the same plane as shown in
figure 6.7. The lens system is calibrated for maximum power along the x and
y-axis. Figure 6.10 (a) and (b) shows the calibration graph of power variation
along the pole axis and along the normal to the pole axis. A maximum power
is observed at the focal point at a distance 30.5 cm from the lens along the pole

axis.

Figure.6.9 Frequency independent Plano convex lens and mounting scheme
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Figure.6.10 Calibration of the spot focusing lens (a) variation along the pole axis and
(b) along the normal to the pole axis
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6.4.3. Results and analysis of measured re lection loss value for single layer
absorber
The photograph of free space microwave measurement set up is shown in
figure 6.11. The set up consist of two spot focusing horn lens antennas
connected to Agilent E8362C vector network analyzer using extendable cables
and a sample holder between the lens to hold the absorber. The conductor
backed EG-NPR sample is placed at the focal point of the lens system at a
hefght of 15.25 cm from the base. Prior to RL» measurements, the system is
calibrated using Thru-Reflect-Line (TRL) method [20, 21]. The reflection loss
of the designed absorbers is measured using the expression (6.11). Figure.6.12
shows the experimental results of RLm for the EG/NPR composites in 8.4-12.4
GHz range. The composite with 5 wt. % EG shows maximum RLn~-43 dB
while the calculated RL:~-53dB both being at 12.4 GHz which is in general
agreement in terms of order of magnitude even though the values are not in
close agreement. With increasing EG wt. % in the composite, the absorption
peak shifts towards the lower end of X-band with reduced wave absorption
ability. The RLn values of -20dB, -16dB and -12 dB are observed
for 7 wt.%, 8wt.% and 10wt.% EG with absorption peak at 12 GHz, 10.42 GHz
and 9.75 GHz respectively, a trend found tobe is as predicted by theory. It
may be mentioned that a wide bandwidth absorption of at least -10dB is
obtained (fig. 6.12) for 7 wt. %, 8 wt. % and 10 wt. % in the frequency ranges of
11.0 - 124 GHz, 9.8 - 11.2 GHz and 9.3 - 10.1 GHz respectively. Hence, for a
small thickness of 4 mm, a wide absorption bandwidth can be obtained over
different frequency ranges. However, unlike the computed values shown in
figure 6.4, RLm for 20 to 50 wt. % composite shows nominal values of ~-2 dB. It
may be due to high in-plane electrical conductivity of the composites, as
discussed in chapter IV, sub-section 4.4 which renders the surface reflecting.
However, the S5z (dB) parameters tested for these composites of 20 to 50 wt. %

EG are found to be high as shown in figure 6.13.
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Figure.6.11 Free space microwave absorption testing of single layer (5 to 50 wt. %) EG-NPR
composites over the X-band
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Figure.6.12 Measured Reflection loss of 4 mm thickness single layer EG-NPR composites
over the X-band
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Figure.6.13 Measured Sy, parameters of 4 mm thickness single layer EG-NPR composites over
the X-band
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The free space Sz1 (dB) parameters is measured as 20log (Pt/Pm) where
P; is the transmitted power received by the receiving antenna and Pi is the
incident power from the transmitting antenna. The sample is placed at the
focus of the lens but in this arrangement the metal plate is removed from the
back of EG-NPR samples, unlike the reflection loss measurement set up. An
average value of S1~-45dB, -42 dB, -40dB and -31dB is observed for 50 wt. %,
40 wt. %, 30 wt. %, and 20 wt. % composites respectively.

Thus, the measured reflection loss value of 5 to 50 wt. % composites
show that the 5 wt. %, 7 wt. %, 8 wt. % and 10 wt. % EG-NPR composites has
the potential to be used as dielectric substrate for conductor back single layer
design over the X-band. The composites from 30 to 50 wt. % EG shows very
low microwave absorption ability over the X-band when backed by a metal
plate, but due to high value of Sz1(dB) parameters, the composites could be
used as shielding material in certain applications where components are to be

protected from external microwave radiation only.

6.5 CONCLUSIONS

EG-NPR composite is developed as a conductor backed single layer
absorber, using transmission line model, where the thickness of the dielectric
absorber substrate is optimized for maximum reflection loss over the X-band.
The 4 mm layer thickness shows better results than 2 mm and 6 mm for the
same compositions. Free space technique is used to measure the reflection
loss. 5 wt. % EG-NPR composite shows a maximum reflection loss of -43dB at
12.4GHz. The reflection loss decreases with increase in EG wt. % and the
reflection loss peak shifts to the lower frequency. A -10dB absorption of
~1GHz is observed for 7 to 10 wt. % composites, showing a promise of a
broadband microwave absorber over the X-band. Moreover, the absorption
frequency ranges can be shifted by nearly changing the wt. % of EG while

keeping the thickness constant at 4 mm as desired in many applications.
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7.1 INTRODUCTION

X-band frequency region finds wide use in Wheiess communication
purposes like military communication satellites (7.9 to 8.4 GHz for uplink &
7.25 to 7.75 GHz for downlink), precision approach radar (PAR) (9.0-9.2 GHz),
terrestrial communication and networking (10.15 to 10.7 GHz), motion
detectors (10.525 GHz), traffic light crossing detectors (10.4 GHz), weather
radars (9.3-9.5 GHz) and also in medical sciences [1-7] etc. The prolific usage
of X-band frequency spectrum creates interference among themselves as well
as for devices working in other operating frequency bands [8, 9]. To reduce
the X-band interference, efficient microwave absorber is required. A good
absorber must combine antagonistic properties: a significant conductivity to
increase the loss and a low dielectric constant to reduce the reflection over a
broad frequency band. The single layer design which depends on intrinsic
properties of the material, though efficient for particular frequency, does not
give broadband absorption due to impedance mismatch at the air-substrate
interface. Single layer absorber developed so far using EG-NPR composites
exhibit microwave absorption of RLn~ -20dB to -43dB but over a limited
frequency band. A maximum bandwidth of ~1GHz is observed for -10dB
absorption within the X-band.

The primary issue in using composite material is how to effectively
modify the permittivity of a composite medium as a function of the intrinsic
permittivity of the phases, their weight fraction, thickness and their
geometrical arrangement associated with the material mixture. Literature [10-
12] reports that a multilayer absorber reduces the reflection by gradual
tapering of impedance from that of free space to a highly lossy state. Practical
design of a multilayer absorber using EG-NPR composite system requires

optimization of layer arrangement and their individual thicknesses to achieve

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shielding Material Over the X
Band: Synthesis, Characterization, Analysis and Design Optimization 108



1

Multi-Layer Microwave Absorber: Design Optimization and Reflection Loss Measurement Over the X-Band Chapter VIl

the design factors such as broadband microwave absorption within limited
thickness and weight.

The chapter focuses on achieving a broad bandwidth in the frequency
range 8.2 to 12.4 GHz using multilayer arrangements of different composition
of EG-NPR composites and keeping the thickness as optimum. Using the
optimized design, conductor backed double and triple layered microwave
absorbers are designed using transmission line model for multilayer structure

[13, 14] and tested for free space microwave absorption over the X-band.

The 20dB absorption bandwidth means that the frequency bandwidth
can achieve 99% of reflection loss and obtaining a bandwidth wider than 2

GHz will be adequate for a small thickness <6mm dielectric multilayer
absorber[14].

72 DESIGN AND THICKNESS OPTIMIZATION OF DOUBLE LAYERED
ABSORBER

The schematic diagram of a conductor backed double layered absorber

consists of EG-NPR composite layers having intrinsic properties

Layer 2 LaIn 1

{
Incident 4, d
wave —
'\z. qll @
«-—1 " i File—o
1 Metal plate
Reflected wave
i, By
Hos €0 & o

Figure 7.1 A schematic diagram of EG-NPR graded double layer absorber
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£:1,Hr1: M1 V1, dq for the layer-1 close to the metal plate and €5, pr2, 12, v2, d2
for the layer-2 as front-facing to the free space and is shown in figure 7.1. EG-
NPR composites are nonmagnetic and u,q = g, = 1 — j0.

The input impedance (Z;,,) and reflection loss (RL.) calculation of a
conductor backed double layer absorber as discussed in chapter II,

subsections 2.3.2, can be reduced to

_ J1/e,1 tanh j@nf/O)VE 141 ++/1/Ec2tanh j(@nf/c)yE zd ]
Zin =Mov1/ 8 [Jl/srz+J1/er1tanh ((2nf/c)VErid;)tanh j(2nf/c)VErzdz) 7.1)

and

.Jl—/T-[ + 1 / £r1 tanh ](Zﬂf/ C)‘\/E:;dl + \! 1 / Erztanh ](Zﬂf/ C)\/a-;dz -1

2 V1/ &2 + 1/ €, tanh 2nf / c)endydtanh j2nf / 0)/Erdy)

‘/1—/_8_[ J1/ 61 tanhj(2nf / OVELd; + 1/ £,5tanh j(21f / O)VEL4d; ]+ ll
" \V17/ &z + 1/ & tanh (j(2nf / O)VErdytanh j(2nf / O)Verzd;)

RL. = 20log

(7.2)

From the above equations, it is seen that RL.value of the absorber
depends on frequency dependent complex permittivity, &,1,&,, and the
thickness d;, d, of the individual layers. Optimization of both the parameters
viz. complex permittivity of individual layers ¢,,, &, and the thickness d,, d,is
impoftant to achieve strong absorption over a broadband frequency. Single
layer absorption studies carried out in Chapter VI shows that the |
compositions with higher weight % of EG (>20 wt.%) shows high reflections,
hence compositions of 5 wt. %, 7wt. %, 8 wt. % and 10 wt. % EG-NPR
composites are chosen to develop the two layer combination and are
designated as a, b, ¢ and d, respectively. Say, if the two layer combination
selected are 5 wt. % for layer 1 and 7 wt. % for layer 2, the combination will be,
ab, and the individual thickness, d;, for5 wt. % and d, for 7 wt. % layers are
varied within the total thickness of absorber, d = d; +d; to obtain the
minimum value of RL, over the X-band frequency. To optimize the layer
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thickness for this design absorber, a MATLAB program is developed based on
the equations (7.1) and (7.2) and that finds the minimum RL, for the following
combinations of two EG-NPR composites layers systems, is tabulated in

table 7.1.

Table 71  EG-NPR composites double layer design combinations

1)
Air-absorber Sample code Sampl.e wt. o
Interface layer I-II-layer* combination
(I-II-layer)

ba 7-8 wt.%

i ca 8-5wt.%
a-interface

da 10-5 wt.%

ab 5-7 wt.%

0,

b-interface cb 8-7 wt.%

db 10-7 wt.%

ac 5-8 wt.%

i be 7-8 wt.%
c-interface

dc 10-8 wt.%

ad 5-10 wt.%

- [¢)

d-interface bd 7-10 wt. %

cd 8-10 wt.%

*refer figure 7.1 for layer number
The scheme of thickness variation is shown in figure 7.3. In this
program the total thickness of the absorber is varied from 3mm to 5.4mm at a
step size of 0.5mm in order to find the required bandwidth of absorption. The
program is run for the whole thickness range in one slot, and updates the
pointer with minimum value of RL.. The program is executed for a thickness
range say, 3mm to 3.4mm and then the next iteration is for the combination of

individual thickness d; and d; within the total thickness, d to get the minimum
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RL. value as well as wide absorption bandwidth. The value is stored and the
program is executed for the next thickness until it covers the complete
thickness range. The minimum thickness of the individual layer is kept as
0.5 mm considering the limits of practical fabrication of the absorber layer.

The algorithm of the program for double layer absorber design is given

as follows

Step 1: Read data (g4, & 41, 42 c) from files.

Step 2: For each of total thickness from 3 mm to 5.4 mm at the
step size of 0.5 mm such as (3-3.4, 3.5-3.9,....5-5.4).

Step 3: Within a given thickness, d we choose 1000 combinations
of randomly chosen two layer thicknesses (>= 0.5 mm)
such that d1+ d2=d (d is the thickness in step 2).

Step 4: We find the particular combination of layer thicknesses
for which RL. is minimum using equation (7.2). We store
the thickness combination (d; and 4,), frequency band,
RL.(min), Z e, Zinag.

