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Abstract

Specifically the EM absorbers are in demand for the frequency range 1-40 GHz,
because of their requirement in electromagnetic interference (EMI) shielding and
countermeasure to radar detection. In defence sector, stealth technology demands
such EM absorbers towards radar cross section (RCS) reduction. Total absorption
of impinging electromagnetic (EM) wave requires the suppression of all propaga-
tion phenomena, viz., reflection, transmission, and scattering. The absorber can be a
dielectric material or dielectric combined with metal plates placed at different
intervals. The EM absorption is not difficult to achieve by increasing the volume
of the absorber material and shaping its geometry, provided there is no limitation of
space and weight. However practically, the space on airborne platforms is so
limited that the designer has to consider various design factors, such as weight,
thickness, absorptivity, environmental resistance, mechanical strength, etc. This
brief presents a detailed analytical formulation, step-by-step design procedure for
EM design of radar absorbing structures (RAS). Both the equivalent circuit model
and Smith chart approach are discussed with illustrations. It provides the reader a
clear understanding of the steps involved in designing multilayered RAS as per the
desired specifications. This book will be helpful for beginners, academicians, and
R&D engineers working in the field of RAS design and development.

Keywords Radar absorbing structure ¢« EM design ¢ Absorption « Equivalent
circuit « Smith chart « Reflection coefficient « Admittance
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Preface

In the present era, low observability is one of the critical requirements in aerospace
sector, especially related to defense. The stealth technology essentially relates to
shaping and usage of radar absorbing materials (RAM) or radar absorbing struc-
tures (RAS). The performance of such radar cross section (RCS) reduction tech-
niques is limited by the bandwidth constraints, payload requirements, and other
structural issues. Moreover, with advancement of materials science, the structure
geometry no longer remains key decisive factor toward stealth. There is a major
contribution of RAM and RAS in reducing the radar signatures. These RAM/RAS
not only contribute in reducing RCS of vehicles such as aircraft or ship but also
serves the purpose of reducing or even eliminating the presence of spurious
radiations in the environment, caused by electronic equipment operating at high
frequencies. EM absorbers are specially designed materials which can inhibit
transmission or reflection of incident wave. The absorber can be a dielectric material
or dielectric combined with metal plates placed at different intervals. The EM
absorption is not difficult to achieve by increasing the volume of the absorber
material and shaping its geometry, provided there is no limitation of space and
weight. However, practically, the space on airborne platforms is so limited that the
designer has to consider various design factors, such as weight, thickness, absorptiv-
ity, environmental resistance, mechanical strength, etc. This document presents a
detailed analytical formulation and design procedure for EM design of radar absorb-
ing structures (RAS). Both the equivalent circuit model and Smith chart approach are
discussed. This work provides the reader a clear understanding of the steps involved
in designing multilayered RAS as per the desired specifications.

Bangalore, Karnataka, India Hema Singh
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About the Book

Specifically the EM absorbers are in demand for the frequency range of 1-20 GHz,
because of their requirement in electromagnetic interference (EMI) shielding and
countermeasure to radar detection. Further the EMI/EMC is one of the important
issues in industries related to high-speed wireless data communication systems,
wireless local area networks (LANSs), mobile and satellite communication systems,
all-time money (ATM) machines, etc., operating in microwave frequency range. In
defense sector, stealth technology demands such EM absorbers toward radar cross
section (RCS) reduction.

Total absorption of impinging electromagnetic (EM) wave requires the suppres-
sion of all propagation phenomena, viz., reflection, transmission, and scattering.
The absorber can be a dielectric material or dielectric combined with metal plates
placed at different intervals. This document presents a detailed analytical formula-
tion and step-by-step design procedure for EM design of radar absorbing structures
(RAS). Both the equivalent circuit model and Smith chart approach are discussed
with illustrations. This book provides the reader a clear understanding of the steps
involved in designing multilayered RAS as per the desired specifications. This book
will be helpful for beginners, academicians, and R&D engineers working in the
field of RAS design and development.
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Chapter 1
Introduction