Step 5: We continue step 2 for other thicknesses.
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The flow chart of double layer design is given below

Read &, ¢, { from data

}

[ For each of total width from 3 to 5.4 at the step 0 0.5 ]IL

-—'{ Raodomly select 1000 combinations of &) and & such that & + &; = current total width

$

Computational steps for RL (=TempRLs)

RLai;=TempRIc
fon=f

* To store
minimum RL and
other parameters
for this width

width

Figure 7.2 Flow chart for reflection loss calculation of double layer absorber design

Find minimum RL.
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Figure 7.3 The scheme of thickness variation to find minimum RL. and required absorption

bandwidth
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Chapter VII

7.2.1.RESULTS OF CALCULATED REFLECTION LOSS WITH OPTIMIZED
THICKNESS OF DOUBLE LAYER MICROWAVE ABSORBER

The frequency dependent RL. real impedance Z, and imaginary

impedance Z;,  results of the double layer design ba with optimized thickness

of individual layer is plotted in figure 7.4 (a), (b) and (c) respectively. The

maximum absorption peak with -25dB and -30dB absorption bandwidth and

optimized individual layer thickness is tabulated in table 7.2.
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Figure 7.4 Plots of (a) RL;, (b) Z;, and (c) Z,, of designed ba double layer absorber with
optimized thickness over the X-band
Table7.2  Performance parameters of the designed ba double layer absorber with
optimized thickness of the layers
il indiv:};;ll“llae;:rzf(mm) i cmotated, ::erg:::cy Bandweidih | SHz]
(mm) di d2 RLmin(dB) fo (GHz) -25dB -30dB
34 29 0.5 -54.1 121 1.01 0.71
3.9 20 1.9 -73.4 12.2 0.6 0.41
4 1.6 24 -83.4 12.2 0.51 0.42
45 0.5 4.0 -48.3 12.3 0.35 0.26
5 0.5 4.5 -34.0 12.3 0.21 0.12
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Figures 7.5(a), (b) and (c) shows the frequency dependent RL,, real impedance,

Z;, and imaginary impedance Z;,  results, respectively, of the double layer design as

ca with optimized individual layer thickness. The maximum absorption peak

with -25dB and -30dB absorption bandwidth and optimized individual layer

thickness is tabulated in table 7.3.
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Figure 7.5 Plots of (a) RL,, (b) Z;, and (c) Z;, of designed ca double layer absorber with
optimize thickness over the X-band
Table 7.3  Performance parameters of the designed ca double layer absorber with optimize
thickness of the layers
Total .o Thickness of Ma);ﬁgu;:szlgf;rezuon Bandwidth (GHz)
thickness | individual layers (mm) frequency
(mm) d1 d2 RLcmin(dB) | fo(GHz) -25dB -30dB
3.4 25 0.9 -79.80 123 2.2 1.5
3.9 1.7 22 -82.45 12.2 0.56 0.40
4 14 2.6 -75.20 12.2 04 0.43
4.5 0.5 4.0 -48.18 12.3 0.32 0.27
5 0.5 4.5 -33.94 123 0.23 0.12
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Chapter VII

Figure 7.6(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, results respectively, of the double layer design

with da combination and optimized layer 1 and layer 2 thicknesses. The maximum

absorption peak, -25dB and -30dB absorption bandwidth and optimized individual

layer thickness is tabulated in table 7.4.
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Figure 7.6  Plots of (a) RLc, (b) Z, and () Z;," of designed da double layer absorber with
optimize thickness over the X-band
Table 7.4  Performance parameters of the designed da double layer absorber with optimize
thickness of the layers
. Maximum absorption
Topal |  Thickueseof and associated Bandwidth (GHz)
thickness | individual layers (mm)
frequency
() d1 d2 RLmin(dB) | fo(GHz) -25dB -30dB
3.3 1.8 1.5 -80.3 12.3 0.63 0.43
3.5 1.8 1.7 -82.7 12.3 0.54 0.39
4 1.0 3.0 -70.8 12.2 0.42 0.34
4.5 0.5 4.0 -47.9 12.3 0.34 0.25
5 0.5 4.5 -33.8 12.3 0.22 0.11
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Chapte

r VI

Figure 7.7(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;y, and imaginary impedance Z;, " results respectively, of the double layer design ab

with optimized thickness. The maximum absorption peak, -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.5.
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Figure 7.7 Plots of (a) RL, (b) Zy, and (c) Z,, of designed ab double layer absorber with
optimize thickness over the X-band

Table 7.5  Performance parameters of the designed ab double layer absorber with different
thickness of the layers
Total | Thickness of Ma’;ﬁugsitc’is;gm Bandwidth (GHz)
thickness | individual layers (mm) frequenty

o) d1 d2 RLcmin(dB) | fo(GHz) -25dB -30dB

3.4 0.5 29 -58.4 12 1.04 0.74

3.9 3.3 0.6 -70.9 12.3 0.52 0.41

4 3.5 0.5 -73.1 12,3 0.5 0.41

4.5 4.0 0.5 -43.9 12.3 0.33 0.23

5 45 0.5 -31.6 12.3 0.19 0.07
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Chapter Vil

Figure 7.8(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z,-,,I and imaginary impedance Z;, " results, respectively, of the double layer design

for cb combination with optimized thickness. The maximum absorption peak, -25dB

and -30dB absorption bandwidth and optimized individual layer thickness is

tabulated in table 7.6.
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Plots of (a) RL,, (b) Z;, and (c) Z;, of designed cb double layer absorber with
optimize thickness over the X-band

Table 7.6  Performance parameters of the designed cb double layer absorber with different
thickness of the layers
Tow | Thicknessof | MOTRELEIRION | dwidih (GHa)
thickness | individual layers (mm) frequency
o) d1 d2 RLemin(dB) | fo(GHz) -25dB -30dB
3.4 0.5 29 -58.6 12 1.09 .79
3.5 0.5 3.0 -53.4 12 1.02 .78
4 0.5 3.6 -28.8 11.9 0.54 -
4.5 0.5 4.0 -20.1 11.9 - -
5 0.5 4.5 -15.8 12 - -
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Figure 7.9(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, " results, respectively, for the double layer design

db with thickness optimization. The maximum absorption peak, -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in
table 7.7.
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Figure 7.9 Plots of (a) RL,, (b) Z;, and (c)Z;, of designed db double layer absorber with
optimize thickness over the X-band
Table 7.7  Performance parameters of the designed db double layer absorber with different
thickness of the layers
’ Maximum absorption
'-l"otal indi ’.r:ldl“;ess of and associated Bandwidth (GHz)
thickness | individual layers (mm) frequency
(o) d1 d2 RLenin(dB) | fo(GHz) -25dB -30dB
31 2.6 0.5 -58.9 9.67 2.27 1.46
3.5 0.5 3.0 -52.8 12 0.97 0.73
4 0.5 3.5 -28.6 11.9 0.57 -
45 0.5 4.0 -20.0 11.9 - -
5 0.5 4.5 -15.8 12 - --
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Chapter VIl

Figure 7.10(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, results respectively, of the double layer design ac

with thickness optimization of individual layers. The maximum absorption peak with

-25dB and -30dB absorption bandwidth and optimized individual layer thickness is

tabulated in table 7.8.
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Figure 7.10 Plots of (a) RL,, (b) Z;, and (c) Zy, of designed ac double layer absorber with
optimized thickness over the X-band
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Table 7.8  Performance parameters of the designed ac double layer absorber with different
thickness of the layers
Total ; Maximum absorption
thickness | ; divT;;Zl;;l:;:rzf(mm) and associated Bandwidth (GHz)
(mm) frequency
di d2 RLmin(dB) | fo(GHz) -25dB -30dB
3.2 0.5 2.7 -80.7 11.1 2.78 233
3.8 3.3 0.5 -82.6 123 0.50 0.37
4 3.5 0.5 -63.7 12.3 0.35 0.30
45 4.0 0.5 -38.3 12.3 0.26 0.15
5 45 0.5 -29.2 12.3 0.13 0.04
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Chapter VII

Figure 7.11(a), (b) and (c) shows the frequency dependent RL,, real impedance

Zm' and imaginary impedance Z;, " results respectively, of the double layer design be

with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.9.
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Figure 7.11 Plots of (a)RL., (b) Zy, and (c)Z, of designed bc double layer absorber
combination with optimize thickness over the X-band
Table 7.9  Performance parameters of the designed bc double layer absorber with different
thickness of the layers
s Maximum absorption
Total indi T:ldl“;ess of and associated Bandwidth (GHz)
thickness | individual layers (mm) frequency
o) d1 d2 | RLown(dB) | fo(GHz) | -25dB -30dB
3.2 0.5 27 -81.1 11.1 2.79 2.35
3.5 3.0 0.5 -41.8 11.9 1.6 74
4 3:5 0.5 -25.8 11.9 - -
45 4.0 0.5 -18.8 12 - -
5 4.5 0.5 -15.3 12 - -
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Chapter VI

Figure 7.12(a), (b) and (c) shows the frequency dependent RL, real impedance Ty

and imaginary impedance Z;, " results respectively, of the double layer design dc

with optimized layer thickness. The maximum absorption peak, -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.10.
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Figure 7.12 Plots of (a) RL., (b) Zy, and (¢) Zy,  of designed dc double layer absorber with
optimize thickness over the X-band

Table 7.10 Performance parameters of the designed dc double layer absorber with different

thickness of the layers

: Maximum absorption
Total - Thlckness of and associated Bandwidth (GHz)
thickness | individual layers (mm) frequency

{ram] d1 a2 RLcmin(dB) | fo(GHz) -25dB -30dB
3.2 0.5 2.7 -81.0 11.1 2.8 2.36
35 0.5 3.0 -37.0 11.1 2.66 .69
4.0 05 3.5 -21.7 11.1 - -
4.5 0.5 4.0 -15.7 11.1 - -
5.0 0.5 4.5 -12.8 11.1 - --
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Figure 7.13(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, " results, respectively, of the double layer design

ad with optimized layer thickness. The maximum absorption peak, -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.11.
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Figure 7.13 Plots of (a) RL,, (b) Z;, and (c) Z,, of designed ad double layer absorber with
optimize thickness over the X-band

Table 7.11 Performance parameters of the designed ad double layer absorber with different

thickness of the layers

; Maximum absorption
"l"otal ... 'Fhlckness of and associated Bandwidth (GHz)
thickness | individual layers (mm) frequency
(mm) d1 d2 RLcmin(dB) | fo(GHz) -25dB -30dB
3 1.3 1.7 -57.1 9.67 1.96 1.35
3.5 3.0 0.5 -38.1 12.3 0.30 0.17
4 3.5 0.5 -30.5 12.3 0.21 -
4.5 4.0 0.5 -25.3 123 - -
5 45 0.5 -22.1 12.3 - -
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Chapter Vi

Figure 7.14(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, " results respectively, of the double layer design bd

with optimized layer thickness. The maximum absorption peak, -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.12.
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Figure 7.14 Plots of (a) RL,, (b) Z;, and (c) Zy Of designed bd double layer absorber with
optimize thickness over the X-band

Table 7.12 Performance parameters of the designed bd double layer absorber with different
thickness of the layers

: Maximum absorption
Total |  Thicknessof and associated Bandwidth (GHz)
thickness | individual layers (mm) frequency
biun} d1 d2 RLcmin(dB) | fo(GHz) -25dB -30dB
3 15 15 56.5 9.67 2.01 1.37
35 2.9 0.6 28.1 9.67 0.64 -
4 35 0.5 182 12 ~ =
45 4.0 0.5 14.9 12 s =
5 45 0.5 434 12 - -
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Chapter V11

Figure 7.15(a), (b) and (c) shows the frequency dependent RL,, real impedance
Z;, and imaginary impedance Z;), " results respectively, of the double layer design cd
with optimized thickness. The maximum absorption peak with -25dB and -30dB
absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.13.
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Table 7.13 Performance parameters of the designed c¢d double layer absorber with different

thickness of the layers

. Maximum absorption
Total .. Thlckness of and associated Bandwidth (GHz)
thickness | individual layers (mm) fieqency
(mm) d1 d2 RLcmin(dB) | £o(GHz) | -25dB -30dB
3 1.6 14 -54.8 9.65 2.19 1.37
35 3.0 0.5 -26.6 9.59 - --
4 35 0.5 -17.3 8.22 - --
4.5 4.0 0.5 -13.6 11.1 -~ -
5 4.5 0.5 -11.8 111 - -
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From the double layer optimization carried out, EG-NPR composites absorber
design with RL:>-50dB and -25dB bandwidth > 2 GHz and -30dB >1 GHz over the X-

band frequency are selected and is tabulated in table 7.14.