The main purpose of absorbers is to inhibit the reflections of incident electromag-
netic (EM) wave. The rapid developments in the field of communication and radar
systems directed the attention of researchers toward EM absorbers. During initial
stages, absorbing structures were mainly used to avoid electromagnetic interference
problem. Since low observability became a critical requirement in aerospace sector,
the application of absorbers got broadened. This led to the development of radar
absorbing material (RAM) or radar absorbing structure (RAS). The classic
absorbers like Salisbury screen, proposed long back, consist of resistive sheet
placed a quarter wavelength apart from the ground plane. It is a good example for
an absorber with simple structure and design procedure. However, the Salisbury
screen has a drawback of bandwidth constraints. Jaumann absorber, considered as a
higher version of Salisbury screen, consists of several resistive sheets placed
quarter wavelength apart from each other. Its performance compromises on total
thickness, but provides broader bandwidth. In order to achieve wider bandwidth
with reduced thickness, frequency selective surface (FSS) is included in the design
of absorbers. A FSS consisting of metallic structures and dielectric layer exhibits
resistive as well as reactive properties. This results in impedance matching over a
wide bandwidth. In other words, broadband absorption can be achieved with thinner
absorbers.

The frequency response of such absorbers is usually evaluated through circuit
simulating software or by using numerical-based methods, viz., method of moments
(MoM). These numerical methods provide less information related to the design
procedure and are computationally expensive. In the design phase of product
development, it is necessary to have fast yet reasonably accurate means of evalu-
ating the performance. For simple structures like Jaumann and Salisbury screen, the
transmission line model (TLM) of the absorber and Smith chart provide sufficient
information about the frequency response and overall design. In order to get an
immediate knowledge of electromagnetic properties of complex FSS structures, an
equivalent circuit analysis can be adopted. Unlike full-wave simulation using

© The Author(s) 2018 1
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2 1 Introduction

circuit simulating software, TLM provides good insight into the physical and design
properties of the periodic structure.

The aim of the present work is to provide basic understanding to the beginners
about the absorber and its design procedures. This document has three sections. In
Section 1, a simple Jaumann absorber is considered, and the design rules for the
same till N layer is discussed. Section 2 explains how to build a simple model of
absorber using an equivalent circuit model toward achieving basic design that
meets the desired specifications. In Section 3, the design rules for absorber design
using the Smith chart approach is explained. Once the basic design is done, one can
go for full-wave simulation and more accurate modeling.



Chapter 2
Design of Radar Absorbing Structure

As mentioned earlier, EM absorbers are specially designed materials which can
inhibit transmission or reflection of an incident wave. The absorber can be a
dielectric material or dielectric combined with metal plates placed at different
intervals. One knows that absorption happens when the effective impedance is
matched to the free space impedance. In other words, in case of impedance
matching, the wave incident on the absorber passes through the material without
any reflection and gets absorbed.

Absorbers can be constructed by placing one or more resistive sheets in a
stratified medium (Munk et al. 2007). The most effective design method is to
place a homogenous resistive sheet at a distance of 4/4 in front of a perfectly
conducting ground plane. Such an absorber is called as Salisbury screen and
possesses a narrow absorption bandwidth (around 26%) (Kazemzadeh and Karlsson
2009). The bandwidth can be increased by adding resistive sheets to the medium,
spaced A/4 apart resulting in so called Jaumann absorber. The bandwidth can be
enlarged further by placing suitable dielectric slabs between the resistive sheets
particularly in front of the outermost resistive sheet. This absorber broadens the
absorption bandwidth by compromising the overall thickness (Lee and Lee 2012).
In other words a Jaumann absorber is a multilayered version of the Salisbury screen.
The main components of a Jaumann absorber include (a) spacers, (b) resistive
sheets, and (c) a metal plane, as shown in Fig. 2.1. A spacer along with the resistive
sheet adjacent to its incident side is considered as a Jaumann section. Each of these
components is infinite and homogenous in transverse dimensions, whereas spacers
alone are homogenous in the axial direction (Toit 1994).

(a) Spacers The spacers are assumed to be identical lossless dielectrics, i.e.,
U= o, and completely specified by the dielectric constant ¢,, where € = ¢,¢, with
e >1.

The characteristic impedance of a spacer is expressed as

© The Author(s) 2018 3
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4 2 Design of Radar Absorbing Structure

Fig. 2.1 Topology of a

Jaumann absorber Reflected Incident
wave wave
Sheet N
Sheet n
Spacer N
Spacer n «—— Resistive
sheet 1

Spacer 1
~——» PEC

Z_’70~120”
Ve Ve

It is noted that the characteristic impedance of dielectric spacer is equal or less
than the intrinsic impedance of free space,ny (Toit 1994).

Q, (2.1)

(b) Resistive Sheets Resistive sheets are assumed to have zero thickness and are
completely specified by surface resistivity R ,in £/sq. and lies in the range 0 < R
. <00 where n=1, 2, ...N.