Design combination with 8 wt. % composite as the interfacing layer shows
better broadband absorption bandwidth > 2.5 GHz for -25dB absorption and
absorption bandwidth >2 GHz for -30dB absorption. Table 7.14 shows that maximum
absorption peak varies in frequency position for different design combination of the
composites layer and this property can be used for tuning the required frequency
bandwidth over the X-band. Based on these calculated results, practical double layer

microwave absorbers are fabricated using the appropriate wt. % EG-NPR composites.

Table 7.14 Selected EG-NPR based double layer design combination with -25dB and -30dB
absorption bandwidth greater than 2 GHz and 1 GHz respectively

Air- Layer T.hlc%qTess of Bandwidth in Maximum ab-sorptlon
o . individual and associated
absorber | combination (GHz) p
interface | withtotal | 12Yer(mm) requency (GHz)
layer thickness
d1 d2 -25dB | -30dB | RLmin(dB) | fo(GHz)
a-interface ca_34 2.5 0.9 2.2 1.5 -79.8 12.3
b-interface db_3.1 2.6 0.5 2.27 1.46 -58.9 9.67
ac_3.2 0.5 2.7 2.78 2.33 -80.7 11.10
bc_3.2 05 2.7 2.79 2.35 -81 111
c-interface
dc_3.2 0.5 2.7 2.80 2.36 -81 11.1
ad_3.0 1.3 1.7 1.96 1.35 -57.1 9.67
d-interface bd_3.0 15 15 2.01 1.37 -56.5 9.67
cd_3.0 1.6 14 219 1.37 -54.8 9.65
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7.22.RESULTS AND ANALYSIS OF MEASURED REFLECTION LOSS VALUE OF
DOUBLE LAYER MICROWAVE ABSORBER

Using free space microwave absorption measurement technique as discussed
in chapter 6, the reflection loss measurement of the selected designed double layer
absorber as given in table 7.14, is carried out over the X-band. The double layer
sample are fabricated in the following way: Let us consider the fabrication of the
design ca_3.4 which consist of 5 wt. % composites as the air-absorber interface layer
with thickness, d;=2.5 mm, and 8 wt. % composites is the inner layer close to metal
plate with thickness, d>=0.9 mm. Initially, both the composites with respective
thickness are prepared seperately using mechanical mixing and thermal treatment
method and then combined them using the thermal treatment at 150 °C. The double
layer composites developed is kept of the dimension of 152mm x 152mm x d mm for
free space microwave absorption testing. The measured reflection loss, RL,, values of
the fabricated ca_3.4, db_3.1, ac_3.2, bc_3.2, dc_3.2, ad_3.0, bd_3.0, ¢d_3.0
samples are plotted in figure 7.15A, as a function of frequency. The RL, value of
ca_3.4 design having total thickness 3.4 mm shows -25dB absorption bandwidth of
1.63 GHz in the frequency range 10.67 GHz to 12.3 GHz and -30dB absorption
bandwidth of 1.31 GHz in the frequency range 11.0 GHz to 12.3 GHz with maximum
absorption of ~-45dB at 12.3 GHz. The RL, graph exhibit similar trend as the
calculated RL, (fig.7.5) but the -25dB and -30dB absorption bandwidth and maximum

absorption
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Figure 7.15 A Measured reflection loss value of designed double layer absorbers
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peak is slightly less than computed values. The RL., for other designs db_3.1, ac_3.2,
bc_3.2, dc_3.2, ad_3.0, bd_3.0 and cd_3.0 show -25dB absorption bandwidth of
1.54 GHz, 2.47 GHz, 2.43 GHz, 2.46 GHz, 1.30 GHz, 1.27 GHz, 1.06 GHz, respectively
in the frequency bands of 8.86-10.4 GHz, 9.83-12.3 GHz, 9.87-12.3 GHz, 9.84-12.3 GHz,
895-1025GHz, 8.96-1023GHz and 8.96-1002GHz respectively and -30dB
absorption bandwidth of the respective designs are 0.9 GHz, 1.77 GHz, 1.60 GHz,
1.75 GHz, 0.78 GHz, 0.67 GHz and 0.35 GHz in the frequency bands 9.12-10.02 GHz,
10.31-12.08 GHz, 10.37-11.97 GHz, 10.28-12.03 GHz, 9.27-10.05 GHz, 9.28-9.95 GHz
and 9.23-9.58 GHz. The maximum measured absorption peaks of db_3.1 design
combination is -40.94 dB at 9.63 GHz in comparison to RL. ~-60dB at the same
frequency. Similarly, RL» for ac_3.2 design is -44dB at 11.09 GHz corresponding
to RL~ -78dB at 11.09 GHz, RL, for bc_3.2 design ~-45dB at 11.02 GHz
corresponding to RL~-80dB at the same frequency, RL. for de¢_3.2 design
is -46dB at 11.05 GHz and RL. for the same design is -81dB at 11.1 GHz, the
RLy for ad_3.0 design is -39dB at 9.66 GHz and the calculated RL. ad_3.0
design ~-57dB at 9.67 GHz, the bd_3.0 design show maximum absorption
peak RLn ~-37dB at 9.66 GHz and RL. ~ -56dB at 9.67 GHz, the RL for ¢d_3.0
design stucture is -32dB at 9.37 GHz and the calculated RL. for this deisgn
is -54dB at 9.65 GHz.

The frequency of minimum measured reflection loss peak and calculated
minimum reflection loss peak shows close proximity, however the theoretical
return loss value is higher than experimental return loss values for all the

combinations.

The absorber is modeled as t{ransmission line using some
approximations like the electrical conductvity ignored during design
formulation etc., which practically may have effect on microwave absorption.
Some deviation in measured and -calculated value may occur due to
shortcomings in the fabrication process in which the layers of two composite

systems at the interface may intermingle marginally changing the wt.% of EG
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thus modifying the impedance matching condition. The -25dB and -30dB
absorption bandwidth obtained are sufficinetly good for a dielectric absorber
of overall thickness less than 4 mm and the developed aborber could be used

as broadband microwave absorber over the X-band.

73 DESIGN AND THICKNESS OPTIMIZATION OF TRIPLE LAYERED

ABSORBER

Bandwidth of the microwave absorber can be further enhanced by
augmenting numbers of layers without compromising the total thickness of
the absorbing structure [15]. A three layer EG-NPR composite dielectric
absorber is designed in which the composition and layer thickness is
optimized to get the best performance. The schematic diagram of a conductor
backed triple layer absorber consists of EG-NPR composite layers having
intrinsic parameters &1, 1i,1,7;,¥1,d; for the layer 1 in vicinity to the metal

plate, layer 2 with intrinsic parameters ¢,;,u2,72,v2,d; as sandwiched layer

and
3dlayer  2*layer  1stlayer
U
S
Incident d; d, d, Ve
wave ——p N
-
iy
N3, A2 e B
—] ¥ Y2 Y1 N {; <
%%‘ Metal plate
Reflected wave 2
PR
My #a Hy "
B
Ko €p & £ & 5,
L
2 .
fof-ix

Figure 7.16 A schematic diagram of EG-NPR graded triple layer absorber

£:3,Ur3, M3, V3, d3 parameters for the front-facing layer-3 with the free space as
shown in figure 7.16. The nonmagnetic characteristics of the composites,

renders the complex permeability p,) =pu,; = pu,3 =1—j0 . The input
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impedance, Z;,, and computed reflection loss, RL,, are determined from the
conductor backed triple layer absorber discussed in chapter II, subsections

2.3.2.3, and for the dielectric absorber reduces to

nitanhyjdi+natan hyady +natanh vad
ng*ny tanh (r1dpitanh (yzdz) 13 393
nitan hyydi+natan hyady

nz2+nitan h (y1d1)tan h (y242)

n2

Zy=n (73)

3
134102 tanh y3ds

nitan hyydi+natan h yod
22 tan h G1d Jtan b (yzd7) 70

n1tan hyidy+notan hyod
tan h y3d
RL. = 20lo 1340205 tanﬂfnal)mﬂ“}'zﬁﬂ mArns (7.4)
c - 8 tan hyjdi+natan hyad can h vad .
1255477 tan)ll;(lylardl)tanthzézi n3 y3a3
tan hy +notan hyod
130251 tanﬂiylalitanﬁiyzézita"h73d3

+n3tan hy3d3

13 10

where n; =ng/1/ €4 (7.5)
M2 ="Moy1/ &2 (7.6)
M3 =Ny 1/ &3 (7.7)

vi = j@nf /o)es . (79
2 = j@nf-/ )& (7.9)
v3 = Jj@nf [/ )es (7.10)

From the above equations, it is seen that RL value of the absorber
depends on frequency dependent complex permittivity, €., &, &3 and the
thickness of the individual layers, d;,d;,d3. The minimum RL. value is
achieved by optimization of effective intrinsic properties of the three layers
and the thickness. For the three layer design, the four material compositions of
Swt. %, 7wt. %, 8 wt. % and 10 wt. % EG-NPR composites are considered and
designated A, B, C and D, respectively. The three layers combination of fixed
thickness, d, is considered at a time, for example if, 5 wt. % is assigned to
layer 1, 7 wt. % is assigned to layer 2 and 8 wt. % assigned to layer 3, the
combination is termed as ABC and the corresponding layer thickness as d, ,d,
and d; so that d =d; +d; +d; . A MATLAB program discussed in
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Appendix-A, is developed based on the equations 7.3 to 7.10 to optimize the
layer thickness for the triple layer absorber and finds the minimum RL, for the
following combinations tabulated in table 7.15.

Table 7.15 EG-NPR composites triple layer design combinations

le cod Sample wt. %
Air-absorber Sample code combination
Interface layer II-
y I-II-111 layer (I-11-I11 layer)
BDA 7-10-5 wt. %
BCA 7-8-5 wt. %
CDA 8-10-5 wt. %
A-interface
CBA 8-7-5 wt. %
DCA 10-8-5 wt. %
DBA 10-7-5 wt. %
ADB 5-10-7 wt. %
ACB 5-8-7 wt. %
CAB 8-5-7 wt. %
B-interface
CDB 8-10-7 wt. %
DAB 10-5-7 wt. %
DCB 10-8-7 wt. %
ABC 5-7-8wt. %
ADC 5-10-8 wt. %
BAC 7-5-8 wt. %
BDC 7-10-8 wt. %
C-interface
DAC 10-5-8 wt. %
DBC 10-7-8 wt. %
ACD 5-8-10 wt. %
ABD 5-7-10 wt. %
BCD 7-8-10 wt. %
D-interface
BAD 7-5-10 wt. %
CBD 8-7-10 wt. %
CAD 8-5-10 wt. %

The scheme of thickness variation for three layer system is shown in figure

7.18. Similar to double layer optimization, the total thickness of the absorber is
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varied from 3mm to 54mm at a step size of 0.5mm in order to find the
required bandwidth of absorption. The program is executed for one particular
total thickness range say 3mm to 3.4mm and then finds the combination of
individual thickness dj, d2and dj3 to calculate the minimum RL. and maximum
absorption bandwidth over the range. The value is stored and the program is
executed for the next thickness until it covers the allotted thickness range. The
minimum thickness of the individual layer is fixed at 0.5mm for ease of

practical fabrication of the absorber.

The algorithm of the program for three layer absorber design is given as

follows

Step 1: Read data (&,, &,, &3, M, B2, Prs, €) from files.
Step 2: For each of total thickness from 3 mm to 5.4 mm at the

step size of 0.5 mm such as (3-3.4, 3.5-3.9,....5-5.4).

Step 3: Within a given thickness d we choose 1000 combinations -
of randomly chosen three layer thickness (>= 0.5 mm)
such that d;+ dy+ds=d (d is the thickness in step 2).

Step 4: We find the particular combination of layer thicknesses
for which RL, is minimum using equation (7.4). We store
the thickness combination (d;, d>and ds), frequency band,
RL (min), Zeat, Zinag.

Step 5: we continue step 2 for other thicknesses.
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The flow chart of three layer design is given below

Read &, p,, f from data

}

For each of total width from 3 to 5.4 at the step of 0.5 }_

|

RLan=10

!

——Ol Randomly select 1000 combinations of di, & and & snch that d) + d; +d3 = current total width

|

Computational steps for RL (=TempRL)

RILmiz=TempRL
fmin= {

NO

* To store
minimum RL and
other parameters
for this width

Figure 7.17 Flow chart of three layer absorber design optimization

3 Find minimum RL. ford,, d, &
d; within this band
3.5
Find minimum RL. ford,, d, &
ds within this band
4
Find minimum RL ford,, d, &
ds within this band
45
Find minimum RL, ford,, d, &
5 d; within this band
Find minimum RL.ford,, d, &
d; within this band
54

Figure 7. 18 The scheme of thickness variation to find minimum RL. and required absorption
bandwidth
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7.3.1.RESULTS OF CALCULATED REFLECTION LOSS AND OPTIMIZED
THICKNESS OF TRIPLE LAYER MICROWAVE ABSORBER

The frequency dependent RL,, real impedance, Z;,, and imaginary impedance,

Z,, , and the triple layer design BCA with optimized layer thickness is plotted in

figure 7.19 (a), (b) and (c), respectively. The maximum absorption peak, -25dB

and -30dB absorption bandwidth and optimized individual layer thickness is

tabulated in table 7.16.
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Figure 7.19 Plots of (a)RLc (b) Z, and (c)Z,, of designed BCA combined triple layer
absorber with optimized thickness over the X-band

Table 7.16 Performance parameters of the designed BCA triple layer absorber with
different thickness of the layers
Total . T'hl.ckness of Ma.xlmum absorp.tlon Bandwidth in
thickness individual layers with corresponding
(GHz)

(mm) (mm) frequency
d d1 d2 d3 RLc min (dB) | fo (GHz) -25dB -30dB
3.4 0.5 2.0 0.9 -36.1 123 2.06 1.53
3.7 1.0 1.1 1.6 -31.6 12:2 0.76 0.49
4 0.8 0.6 2.6 -18.7 12.2 0.42 0.34
4.5 0.6 0.5 3.4 -15.3 12.3 0.34 0.24
5 0.5 0.5 4.0 -12.9 123 0.23 0.08

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shielding Material Over the X

Band: Synthesis, Characterization, Analysis and Design Optimization

134



Multi-Layer Microwave Absorber: Design Optimization and Reflection Loss Measurement Qver the X-Band

Chapter V11

Figure 7.20(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, " results respectively, of the triple layer design

BDA with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.17.
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Figure 7.20 Plots of (a) RL,, (b) Z;, and (c) Z;, of designed BDA triple layer absorber with
optimize thickness over the X-band

Table 7.17 Performance parameters of the designed BDA triple layer absorber with different

thickness of the layers

Total Thickness of individual layers | ViaXimumabsorption | g 4o in
thickness with corresponding
(mm) (GHz)
(mm) frequency
RLC min
d d1 d2 d3 (dB) fo(GHz) | -25dB -30dB
3.4 1.2 0.7 1.5 -43.6 12.3 0.64 0.44
3.9 0.6 0.7 2.7 -21.8 12.2 0.44 042
4 0.5 0.5 3.0 -12.6 12.2 0.43 0.40
4.5 0.6 0.5 34 -10.2 12.3 0.32 0.21
5 0.5 0.5 4.0 -9.6 12.3 0.19 0.02
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Figure 7.21(a), (b) and (c) shows the frequency dependent RL,, real impedance Z;,
and imaginary impedance Z;, results respectively, of the triple layer design CBA
with optimized thickness. The maximum absorption peak with -25dB and -30dB
absorption bandwidth and optimized individual layer thickness is tabulated in
table 7.18.
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Figure 7.21 Plots of (a) RL,, (b) Z;, and (c) Z;, of designed CBA triple layer absorber with
optimize thickness over the X-band

Table 7.18 Performance parameters of the designed CBA triple layer absorber with different
thickness of the layers

Total Thickness of individual layers | Maximumabsorption | g 4ociqen in
thickness with corresponding
(mm) (GHz)
(mm) frequency
d d1 d2 d3 RLemin | ¢ (GHz) | -25dB | -30dB
(dB)
34 22 05 0.7 410 123 2.0 141
36 14 12 1.0 402 123 086 | 065
1 05 10 24 209 122 047 | 036
45 05 05 35 175 123 036 | 027
5 0.7 05 38 153 123 025 | 007
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Figure 7.22(a), (b) and (c) shows the frequency dependent RL,, real impedance
Zy and imaginary impedance Z;, results respectively, of the triple layer design
CDA with optimized thickness. The maximum absorption peak with -25dB and -
30dB absorption bandwidth and optimized individual layer thickness is tabulated in
table 7.19.
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Figure 7.22 Plots of (a)RL, (b) Z, and (c)Z, of designed CDA triple layer
absorber with optimize thickness over the X-band

Table 7.19 Performance parameters of the designed CDA triple layer absorber with
different thickness of the layers

:l“otal Thickness of individual layers Ma.x1mum absorp‘t ton Bandwidth in
thickness with corresponding
(mm) GHz
(mm) frequency
RL( min
d d1 d2 d3 (dB) fo(GHz) | -25dB | -30dB
34 0.7 1.1 1.6 -35.0 12.3 2.38 0.45
3.6 0.8 0.8 2.0 -19.8 12.2 0.63 0.44
1 0.6 0.5 29 -12.9 12.2 0.39 0.37
4.5 0.5 0.6 3.4 -29.0 12.3 0.3 0.24
5 0.6 0.6 3.8 -7.8 12.3 0.21 0.04
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Figure 7.23(a), (b) and (c) shows the frequency dependent RL,, real impedance Zi

and imaginary impedance Z;, " results respectively, of the triple layer design DBA

with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.20.
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Figure 7.23 Plots of (a) RL,, (b) Z,, and (c) Z, of designed DBA triple layer absorber with
optimize thickness over the X-band

Table 7.20 Performance parameters of the designed DBA triple layer absorber with different

thickness of the layers

:l"otal Thickness of individual layers Ma.x jmum absorp.t ton Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
d d1 d2 d3 RLc min (dB) | fo(GHz) | -25dB | -30dB
3.4 1.6 0.5 1.3 -40.5 123 0.72 0.57
3.7 1.0 1.1 1.6 -24.3 12.3 0.65 0.49
4 0.7 0.8 25 -32.2 12.2 0.45 0.42
4.5 0.6 0.5 3.4 -13.8 12.3 0.34 0.27
5 0.6 0.6 3.8 -14.7 123 0.22 0.08
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Figure 7.24(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, " results respectively, of the triple layer design

DCA with optimized thickness. The maximum absorption peak with -25dB and -

30dB absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.21.
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Figure 7.24

12

Plots of (a) RL,, (b) Zy and (c) Z;, of designed DCA triple layer absorber with
optimize thickness over the X-band

Table 7.21 Performance parameters of the designed DCA triple layer absorber with different

thickness of the layers

Total Thickness of individual layers Ma.x1mum absorp.t ron Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
RL: min
d di d2 d3 (dB) fo(GHz) -25dB | -30dB
3.4 1.5 0.6 1.3 -48.7 123 1.94 0.52
3.6 1.2 0.7 1.7 -69.0 12.3 0.71 0.44
4 0.7 0.6 2.8 -14.3 12.2 0.42 0.38
4.5 0.5 0.5 34 -12.9 123 0.31 0.22
5 0.5 0.6 3.9 -11.7 12.3 0.21 0.06
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Figure 7.25(a), (b) and (c) shows the frequency dependent RL,, real impedance Z;,
and imaginary impedance Z;, " results respectively, of the triple layer design ACB
with optimized thickness. The maximum absorption peak with -25dB and -30dB
absorption bandwidth and optimized individual layer thickness is tabulated in
table 7.22.
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Figure 7.25 Plots of (a) RL., (b) Zy, and (c) Z;, of designed ACB triple layer absorber with
optimize thickness over the X-band

Table 7.22 Performance parameters of the designed ACB triple layer absorber with different
thickness of the layers

Total Maximum
o thickness of individual absorption with Bandwidth in
thickness ;
layers (mm) corresponding (GHz)
(mm) y
requency
d d1 d2 d3 R(I;B“;i“ fo(GHz) | -25dB | -30dB
3.4 0.5 0.6 2.3 -42.9 12 1.23 0.84
3.6 2.6 0.5 0.5 -24.9 12.3 1.15 0.51
4 29 0.5 0.5 -19.2 12.3 0.4 0.25
4.5 3.4 0.5 0.6 -16.1 12.3 0.2 -
5 3.9 0.6 0.5 -11.7 12.3 - -
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Figure 7.26(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, results respectively, of the triple layer design

ADB with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in
table 7.23.
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Table 7.23 Performance parameters of the designed ADB triple layer absorber with different

thickness of the layers

Total Thickness of individual layers Ma.xxmum absorp'h on Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
d1 d2 d3 RLe min fo(GHz) | -25dB | -30dB
(dB)
3.1 0.5 2.1 0.5 -35.8 9.7 2.23 1.45
3.5 0.5 0.6 24 -194 11.9 1 0.72
4 0.6 0.5 2.8 -12.1 11.9 - -
4.5 3.4 0.5 0.6 -12.2 12.3 - -
5 4.0 0.5 0.5 -10.3 12.3 - -
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Figure 7.27(a), (b) and (c) shows the frequency dependent RL,, real impedance
Z;y and imaginary impedance Z;, " results respectively, of the triple layer design
CAB with optimized thickness. The maximum absorption peak with -25dB and -30dB
absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.24.
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Figure 7.27 Plots of (a) RL,, (b) Z,, and (c) Z;, of designed CAB triple layer absorber with
optimize thickness over the X-band

Table 7.24 Performance parameters of the designed CAB triple layer absorber with different
thickness of the layers

:l'otal Thickness of individual layers Ma.x rmum absorp‘t ton Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
d d1 d2 d3 RLemin | ¢ (GHz) | -25dB | -30dB
(dB)
34 22 0.7 0.5 -56.8 12.3 1.85 1.43
3.9 0.6 2.7 0.6 -62.7 12.3 0.54 0.45
4 0.5 2.9 0.5 -24.2 123 0.46 0.93
4.5 0.5 3.4 0.5 -22.3 123 0.31 0.22
5 0.6 3.9 0.6 -16.6 12.3 0.17 0.06
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Figure 7.28(a), (b) and (c) shows the frequency dependent RL,, real impedance
Z;, and imaginary impedance Z;, " results respectively, of the triple layer design
CDB with optimized thickness. The maximum absorption peak with -25dB and -30dB
absorption bandwidth and optimized individual layer thickness is tabulafed in
table 7.25.
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Figure 7.28 Plots of (a) RL,, (b) Z;, and (c) Z;, of designed CDB triple layer absorber with
optimize thickness over the X-band

Table 7.25 Performance parameters of the designed CDB triple layer absorber with different
thickness of the layers

Thickness of individual layers Ma.x1mum absorp'twn Bandwidth in
Total with corresponding
. (mm) (GHz)
thickness frequency
(mm) RL¢ min
d1 d2 d3 (dB) fo (GHz) -25dB -30dB
3.1 0.5 2.0 0.6 -37.1 9.7 2.31 1.46
3.5 0.5 0.5 24 -18.7 11.9 0.96 0.72
4 0.5 0.5 3.0 -17.8 11.9 0.34 -
4.5 0.6 0.5 3.4 -11.3 11.9 -- -
5 0.6 0.5 3.9 -8.0 12.0 - -
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Figure 7.29(a), (b) and (c) shows the frequency dependent RL,, real impedance Fi

and imaginary impedance Z;, " results respectively, of the triple layer design DAB

with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.26.
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Figure 7.29 Plots of (a) RL,, (b) Z,, and (c) Z,, “of designed DAB triple layer absorber with
optimize thickness over the X-band