(c) Metal Plane Metal plane acts as substrate on which dielectric and resistive
sheets are placed. Here the metal plane includes a target object (whose reflection
coefficient is to be reduced) and an infinitesimally thin perfect electric conductor
(PEC).

Figure 2.2 presents a sequence of steps required for designing a RAS with
arbitrary configuration.

2.1 Single-Layer Jaumann Absorber

A single-layer absorber commonly known as the Salisbury screen consists of a
single resistive sheet, a dielectric layer, and a metal sheet, as shown in Fig. 2.3.
The corresponding dimensions used in design of a single-layer absorber are
given in Table 2.1. The dielectric spacer in between resistive sheet and ground
plane is taken as foam with permittivity value equal to that of air. The dielectric is
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Fig. 2.2 Flowchart for

designing RAS of arbitrary Select desired absorption range
configuration

Calculate 4/4 spacing between
the layers

v

Calculate admittance Yy

v

Calculate sheet resistivity Ry ,

!

Full wave simulation

Fig. 2.3 Schematic of a d,
single-layer absorber <] D>

)

=
<
)—U
el

Table 2.1 Dimensions of a

) Parameters Layer 1
single-layer absorber

Dimension of patch (mm x mm) 6x6
Resistivity of square patch (€2/Sq) 377

Width of dielectric (mm) 6
Thickness of dielectric (mm) 7.5

placed at a distance of dy, and it is taken as A/4 since the electric field is maximum at
this point.

The front and transparent view of design of a single-layer absorber are shown in
Fig. 2.4. The reflection coefficient of Salisbury screen is shown in Fig. 2.5.
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(a) (b)

Fig. 2.4 Single-layer EM absorber, (a) front view, (b) transparent view

It is apparent that the reflection level obtained is below —20 dB around the center
frequency, i.e., from 8.5 GHz to 11.5 GHz.

ABCD Matrix Approach For the sake of calculations, analysis, and better under-
standing, an absorber can be modeled as a transmission line circuit. The transmis-
sion line model for a single-layer Jaumann absorber is shown in Fig. 2.6. Such a
section can be solved easily using cascade parameters of the voltage ABCD matrix
T; [Appendix Al].

The input impedance and voltage reflection coefficient equations are derived
using S as a frequency element in complex plane s, where S = tan/s and s = jw. The
ABCD matrix for the above transmission line section is given by (Toit 1993)

[‘Iﬂ - [Yl ZCYZESJr 1] [YIZ] (2.2)

This fundamental section of transmission line model for a single layer is more
than enough to solve for Jaumann absorber with N sections. It is obtained by
multiplying individual matrices of different sections arriving at a 2 X 2 matrix X,:

N—1
_|Av By | _

Here,An, By, Cy, Dy are the matrix elements for N layers.
The input impedance of the structure is given by


https://doi.org/10.1007/978-981-10-5080-0_A
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N
o
T

S44(dB)
&
o

2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

4
o
o

Fig. 2.5 Reflection coefficient of a single-layer absorber

Fig. 2.6 Isolated Jaumann I Z, L
section — <+
C—
Y,
4] " Vs
Vv B
Zun=7| =5 (2.4)
1ly,=0 N
and the reflection coefficient I'(S) is expressed as
Zw—1 By—D
rE) ==t N0 (2.5)

~ Zw+1 By+Dy

The measureable reflection coefficient in terms of normalized physical fre-
quency, o, can be calculated by using (Toit 1993)
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T =T(S)r(=S) (2.6)

|S:jtanw

Z;, and I' are rational functions of two real polynomials in S of order N. The
coefficients of S is the sum of products of the admittance Y and the characteristic
impedance Z,. The details of derivation are given in the next section.

2.2 Double-Layer Jaumann Absorber

The schematic diagram of a double-layer Jaumann absorber is shown in Fig. 2.7.
Each layer of absorber is represented by a matrix. Here matrix A and matrix
B correspond to Layer 1 and Layer 2:

1 Z.S
[A] = [Y] Z.SY; + 1

[ Z.S
[B] = [Y2 Z.SY, + 1

} for Layer 1, (2.7)
} for Layer 2, (2.8)

AN B N
Cy Dy
ABCD matrix (for N =2) are obtained as

Using matrix multiplication B X A = [ } , the matrix elements By, Dy of

B, =27.8 + Z,28%*Y, (2.9)

o
o

~
B
S

PEC

Fig. 2.7 Schematic diagram of a double-layer absorber
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Dy =Z2S*Y\ Yy + Z.S(Y| +Y3) + 1 (2.10)
Then the input impedance is obtained as

By B>
Zin = — = — 2.11

The corresponding reflection coefficient for double layer is given by

BN_DNNDN_BZ_DZ

I'= ="
BN+ By + D,

(2.12)

Substituting the values of B,and D, in (Eq. 2.12), an equation in the general form
is obtained:

2
-1
_ @S tas -l (2.13)
biS”+bS+1
where
ay=22Y(1-Yy) ay=2Z.(2—-Y, —2Y,) (2.13a)
by =Z2Y (14+Y,y) by=Z.(2+7Y,+2Y,) (2.13b)

A typical design of a two-layer Jaumann absorber is shown in Fig. 2.8.