Table 7.26 Performance parameters of the designed DAB triple layer absorber with different

thickness of the layers

Thickness of individual layers Ma.xlmum absorp.hon Bandwidth in
Total () with corresponding (GHz)
thickness frequency
(mm) RL¢ min
d1 d2 d3 (dB) fo (GHz) -25dB -30dB
34 1.6 1.3 0.5 -50.3 12.3 0.73 0.58
3.9 0.9 2.4 0.5 -31.6 123 0.54 0.43
4 0.6 29 0.5 -16.3 12.3 0.5 0.4
4.5 0.5 3.4 0.6 -16.4 12.3 0.32 0.21
5 0.5 4.0 0.5 -114 12.3 0.19 0.04
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Figure 7.30(a), (b) and (c) shows the frequency dependent RL,, real impedance

Zm' and imaginary impedance Z;, " results respectively, of the triple layer design

DCB with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.27.
0] come———— 4+ $9$20+ 049+ o0, |
204 wmamw
- eltalagy, 2 ]
Z 204 fass
; 404 .':
p S, of
2 s 1
% -
2 ) 8 34mm
® 35mm
1 4 10mm
v 45mm
e ¢ S0mm (a)
H H 1 11 2
Frequency (GHz)
900
5 500 4
ry ® 34mm - s 34mm
e ./"\-, (b) * 35mm wd % (C) ® 35mm
S N . A 40mm = W e 4 40mm
o T4 . ‘d‘ o v 45mm Z 300 % v 45mm
£ » 7y oy s S50mm <3 = 50 mm
£ o N, Toager, PR I
-y L) - = -
< L ., ] r %
Ik L 1IN
Ses, g g s
‘g 400 4 n.,::':: E ¢
= 00 £ e
E 00 s aagittag, patttiaas, E -uJ 1
= 2004 g =
w E 3004
100 S m——. 4.4 4 ¢ g5+ S 552980 F '
H 1 9 2 s ’ " 1 2

Freguwency (GHz)

Frequency (GHz)

Figure 7.30 Plots of (a) RL, (b) Z;, and (c) Z;, of designed DCB triple layer absorber with
optimize thickness over the X-band

Table 7.27 Performance parameters of the designed DCB triple layer absorber with different

thickness of the layers

Total Thickness of individual layers Ma.xxmum absorp.t ' | Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
d d1 d2 d3 RLc min (dB) | fo(GHz) | -25dB | -30dB
34 0.5 0.6 23 -39.2 12.0 1.37 0.84
3.5 0.6 0.5 24 -22.6 11.9 1.22 0.79
4 0.5 0.6 29 -14.1 11.9 0.57 -
4.5 0.5 0.6 34 -15.9 11.9 - -
5 0.6 0.7 3.7 -9.9 12.0 - -
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Figure 7.31(a), (b) and (c) shows the frequency dependent RL,, real impedance

Zml and imaginary impedance Z;, results respectively, of the triple layer design

ABC with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.28.
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Figure 7.31 Plots of (a) RL,, (b) Z,, and (c) Z,, of designed ABC triple layer absorber with
optimize thickness over the X-band

Table 7.28 Performance parameters of the designed ABC triple layer absorber with different

thickness of the layers

Total Thickness of individual layers Ma.x1mum absorp't oM | Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
d dt 2 43 R(I&‘B“;‘" f,(GHz) | -25dB | -30dB
3.2 0.5 0.5 2.2 -70.8 11.1 2.74 2.31
3.6 2.6 0.5 0.5 -49.4 123 0.74 0.47
4 29 0.5 0.5 -39.4 12.3 0.41 0.24
45 34 0.6 0.5 -29.2 12.3 0.18 -
5 39 0.5 0.6 -23.8 1235 0.19 --
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Figure 7.32(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z,, results respectively, of the triple layer design

ADC with optimized thickness. The maximum absorption peak with -25dB and -

30dB absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.29.
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Table 7.29 Performance parameters of the designed ADC triple layer absorber with different

thickness of the layers

Total Maximum
. Thickness of individual absorption with Bandwidth in
thickness :
layers (mm) corresponding (GHz)
(mm) P
requency
d d1 d2 d3 F b -25dB | -30dB
(dB) (GHz)
3.1 0.5 0.6 2.0 -30.9 11.1 2.77 232
35 0.6 0.5 24 -17.0 111 2.96 0.43
4 3.0 0.5 0.5 -12.5 12.3 -~ --
4.6 3.6 0.5 0.5 94 123 - -~
5 3.9 0.5 0.5 -9.3 12.3 - -
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Figure 7.33(a), (b) and (c) shows the frequency dependent RL,, real impedance Z;,
and imaginary impedance Z;, " results respectively, of the triple layer design BAC
with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in
table 7.30.
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Figure 7.33 Plots of (a) RL., (b) Z;, and (c) Z;, of designed BAC triple layer absorber with
optimize thickness over the X-band

Table 7.30 Performance parameters of the designed BAC triple layer absorber with different
thickness of the layers

Total ; ot s Maximum absorption
thickness Fiitckaess oi;rlx:\rﬂ;wdual Tayets with corresponrging Bandwidth in (GHz)
(mm) frequency
d di1 d2 d3 RL min (dB) | fo(GHz) -25dB -30dB
3.2 0.5 0.5 2.2 -42.6 11.1 .72 2.21
3.8 0.8 2.5 0.5 -45.3 12.3 1.14 0.4
4 0.5 3.0 0.5 -27.3 12.3 0.41 0.29
4.5 0.9 3 0.5 -12.9 12.3 0.27 0.18
5 0.6 3.9 0.5 -20.7 12.3 0.22 -
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Figure 7.34(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, " results respectively, of the triple layer design

BDC with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.31.
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Figure 7.34 Plots of (a) RL,, (b) Z;, “and (¢) Z;,, of designed BDC triple layer absorber with
optimize thickness over the X-band
Table 7.31 Performance parameters of the designed BDC triple layer absorber with different
thickness of the layers
Total . s Maximum absorption
thickness Thickness of individual with corresponding Bandwidth in (GHz)
layers (mm)
(mm) frequency
RLc min
d d1 d2 d3 (dB) fo (GHz) -25dB -30dB
31 0.5 0.6 1.9 -29.5 11.1 2.76 2.39
35 0.6 0.5 24 -16.8 11.1 291 52
4 0.6 0.5 2.9 -11.8 11.1 - -
4.5 0.5 0.6 34 -12.4 11.1 - -
5 0.6 0.6 3.8 -74 11.1 - -
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Figure 7.35(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Zy, results respectively, of the triple layer design

DAC with optimized thickness. The maximum absorption peak with -25dB and -

30dB absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.32.
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Figure 7.35 Plots of (a) RL,, (b) Z,, “and (¢) Z;, of designed DAC triple layer absorber with
optimize thickness over the X-band

Table 7.32 Performance parameters of the designed DAC triple layer absorber with different

thickness of the layers

Total Maximum
thickness thickness of individual absorption v.v1th Bandwidth in (GHz)
layers (mm) corresponding
(mm) ,
requency
d d1 d2 d3 RLcmin | ¢ (GHz) | -25dB -30dB
(dB)
3.2 0.5 0.5 22 -37.8 11.1 2.74 2.25
3.8 0.5 2.8 0.5 -37.6 12.3 0.49 0.4
4 0.6 29 0.5 -15.7 12.3 0.41 0.37
4.5 0.5 34 0.5 -14.7 12.3 0.26 0.16
5 0.6 39 0.6 -13.1 12.3 0.11 -
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Figure 7.36(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, results respectively, of the triple layer design

DBC with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.33.
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Figure 7.36 Plots of (a) RL,, (b) Z;, and (c) Z;, of designed DBC triple layer absorber with
optimize thickness over the X-band

Table 7.33 Performance parameters of the designed DBC triple layer absorber with different

thickness of the layers

Total | Thickness of individual layers Maximum absorption Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
d d1 d2 d3 RL¢ min (dB) fo (GHz) -25dB -30dB
3.2 0.5 0.5 22 -37.8 11.1 2.8 2.35
3.5 0.6 23 0.5 -22.3 11.9 1.63 0.73
4 0.5 3.0 0.5 -14.4 119 -~ --
4.5 0.6 3.4 0.5 -12.8 12 - -
5 0.6 3.9 0.5 -10.1 12 - -
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Figure 7.37(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, " results respectively, of the triple layer design

ABD with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.34. N
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Figure 7.37 Plots of (a) RL,, (b) Z,, and (¢) Z, of designed ABD triple layer absorber with
optimize thickness over the X-band
Table 7.34 Performance parameters of the designed ABD triple layer absorber with different
thickness of the layers
Total Maximum
. Thickness of individual layers absorption with Bandwidth in
thickness .
(mum) (mm) corresponding (GHz)
frequency
RL¢ min f()
d d1 d2 d3 (dB) (GHz) 25dB -30dB
3 0.9 0.6 1.6 -29.8 9.7 2.07 1.34
3.5 22 0.5 0.8 -18.7 9.7 0.59 -
4 2.9 0.5 0.5 -13.9 123 - -
4.5 3.4 0.6 0.5 -8.3 123 - -
5 3.9 0.6 0.5 -12.1 123 - -
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Figure 7.38(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z, and imaginary impedance Z;, '

results respectively, of the triple layer design

ACD with optimized thickness. The maximum absorption peak with -25dB and -

30dB absorption bandwidth and optimized individual layer thickness is tabulated in

. L |

table 7.35.
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Figure 7.38 Plots of (a) RL,, (b) Z,, and (c) Z;, of designed ACD triple layer absorber with
optimize thickness over the X-band
Table 7.35 Performance parameters of the designed ACD triple layer absorber with different
thickness of the layers
Total Maximum
I . Thickness of individual layers absorption ‘?nth Bandwideh in (GEHz)
(mm) corresponding
(mm)
frequency
RLc min fO
d d1 d2 d3 (dB) (GHz) -25dB -30dB
3 1.0 0.5 1.5 -24.4 9.7 2.06 1.35
3.5 2.3 0.5 0.7 -15.1 9.7 - --
4 3.0 0.5 0.5 -13.2 12.3 - -
4.5 3.4 0.5 0.5 -10.1 12.3 - -
5 3.9 0.5 0.5 -7.7 12.3 - -
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Figure 7.39(a), (b) and (c) shows the frequency dependent RL,, real impedance
Z;y, and imaginary impedance Z;, " results respectively, of the triple layer design
BAD with optimized thickness. The maximum absorption peak with -25dB and -30dB
absorption bandwidth and optimized individual layer thickness is tabulated in
table 7.36.
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Figure 7.39 Plots of (a) RL, (b) Z;, and (c) Z;, of designed BAD triple layer absorber with
optimize thickness over the X-band

Table 7.36 Performance parameters of the designed BAD triple layer absorber with different
thickness of the layers

Total Maximum
thickness Thickness of individual layers absorption with Bandwidth in GHz
famem) (mm) corresponding
frequency
d d1 d2 d3 R(E};‘;‘“ fo(GHz) | -25dB | -30dB
3 0.5 0.8 1.6 -28.9 9.7 2 1.33
3.5 0.9 21 0.5 -20.9 12.3 0.33 0.19
4 0.6 29 0.5 -18.5 12.3 0.19 -
4.6 0.5 3.5 0.5 -124 12.3 0.02 -~
51 0.6 4.0 0.5 -6.9 12.3 0.02 -
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Figure 7.40(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;, and imaginary impedance Z;, " results respectively, of the triple layer design

BCD with optimized thickness. The maximum absorption peak with -25dB and -30dB

absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.37.
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of designed BCD triple layer absorber with

Table 7.37 Performance parameters of the designed BCD triple layer absorber with different

thickness of the layers

Total Thickness of individual layers Maximum absorption Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
d di d2 d3 RL: min (dB) | fo(GHz) -25dB -30dB
3 1.0 0.5 14 -30.2 9.7 214 1.36
3.5 2.5 0.5 05 -17.4 9.7 0.62 -
4 0.6 29 0.5 -125 8.2 - -
45 05 34 0.5 -9.3 11.1 - -
5 39 0.5 0.5 -7.4 12.0 - -
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Figure 7.41(a), (b) and (c) shows the frequency dependent RL,, real impedance

Z;y and imaginary impedance Z;, " results respectively, of the triple layer design

CAD with optimized thickness. The maximum absorption peak with -25dB and -

30dB absorption bandwidth and optimized individual layer thickness is tabulated in

table 7.38.
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Plots of (a) RL., (b) Z,, and (¢) Z;, of designed CAD triple layer absorber with
optimize thickness over the X-band

Table 7.38 Performance parameters of the designed CAD triple layer absorber with different
thickness of the layers
Total Thickness of individual layers Ma.xxmum absorp.hon Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
d di d2 d3 RLcmin (dB) | fo(GHz) -25dB -30dB
3 0.6 0.8 1.6 -26.7 9.7 2.02 1.29
3.5 0.7 23 0.5 -14.9 12.3 0.33 0.17
4 0.8 27 0.5 -13.2 123 0.19 -
45 0.8 32 0.5 -8.5 123 - .
5.1 0.8 3.8 0.5 -8.1 12.3 - -
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Figure 7.42(a), (b) and (c) shows the frequency dependent RL,, real impedance
Z;, and imaginary impedance Z;,  results respectively, of the triple layer design
CBD with optimized thickness. The maximum absorption peak with -25dB and -30dB
absorption bandwidth and optimized individual layer thickness is tabulated in
table 7.39.
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Figure 7.42 Plots of (a) RL., (b) Z;, and (c) Z;, of designed CBD triple layer absorber with
optimize thickness over the X-band

Table 7.39 Performance parameters of the designed CBD triple layer absorber with different
thickness of the layers

'.l"otal Thickness of individual layers Ma'xxmum absorp.h on Bandwidth in
thickness with corresponding
(mm) (GHz)
(mm) frequency
RL¢ min
d di1 d2 d3 fo (GHz) -25dB -30dB
(dB)
3 0.5 1.0 15 -25.0 9.7 2.05 1.32
3.5 0.6 23 0.6 -18.2 9.7 0.68 -
0.5 3.0 0.5 -13.5 12.0 - -
4.5 1.0 3.0 0.5 -10.9 12.0 - -
5 0.7 38 0.5 -8.2 12.0 - -
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Table 7.40 Different combinations of triple layer design with RL.<-40dB, -25dB and -30dB
bandwidth > 1 GHz

Maximum
Aj Layer Thickness of Bandwidth in absvc:'rifl? on
r- . . .
duall GH .
absorber | combination individual layer (mm) (GHz) corresponding
Interface with total frequency
layer thickness P RL.... fo
BCA_3.4 0.54 1.96 0.9 2.21 1.53 -66 12.3
A-interface
CBA_34 2.19 0.51 0.7 192 14 -61 12.2
ADB_3.1 0.52 2.05 0.53 2.25 1.45 -57 9.7
ADB_35 0.5 0.6 24 1.01 0.72 -43 11.9
B-interface CAB_34 2.2 0.7 0.5 18 15 -57 123
CDB_3.1 0.56 2.04 0.5 2.24 1.46 -57 9.7
CDB_3.5 0.5 0.54 2.46 1.06 0.72 -46 11.92
ABC_ 3.2 0.52 0.52 2.16 2.7 2.28 -70 111
ADC_3.1 0.52 0.61 1.97 2.66 2.28 -63 11.2
BAC_ 3.2 0.53 0.51 2.16 2.68 222 -66 111
C-interface
BDC_3.1 0.5 0.64 1.96 2.75 2.34 -67 11.11
DAC_3.2 0.51 0.52 217 2.72 2.26 -65 11..09
DBC_3.2 0.54 0.51 215 2.83 2 -71 11.09
ABD_3.0 0.89 0.54 1.57 2.02 1.33 -56.9 9.67
ACD_3.0 1 0.53 1.47 2.1 1.37 -55.7 9.66
BAD_3.0 0.53 0.8 1.67 1.99 1.32 -56.99 | 9.64
B-interface
BCD_3.0 1.06 0.5 144 212 1.38 -55.26 | 9.66
CAD_3.0 0.59 0.75 1.66 1.98 1.32 -56 9.67
CBD_3.0 0.53 0.9 1.57 214 1.37 -56.7 9.67
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7.3.2. RESULTS AND ANALYSIS OF MEASURED REFLECTION LOSS VALUE OF
TRIPLE LAYER MICROWAVE ABSORBER

Similar to double layer absorber, the triple layer microwave absorbers are
fabricated by combining the layers of EG-NPR composites of desired wt. % and
thickness. The fabrication of triple layer absorber design BCA_3.4 having thickness
d;=0.54mm, d,=1.96mm and d;=0.9mm is synthesized as follows: 5 wt. % composite,
8 wt. % composite and 7 wt. % composite are made seperately by mechanical mixing
and thermal treatment method and then combined them using the thermal treatment
at 150 °C such that 7 wt. % is next to the metal plate, 8 wt. % is as the middle layer
and 5wt. % as the air-absorber interfacing layer. The dimension of fabricated triple
layer sample is 152mm x 152mm x d mm for free space microwave absoption testing.
The other design structures CDB_3.1 and BDC_3.1 are also fabricated in the similar
way with same dimensions of total thickness 3.lmm. The free space microwave
absorption measurement is performed similar to single layer and double layer
absorption using Agilent E8362C VNA and spot focusing horn lens antenna system
described in Chapter VI. The measured RL. for BCA_3.4, CDB_3.1 and BDC 3.1
triple layer absorbers are plotted as function of frequency in figure 7.43.
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Figure 7.43 Measured reflection loss value of designed triple layer absorbers

The BCA_3.4, CDB_3.1 and BDC_3.1 design absorber show -25dB absorption
bandwidth of 1.63 GHz (10.67 to 12.3 GHz), 1.37 GHz (9.10 to 10.47 GHz) and
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2.16 GHz (9.92 to 12.08GHz), respectively and the -30dB absorption bandwidth for
the same layer combinations as 1.33 GHz (frequency band 10.97 to 12.3 GHz),
0.78 GHz (frequency band 9.31t010.15 GHz ) and 1.49 GHz (frequency band 10.21 to
11.70 GHz), respectively. The maximum absorption peak or minimum value of RLx
are obtained for BCA_3.4 is -39dB at 12.23 GHz, for CDB_3.1 is -39.44 dB at 9.7 GHz
and for BDC_3.1 is -44dB at 1099 GHz. The bandwidth and frequency
corresponding to the peak minimum return loss value matches quite well for the
measured and computed return loss value but the theoretical return loss value is

higher than the experimental return loss values for all the combinations.

As mentioned earlier the absorber is modeled as transmission line using some
approximations, which may effect the computed values of microwave absorption.
The fabrication limitations may reduce the absorption of the layered absorber. The
measured, return loss value of the triple layer design structure emphasized that
absorption frequency band can be tuned by selecting the proper EG-NPR
cdmposition with optimum thickness.

Table 7.41 Performance comparison of conductor backed single, double and triple layer
microwave absorber.

Single layer Double layer Triple layer
Performance absorber of 8wt. absorber dc_3.2 of | absorber BDC_3.1
parameters % of thickness thickness of thickness
4 mm 3.2 mm 3.1 mm

Min_RL,, (dB) at

GHz -16dB (1042 GHz) | -46dB (11.09 GHz) | -44dB (10.99 GHz)

-10dB absorption

. whole X-band whole X-band
bandwidth 13 GHz (8.2-12.4 GHz) (8.2-12.4 GHz
-25dB absorption
bandwidth - 2.46 GHz 216 GHz
-30dB absorption
bandwidth - 1.75 GHz 1.49 GHz
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74 Discussions and Conclusions

Summarizes the best performance of EG-NPR compositions for single, double
and triple layered structure in the X-band range. An enhanced bandwidth is observed
for the layered structures almost covering the entire X-band. The thickness of the
layered structure is also less than that of a single layered absorber with improved
performance and for the triple layer structure the thickness marginally decreases as

compared to double layer structure for similar performance.

The EG-NPR layered absorber designed using optimization technique, shows -
10dB bandwidth i.e. 90% of incident power beign absorbed over the whole X-band
and -25dB bandwidth i.e. 99.7% of the incident power is absorbed for ~ 2GHz range
within the X-band. The total thickness of the layered absorber is less than that of
single layer. The results shows that EG-NPR composite systems can be used as an

efficient absorber over the entire X-band.

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shielding Material Over the X
Band: Synthesis, Characterization, Analysis and Design Optimization 161



Multi-Layer Microwave Absorber- Design Optimization and Reflection Loss Measurement Over the X-Band Chapter VIl

References

(1
(2]

3]

[4]

5]

fe]

[7]

81

[°]

Pozar, D.M. Microwave Engineering, Wiley, India, 2010.

Vuong, X.T. Military X-band very small aperture terminals (VSATs) - to
spread or not to spread, in Proceedings, IEEE , Military Communications
Conference (MILCOM '96), McLean, VA, 6-10, 1996.

HuangY., Li, N, Ma,Y., Dy, F,, Li, F., He, X,, Lin, X., Gao, H., and Chen,
Y. The influence of single-walled carbon nanotube structure on the
electromagnetic interference shielding efficiency of its epoxy composites,
Carbon 45, 1614-1621, 2007.

Hanna, S. M. Applications of x-band technology in medical accelerators,
in Proceedings of the 1999 Particle Accelerator Conference, New York,
1999.

Damini, A., McDonald, M., and Haslam, G.E. X-band wideband
experimental airborne radar for SAR, GMTI and maritime surveillance,
IEE Proc.-Radar Sonar Navig. 150, 305-312, 2003.

Jung, E. Y., Lee, J. W.,, Lee, T. K, and Lee, WK. SIW-based array
antennas with sequential feeding for X-band satellite communication,
IEEE Transactions on Antennas and Propagation 60, 3632-3639, 2012.

Chu, CK., Huang, HK,, Liu, H.Z, Lin, CH., Chang, CH., Wu, CL,,
Chang, CS., and Wang, Y.H. An X-band high-power and high-PAE
PHEMT MMIC power amplifier for pulse and CW operation, IEEE
Microw. Wirel. Compon. Lett. 18, 707-709, 2008.

Pande, S., Singh, B. P.,, Mathur, R. B, Dhami, T. L., Saini, P., and
Dhawan, S. K. Improved electromagnetic interference shielding
properties of MWCNT-PMMA composites using layered structures,
Nanoscale Res Lett 4, 327-334, 2009.

Al-Saleh, M. H., and Sundararaj, U. X-band EMI shielding mechanisms
and  shielding  effectiveness of high  structure  carbon

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shuelding Material Over the X
Band: Synthests, Characterization, Analysis and Design Optimization 162



Muiti-Layer Microwave Absorber: Design Optimization and Reflection Loss Measurement Over the X-Band Chapter VI

black/ polypropylene composites, . Phys. D: Appl. Phys. 46, 035304-1-7,
2013.

[10] Asi, M. J., and Dib, N. I. Design of multilayer microwave broadband
absorbers using central force optimization, Progress In Electromagnetics
Research B 26, 101-113, 2010.

[11] Reinert, J., Psilopoulos, J., Grubert, J. and Jacob, A. F. On the potential of
graded-chiral = dallenbach  absorbers, @ Microwave and  Optical
TechnologyLetters 30, 254~257, 2001.

[12] Micheli, D., Pastore, R., Apollo, C., Marchetti, M., Gradoni, G., Primiani,
V. M., Moglie, F. Broadband electromagnetic absorbers using carbon
nanostructure-based composites, IEEE Transactions On Microwave Theory
And Techniques 59, 2633-2646, 2011.

[13] Jiang, L., Cui, J., Shi, L., and Li, X. Pareto optimal design of multilayer
microwave absorbers for wide-angle incidence using genetic algorithms,
IET Microw. Antennas Propag. 3, 572-579, 2009.

[14] Qin, F., and Brosseau, C. A review and analysis of microwave absorption
in polymer composites filled with carbonaceous particles, Journal of
Applied Physics 111, 061301-1-24, 2012.

[15] Micheli, D., Apollo, C., Pastore, R., and Marchetti, M. X-Band microwave
characterization of carbon-based nanocomposite material, absorption
capability comparison and RAS design simulation, Journal of Composites

Science and Technology 70, 400-409, 2010.