._(a)_ R Z _ ...(_b)

Fig. 2.8 Design of a two-layer absorber, (a) front view, (b) transparent view
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A two-layer Jaumann absorber is designed by placing one more resistive layer on
the top of a single-layer absorber (Fig. 2.4) at a distance of A/4 from the first
resistive sheet. In this design the electrical thickness remains the same since the
operating frequency is not changed.

Calculation of Admittances Y; and Y, The resistive sheets above the dielectric
spacer should be designed in such a way that effective impedance is matched to the
free space impedance. Y;and Y,are obtained from (Eq. 2.13a), as explained in
Appendix B. Then these admittances are used to find the effective impedance of
corresponding layers.

From (Eq. 2.13) it is clear that there exist two solutions for Y and Y5:

—ay + VA
=
Solution A : ¢ (2.14)
yy— 142 VA
T 47,
—dy — \/K
=
Solution B : ¢ where A = a,” 4 8a, (2.15)
Y, =1 + M
T 47,
With a; = 1/8% and a, = 0, solution B always gives negative Y, that is not

acceptable. Therefore, solution A is considered (Appendix B).
On simplifying (Eq. 2.14),

V2
Y =—, d 2.16
1 7.5 an ( )
Y, =1 ! (2.17)
2T V2z.s '
Z=7S = VHr where, y,, e = 1, Z =1 Q (for air)
NG
Thus, ¥ = ¥ = V2 /Q and ¥, = 1 — 5 =0.2928/ @
This gives
377 377 377 377
L= = = 266.619Q Rip=>"t= = 1287.56Q/sq.
1=y T Taqg  200:019Q/sq Roa = = gmgng = 1287.56Q/5q

The parameters of a two-layer absorber are tabulated in Table 2.2. The relative
permittivity of the dielectric spacer is taken as that of air. The thickness of the
dielectric is 4/4 at center frequency of 10 GHz.

The reflection coefficient of a double-layer absorber (whose resistivity values are
calculated from above derivation) is shown in Fig. 2.9. It is evident that a two-layer


https://doi.org/10.1007/978-981-10-5080-0_B
https://doi.org/10.1007/978-981-10-5080-0_B
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Table 2.2 Dimensions of a

Parameters Layer 1 Layer 2
double-layer absorber Dimension of the patch (mm x mm) 6x6 6x6
Resistivity of square patch (€2/Sq) 266.619 1287.56
Width of dielectric (mm) 6 6
Thickness of dielectric (mm) 7.5 7.5

S44 (dB)

o
o
T

&
o
T

2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

%
S

Fig. 2.9 Reflection coefficient of a double-layer absorber

absorber is better than a single-layer absorber in terms of absorption (A = 1-R-T') as
well as bandwidth. However the trade-off is in terms of thickness and payload.

2.3 Design Procedure of N-Layer Absorber

From previous section, one may notice that the numerator of reflection coefficient is
sufficient to find the admittance value (as per design objective, I' = 0). When the
number of layers is increased, the complexity in calculations for admittance for
each layer also increases. Therefore, in order to compensate this problem, a general
equation to find the “n” admittance values for N layers is required.

Zimy—1 By—D
It is known that reflection coefficientI'(S) = =N N

- = (2.18)
Zin + 1 BN + DN
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Writing a generalized form of an equation for the reflection coefficient, one gets

N
Sa,St—1

r(s) =" (2.18a)
S b,S" 41

n=1

with @, and b,, positive real finite coefficients.
For design procedure modification should be done only to the numerator since
the denominator term in (18) is insignificant in RAS design.