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shielding Material Over the X
Band: Synthesis, Characterization, Analysis and Design Optimization 163



Perforated Design Structure of Microwave Absorber Chapter VIII

CHAPTER VIII

PERFORATED DESIGN STRUCTURE OF MICROWAVE
ABSORBER

8.1 Introduction

8.2 Designing of perforated structure

8.2.1 Effective complex permittivity of the through perforated EG-
NPR composite

8.2.2 Perforated Single layered microwave absorber

823 Partly and through Perforated double layered microwave
absorber

8.3 Conclusion

References

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shielding Material Over the
X-Band: Synthesis, Characterization, Analysis and Design Optimization



Perforated Design Structure of Microwave Absorber Chapter VIII

8.1 INTRODUCTION

Structural modification of microwave absorber by embedding
frequency selective surface (FSS) in the substrate or circular perforation etc.,
have been reported to enhance the bandwidth as well as absorption
performance [1-5]. The perforation of the dielectric substrate changes the
relative permittivity of the substrate [6]. The perforation can be carried out by
drilling holes in certain pattern taking into consideration that the distance
between the holes should be small in comparison to the operating wavelength
and in this way the uniform effective relative permittivity of the whole surface
can be ascertained. This effective permittivity depends on the ratio of the
perforated hole diameter to the distance between the two consecutive holes.
Larger the hole diameter, lower is the effective permittivity. However, it is to
be seen that the mechanical strength of the absorber system do not reach the
breaking limit. The reflection loss behavior depends on the effective
permittivity of the substrate; modification of EG-NPR substrate geometry may

change its microwave absorption characteristics.

The chapter describes design and fabrication of a circularly perforated
EG-NPR composite microwave absorber with single layered and double
layered structure. Rectangular wave-guide method is used for finding Sn

parameter for the structure.
82 Designing of perforated structure

Two types of perforation are carried out on EG-NPR absorber: (i) a
through the thickness perforation of single layered structures and (ii) through
and partly perforated double layer structure. The reflection loss properties of
the perforated substrate backed by a metal plate are carried out. Figure 8.1

shows a circular perforation on a dielectric substrate of relative permittivity,
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g I ! Unit cell

Figure 8.1 Perforated dielectric substrate with triangular lattice

&,, with triangular lattice. The maximum value of the ratio of the hole diameter
(h) to lattice spacing(s) for the self supporting substrate is reported to be
h/s = 11/12 and in the present investigation this ratio is maintained with hole
diameter 10 times less than the lowest working wavelength [3,6]. The
perforation on the dielectric substrate, modifies the relative permittivity of the
structure and the change in permittivity termed as effective permittivity &,
is given as -

Eeff = & (1 - K) +k (81)

Where x is the filling factor given by k = %‘;— for triangular lattice. Here

Ay is the area of the circular hole and A is the area of the unit lattice. The filling

factor for triangular lattice is obtained as

_ mh¥/4 _ m (h 2
©= =) 82)
Substituting (&, = &, — je,") and k in equation (8.1) we have
Eeff = Eeff' _jgeff” =& (1—k)+Kk—j& (1-k) (8.3)
Erf =& 17230 )T\ (84)
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e =g (2"75 (ﬂ)2 - 1) (8.5)

gor and e are real and imaginary effective permittivity of the perforated
system of triangular lattice. These values are utilized to calculate the reflection

loss behavior of the perforated system.

821 Effective complex permittivity of the through perforated EG-NPR

composite structure

The effective complex permittivity, £,¢¢, of the perforated single layer
EG-NPR composites with weight percentages 5, 7, 8 and 10 wt. % are

calculated from the measured values &, and ¢, discussed in chapter V using

2.8+ ¥ 1.24 . 05wt % o
5 s ® Tw %
) A 0Bwt %
; 264 g 1.04 v 0wt % |
3 E=4
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E 224 \ € 08+
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Figure 8.2 Calculated effective permittivity of perforated (5, 7, 8 and 10) wt. % EG-NPR
composites (a) Real part and (b) Imaginary part
in equations (8.4) and (8.5). The frequency dependent Eeff' and &,.¢f " graphs
are shown in figure 8.2 (a) and (b). The calculated ¢, spectra of the
perforated composite shows an increasing trend with increase in EG wt. %,
however, the value decreases towards higher X-band frequency. The &,/
values are sufficiently reduced in comparison to non-perforated EG-NPR
composites. One of the impedance matching condition mentioned in
Chapter VI is that the real part of permittivity should approach to ~1. From
the figure 8.2(a), the 5 wt. % EG-NPR composite is closing to ~ 1 at 12.4 GHz,
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excepting a good impedance matching at that frequency. The imaginary g,
spectra of the perforated composites show a similar trend with the non
perforated composites but the values are reduce. The reduced values of both
the real and imaginary effective permittivity spectra are due to the effect of air
present in the perforated region. Using these calculated values, a single layer

and double layer perforated microwave absorber is designed.
822 Perforated Single layer microwave absorber

According to the TLM, the reflection loss, RL: of the perforated EG-
NPR substrate backed by a perfect electric conductor (PEC) as shown in

Emergent EM wave
/ Incident EM wave
o o o o o
o (=] o
o o o o o
o o o o
o o o

figure 8.3, is given [7] as

Perforated
PEC

o o
o o

(=4 o

(@)

d:.\b o o o (b)

Figure 8.3  (a) Design structure of conductor backed perforated single layer absorber (b) Top

view of triangular lattice

_ I"l/g"’ff tanh (jan/c) /Eeffd—l l
RL. = 20lo Imtanh (jan/c)‘/'ser+1| (8-6)

Equation (8.6) shows that RL. value depends on the effective complex
permittivity and thickness of the perforated composite material. For designing
a single layer absorber with known complex permittivity, the only variable

parameter is the thickness, d. A MATLAB program is developed to calculate
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the minimum reflection loss value i.e. more negative values in dB by
optimizing the thickness parameters within the limit from Imm to 10 mm over
the X-band.

The algorithm of the program is as follows:

Step 1: Read data (g , €5 , f) from file.

Step 2: For each thickness from 1 mm to 10 mm at a step size of 0.5 mm, find

the minimum value of RL. among all the thickness and store the data.

Y

Read (Eeffl, Eoff » f) from data file

:

For each thickness 4 from 1 mm to 10 mm at a step of
0.5 mm, calculate RL. and store the minimum RL.

}

Figure 8.3A Flow chart diagrams for single layer absorber program

Calculated Reflection Loss of through perforated single layer absorber

The calculated RL: curves for the perforated EG-NPR composites are
shown in figure 8.4(a). The RL. ~-22 dB is observed at 12.4 GHz for 5 wt. % EG
composites of thickness 7.5 mm, the RL. peaks is shifted to lower frequency for
higher wt. % EG composition with values RL. ~-18 dB at 12.2 GHz for 7 wt. %
of thickness 6.5 mm, RL. ~ -19 dB at 11 GHz for 8 wt. % of thickness 6 mm and
RL~ -21 dB at 9.7 GHz for 10 wt. % of thickness 5.5 mm. The RL. values are
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Figure 8.4 (a) calculated Reflection loss, RL. (b) real impedance and (c)imaginary

impedance of perforated single layer microwave

found to be much less in comparison to non-perforated values discussed in
chapter VI. The impedance plot of the perforated composites shown in figure
8.4(b) and 8.4(c), can explain the lower values of RL.. The impedance matching
condition requires that the real and imaginary impedance should be
simultaneously equals to 377Q and zero [8]. The frequency dependent
impedance spectra should meet these criteria throughout the frequency band
and hence the lower values of RL. However, the calculated RL. shows a -10dB
absorption bandwidth of ~3 GHz for 8 wt. % and 10 wt. % single layer EG
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composites, and since the absorber is perforated, the weight of the absorber
system will be reasonably light and could be used in many desired

applications.

Reflection Loss measurement of perforated single layered absorber

Based on the calculated RL. single layered perforated EG-NPR
substrate as shown in figure 8.5(a), is fabricated by making circular holes of
diameter, = 2 mm and lattice spacing, s=2.18 mm, maintaining the ratio h/s =

11/12. The measured RLx spectra of 5,7, 8 and 10 wt. % composites are shown

m
64
e o a* * 7 o, e e,
’ v
. & " o g - v 9 - 94 v"'mzm:'un-‘o..u.....“.. ¥
L5 M‘u‘ :;"-
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Figure 8.5 (a) Perforated EG-NPR absorber structure and (b) RL. of perforated EG-NPR
composites

figure 8.5 (b). The dimension of the perforated samples is kept
22.86 mm x 10.16 mm x d. The RLy is measured using rectangular waveguide
technique for X-band frequency describes in reference [9].The frequency
dependent plots of RL» shows a similar characteristic as that of calculated RL..
A maximum reflection loss value of the composites with frequency and -10dB

absorption peak is tabulated in table 8.1.
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Table 8.1 Performance parameters of perforated single layered absorber
EG-NPR . . -10dB
composition Thickness Min_RL, Frequency bandwidth
5wt. % 7.5 mm -21dB 12.4 GHz 0.4 GHz
7wt. % 6.5 mm -16dB 12.0GHz 1.0GHz
8wt. % 6.0 mm -18dB 11.0 GHz 3.0 GHz
10 wt. % 5.5 mm -19dB 9.7 GHz 2.2GHz

From the table 8.1, it is seen that single layered perforated design of
thickness ~6 mm gives a -10dB bandwidth ~3 GHz. Hence, the perforated

structure has enhanced the bandwidth.

823 Partly and through perforated double layered microwave absorber

Reflection loss study of the perforated double layered is studied in two
ways: (a) through perforation of the two layers and (b) partly perforated i.e
only the 1st layer is perforated.

Emergent EM wave

Incident EM wave

(a) 1.4 @

— perforated absorbing layer
perforated absorhing laver
— PEC slab

Emergent EM wave

/ '{ Incident EM wave
nonperforated absorbing laver

/
o

perforated absorbing laver

oy 7 PEC slab

Figure 8.6 Schematic of double layered absorber structure (a) through perforated and
(b) partly perforated
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The schematic diagram of the through perforated and partially
perforated microwave absorber is shown in figure 8.6 (a) and (b) respectively.
In this study, the double layered combination dc_3.2 composed of 10wt. % EG
composite as 1%t layer and 8wt. % EG composite as 2d layer, is considered
since this structure gives maximum absorption peak and absorption
bandwidth out of all the other double layered combination discussed in the

previous chapter.

Using the TLM, the reflection loss expression for conductor backed double

layered absorber as discussed in chapter II, is given as

[ ’1/zeff tanh j(2nf/c) ’zeffdl-t ’l/ze,ftanh j@nf/c) feqrpdz
Jl/é‘eff -1

_Jl/feff +J;/5eff tanh (j(2nf/c) ’Eeﬁ-dl)tanh j@nf/c) seffdz) (8 7)

RL. = 20log

Jl/feff tanh j(2nf/c) Eeffd1+‘[1/zefftanh j@wnf/c) Eefde

V1/err

Jl/Eeff'*\F/Eeff tanh (j(2nf/c) ze,-fdl)tanh j@2nf/c) Eefde)

Using a MATLAB program based on the equation (8.7), the reflection
loss value for both the design is calculated.

From figure 8.7 (c), RL. is not showing a good absorption properties
with a maximum value of only -18dB at ~9.7 GHz, however, the partially
perforated structure shows a RL~-68dB at~11.2 GHz and -25dB bandwidth of
~2.7 GHz. This absorption behavior can be analyzed from the impedance
graphs shown in figure 8.7 (d), in which the real and imaginary impedance at
11.2GHz is approaching to impedance condition of 377Q and 0Q,
simultaneously. Based on this calculated value a partially perforated double
layered combination dc_3.2 in which the layer d is perforated and kept
beneath the front layer c.
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Figure 8.7 Plots of (a) RL. and (b) complex impedance of partially perforated double

layered absorber, (c) RL and (d) complex impedance of completely perforated
double layered absorber

The dimension of the sample is kept as 22.86 mm x 10.16 mm x 3.2 mm and
reflection loss measured is performed using rectangular waveguide method.
The measured reflection loss RL» is plotted as a function of frequency and
showing in figure 8.8. The RL»,~-40dB is observed at 11.3 GHz showing
a -25dB bandwidth of ~2.4 GHz. The developed partly perforated double
layered being light weight and thin is found to be a promising microwave
absorber for applications over the X-band.
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Figure 8.8 RLy values of partially perforated dc_3.2 microwave absorber

83 CONCLUSION

The perforated single layered structure shows an enhancement of bandwidth
from ~1GHz for without perforation to about 3GHz. The best performance
double layered structure shows comparable results except the weight reduces
to by 17.8 %. The weight reduction will make the EG-NPR composites useful
to be mounted on many airborne systems. The measurement technique used
here is waveguide technique instead free space technique used for non-
perforated structure which may give some discrepancy in the performance

parameters.
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The present study is carried out with an objective of developing a
broadband microwave absorber in X-band with practical design consideration
of light weight, environment inertness, thermally stable and cost effectiveness.
A low density expanded graphite (EG) flakes are successfully synthesized
from natural graphite flakes and used as reinforcers in novolac phenolic resin
(NPR) matrix to develop the dielectric microwave absorber. Formation of EG
is confirmed from XRD pattern showing the expansion of the graphite basal
planes along c-axis. The thickness of EG sheets ranges from 20nm - 50nm and
the homogenous distribution of EG flakes in NPR matrix ensure uniform
interaction of microwave with the dielectric composites. FTIR shows presence
of hydroxyl and methylene group’s in NPR which is responsible for bonding
with EG and the interaction is physical in nature. EG-NPR composite system
shows low density <1 and has negligible water absorption and thermally
stable up to 300 °C with sufficient thermal conductivity and thermal
dimensional stability. Complex permittivity of the composites is measured
using Nicolson-Ross technique over the X-band. The real permittivity &,
increas;es linearly from 5 to 10 wt. % but further increase in EG wt. %
decreases its value. Enhancement of ¢, , is observed with increase in EG
percentage in NPR and both real and imaginary part of complex permittivity
shows a decreasing trend with frequency. Dielectric loss tangent (tans,),
attenuation constant (@) and microwave conductivity (¢) increase with EG
wt. % in the composites.

EG-NPR composite is developed as a conductor backed single layer
absorber, using transmission line model, where the thickness of the dielectric
absorber substrate is optimized for maximum reflection loss over the X-band.
The calculated and measured reflection loss value of 4 mm thickness is found
to be adequate matching with RL; ~ -55dB and RLx~-43dB at 12.4 GHz for
5 wt. % EG-NPR composite. A -10dB absorption of ~1GHz is observed for 7 to
10 wt. % composites. The EG-NPR composites from 30 wt. % to 50 wt. %
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shows high values S21~-40dB over the entire X-band and can be used as
shielding material by reflection.

To enhance the absorption bandwidth, a multilayer structure is

designed and optimized by the layer compositions and individual layer
thickness to find the maximum absorption peak and absorption bandwidth of
-25dB and -30dB over the X-band. The double layer design of total thickness
3.2mm shows -25dB and -30dB bandwidth of 246 GHz and 1.75 GHz
respectively. The triple layer design shows -25dB and -30dB bandwidth of
2.16 GHz and 1.49 GHz respectively. A perforated design through the EG-
NPR composite system reduces the weight without much -effecting
performance, however single layer structure with perforation shows 2GHz
enhancement of bandwidth in X-band range.
The present work shows an ample indication on the potential of EG-NPR
composites as microwave absorbing materials for application in the frequency
range of 82GHz to 124 GHz. The developed microwave absorber has
additional advantages of light weight, relatively thin dielectric absorber and
cost effective.

The performance of the absorber can be further improved by
incorporating magnetic inclusions in addition to EG flakes in the composites.
5 wt. % EG composites shows a minimum RLx towards the higher X-band, so
extension of frequency towards K. band as well as C-band to study the
microwave absorption behaviour of the developed composites could be
performed. Furthermore, while designing microwave absorber, the metal
plate can be replaced by higher wt. % EG composites due to high reflecting
properties of 30 to 50 wt. % composites. The EG-NPR composites developed
can be fabricated in the form of tiles and have negligible flexibility. A flexible
microwave absorber may be developed by incorporating EG flakes into
flexible base matrix like EPDM etc. and check the microwave absorption

properties.

Expanded Graphite-Novolac Phenolic Resin Based Electromagnetic Interference (EMI) Shielding Material Over the
X-Band: Synthesis, Characterization, Analysis and Design Optimization 178



APPENDIX

A. The theoretical thickness limit for broadband microwave absorption

in the frequency range 8.2 GHz to 12.4 GHz

The minimum thickness limit of a dielectric microwave absorber for broadband
absorption in a particular frequency ranges f; and f;, corresponding to wavelength
Ajand 4, is given as

;" In[R(D)|dA| < 2r2 X, d; (A1)
Where d;is the thickness of the it layer of the absorber, R(1) is the frequency
dependent reflectance and dA = 4; — ;.
Introducing decibel scale of the reflectance i.e RL=20log|R(A)| and since In|R(2)|
=2.303log|R(4)], the equation (A.1) is modified to

|f0°° 2.303%‘%:1/1[ <Y d; (A2)

For RLc =-30dB absorption over the wavelength ranges 4; = 36.58 mm and

" A, = 24.19 mm, the minimum total thickness limit of the absorber is derived as
RL,
2.30320“—2 Q-A)<d (A3)
Substituting the values of RL 4, and 4, , we get

d>21mm.
Thus, to give a RLc=-30dB over the frequency range 8.2 GHz to 124 GHz, the

thickness of the dielectric microwave absorber could not be less than 2.1 mm.
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B. MATLAB program based on Nicolson Ross method for computing

complex permittivity

clear ali;
P=xlsread(*C:\ Users\k11.xlsb"); % loading k11.xisb file contmming measured Sy1 values
Q=xIsread('C:\ Users\ k21.xIsb'); % loading k11.xlsb file contaning measured Sy values
Sni=P (1:201, 2);
Sx=Q (1:201, 2);
V1=5;1+51;
V2=55;-533;
V3=V1 (1: 201,1).*V2(1: 201,1);
X =(1-V3)./(V1-V2);
Y = sqrt(X.~2-1);
R1=X+Y;
al=real(R1);
bl=imag(R1);
Rf = sqrt((al).*2+(b1).”2)
R2=X-Y;
a2=real(R2);
b2=imag(R2);
Rs = sqrt((a2)./2+(b2).72)
for i=1: 201
if (Rf(i)>1)K(i)=Rs(i), end;
if (Rs(i)>1)K(i)=Rf(i); end;
end
R=transpose(K);
T = (V1-R)./(1-V1.*R);
cl=((1+R)./ (1-R)).*2;
f=P(1: 201,3);
w = 2*pi*f(1: 201, 1);
d =3.7*10"-3;
¢ =3*10"8;
M=w.*d;
N=c./M;
€2 =-[N.*log(1./T)].~2;
e = sqrt(c2./cl)
el=real(e) %real part of complex permittivity
e2=imag(e) %imaginary part of complex permittivity

3 30 38 o O o 3k 36 3 3 0 36 36 3 o 3 F 36 o b 3 2 3 36 3 3 o 36 3 O o 3 38 b b o 3 36 3 3 o 3
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C

A MATLAB program for reflection loss optimization with varying
individual layer thickness of multilayer layer absorber system

The input impedance and reflection loss of a conductor backed multilayer
microwave absorber can be calculated using Transmission Line Model. The
following program is developed based on the reflection loss expression for

triple layer microwave absorber.

clear all
load ('C:\Users\hp\ Desktop\pfl.txt'); %loading ‘pfl.txt’ file containing frequency,
real and imaginary permittivity of EG-NPR composite

f=pfl1(.,1); %frequency in X band

c=3*10"8; %free space microwave velocity

cl=c"2;

el=pfl{(.2); %Real permittivity of 1st layer EG-NPR composite
e2=pf1(,3); % Real permittivity of 2nd layer EG-NPR composite
e3=pfl(:4); % Real permittivity of 3rd layer EG-NPR composite
ell=pfl(.,7); % Imaginary permittivity of 1st layer EG-NPR composite
e22=pfl(,8); % Imaginary permittivity of 2nd layer EG-NPR composite
e33=pf1(.9); % Imaginary permittivity of 3rd layer EG-NPR composite
ul=1; % Real permeability of 1st layer EG-NPR composite
u2=1; % Real permeability of 2nd layer EG-NPR composite
u3d=l; % Real permeability of 3rd layer EG-NPR composite
ull=0; %Imaginary permeability of 1st layer EG-NPR composite
u22=0; % Imaginary permeability of 2nd layer EG-NPR composite
u33=0; % Imaginary permeability of 3rd layer EG-NPR composite

%d;=1*10"-3;
%d,=2*10"-3;
% d3=1*10"-3;
% thickness=10;
ArrThickness=[};
ArrResults=[];
plot_data=[];
%varying total thickness from 3 mm to 5.4 mm at a step size of 0.5mm, within a selected

thickness range say 3 to 3.4 mm, find the individual layer thickness combination which gives
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minimum value of RL., store the data and continue steps for next thickness range say 3.5 to
3.9 mm.
for t=3:5:5.4

Results=[};

RLminLimit=0;

clear d1minRL d2minRL d3minRL RL_min f min Zr_min Zi_min fBand4minRL
RLminTillNow Zrealmin Zimagmin

for thickness=t:0.1:(t+0.4)
%result will have d; d2 d3 RL f Zr
‘for i=1:1000
while(1)
dy=rand*thickness;
d>=rand*(thickness-d;);
ds=(thickness-(d1+d2));
if (d1<0.5 | | d2<0.5 | | d3<0.5)
continue
else
break
end
end
d,=d,*107-3;
d,=d;*10"-3;
ds=ds*10"-3;
al=ul.*el+ull.*ell;
bl=ul.*ell-ull.*el;
Aal=al./Al;
Abl=bl./Al;
Z1=sqrt(complex(Aal,Abl));
n1=377.*Z1;
A2=e2."2+e22.12;
a2=ul.*e2+u22.*e22;
b2=u2.*e22-u22.*e2;
Aa2=a2./A2;
Ab2=b2./ A2;
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Z2=sqrt(complex(Aa2,Ab2));
n2=377.*72;
A3=e3.72+e33.12;
a3=u3.*e3+u33.*e33;
b3=u3.*e33-u33.%e3;
Aa3=a3./A3;

Ab3=b3./A3;
Z3=sqrt(complex(Aa3,Ab3));
n3=377.*7Z3;
cl=ul.*el-ull.*ell;
fl=ul.*el1+ull.*el;
Di=sqrt(complex(c1,(-f1)));
gl=(i*2*pi*f./c).*D1;
c2=u2.*e2-u22.*e22;
f2=u2.*e22+u22.*e2;
D2=sqrt(complex(c2,({-f2)));
g2=(i*2*pi*f./c).*D2;
c3=u3.*e3-u33.*e33;
f3=u3.*e33+u33.*e3;
D3=sqrt{(complex(c3,({-f3)));
g3=(i*2*pi*f./c).*D3;
El=i*tan((2*pi*f.*d1/c).*D1);
E2=i*tan((2*pi*f.*d2/c).*D2)
E3=i*tan((2*pi*f.*d3/c).*D3);
G=nl.*El;

Gr=real(G);

Gi=imag(G);

H=n2*E2;

I=n1.*E1.*E2;
A=(n2.*(G+H))./ (n2+I);

Ar =real(A);

Ai = imag(A);

B=n3.*E3;

C=A"E3;

M=A+B;

N=n3+C;
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Z9=M./N;
2in=n3.*7Z9;
Zr=real(Zin);
Zi=imag(Zin);
R1=Zin-377;
R2=2Zin+377;
R3=R1./R2;
R4=abs(R3);
RL=20*log(R4)
RL_min=min(RL);

%finding the least RL that we calculatéd till now.

%once a lesser RL is found, it is kept and earlier

%min RL matrix and f bannd values are replaced.

1F RL_min<RLminLimit
RLminTillNow=RL,
fBand4minR1=f;
diminRL=d1;
d;minRL=d2;
dsminRL=d3;
f__min=f(find(RL==RL_min,1f));

Zr_min=Zr(find(RL==RL_min,1));

Zi_min=Zi(find(RL==RL_min,1));
RLminLimit=RL_min;
Zrealmin=7r;
Zimagmin=Zi;
end
end
end

ArrResults=]ArrResults;

d1minRL+d2minRL+d3minRL,

diminRL,d>minRL,dsminRL,RLminLimit,f_min, Zr_min,Zi_min};

str=sprintf('Thickness_%5.2f.matt);

toStore=[fBand4minRL, RLminTillNow, Zrealmin, Zimagmin];

save(str, 'toStore' );

end
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