N
The numerator of (Eq. 2.18), i.e., Nr(S) = >_ a,S" — 1, is used to calculate the
n=1
coefficients a;,a,...a,. To find these coefficients for n layers, a standardized
equation is needed. For this a term Py is introduced, i.e.,

N
Nr(S) = anS" — 1= (ZS+ 1)Py — Py, (2.19)
n=1

The expression for Py and the standardized equation to find the coefficients can
be derived as follows (Toit 1993).
The ABCD matrix for n layers can be written as

An Bn _ 1 ZcS Anfl anl
|:Cn Dn:| N [Yn Z(,'YHS + 1:| |:Cn1 Dn1:| (220)
Withn=2,3,...N.
Thus, the general expression for B,and D,, can be extracted as follows:
B,=B,_1+Z.SD,_, (2.21)
D,=Y,B,_1+ (Z.Y,S+ 1)D,_; (2.22)

where, for n = 1 from (Eq. 2.20),B,=Z2.S,and D, =Z.Y S+ 1.
Substituting n=n+ 1 in (Eq. 2.21), one gets

B,.1 =B, + 25D, (2.23)
Substituting value of D, from (Eq. 2.22) in (Eq. 2.23), one has

Bui1 =By +ZS[YuBy 1 + (Z:Y,S + 1)D, 1]
=B, +ZSY By +ZSYDy—y + D]
=By +ZS[YuBy1 +ZY Dy + Dyi] (2.24)
=B, +Y,Z.SBy_1 +Z*S*Y,Dy_1 + Z.SD,
=B, + (Z.SY,)B, 1 + Z.S(Z.SY, + 1)D,_,

From (Eq. 2.21), B, =B, _ 1 +Z.SD, _



2.3 Design Procedure of N-Layer Absorber 13

(2.25)

Substituting (Eq. 2.25) in (Eq. 2.24),

B, — B,_
Bui1 =By + (ZSY,)By_y + ZS(Z.SY, + 1) {Z_Sl]

On rearranging the equation,
Bui1 = B,(2+Z.SY,) — B,y (2.26)

Withn=1,2,...N—1,By=0, and B; =Z.S.
Substituting (Eq. 2.25) in (Eq. 2.22), one gets

B, — B,
Dy =Y,By 1+ (ZSY,+ 1) (Tl)

z.SY,B, —2.8Y,B,_1 +B, — B,
=Y,By1 + 7S l l
_ Yan—]ZcS + Z(‘SYan - Zcngian—l + Bn - Bn—l
B Z.S

1
5 S{(ZCSYn +1)B, —B,_1} Forn=23,...N

(2.27)

D, =

From (Eq. 2.26),
Bn+l - Bn = Bn(ZcSYn + 1) *anl

Thus, (Eq. 2.27) can be written as
1
D,=—{B,.1 —B,},n=1,2,...N 2.28
75 B~ Bi)on (228)

1
Defining, P, = Z—SB"’ n=0,1,2,...N+1 (2.29)

The equation (Eq. 2.26) becomes
Py1 =P,(Z.8Y, +2)— P, withPy =0, Py =1, n=1,2,....N  (2.30)
The equation (Eq. 2.18) for reflection coefficient can be re-written as

Zw—1 By—Dy By/Dy-—1
 Ziu+1 By+Dy By/Dy+1

I(s) (2.31)

From (Eq. 2.28) and (Eq. 2.29),
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By =Z2.SPy Dy =Pny1 — Py

Z.SP
PN+1_1;,)N_ 1 (ZCS+1)PN_PN+1
') = zs 7 " (ZS—1)Py+P (2.32)
Pra—Py T ¢ N T EN+1
The numerator of (Eq. 2.27) can be written as
N
Nr(S) = anS" — 1= (ZS + 1)Py — Py (2.33)

n=1

which is same as (Eq. 2.19).

In order to calculate the coefficients a;,a», ...ay, assume Po=0and P;=1.
One may notice that the numerator of reflection coefficient is expressed in terms of
Pyand Py, ;. The equations for calculation ofPy , ;and to find coefficients a,, are
given in Appendix C.

For a single layer, there will be one coefficient, a;. Likewise for a double-layer
absorber, there will be two coefficients a; and a, corresponding to the admittance of
each layer. Once a, is known, the corresponding sheet admittance Y, can be
obtained. This gives the resistivity of the layer in the absorber.

As an example, let us consider a double-layer absorber, i.e., N = 2. Here the
generalized equation is used to find the values of a;,a;, ...ay of two layers.

The general equation is P,(S) = Z pis™, for n
= 1,2,...N + 1 (2.34)

For N = 2, it is required to find P, P,, and P3.
From (Eq. 2.34), P (S) = p(()l)SO =1

me 680 +pis!
Zp =py)8* +p{Vs" +pi's?
m=0

Further, the expression (Eq. 2.34) should also satisfy the condition
P =0form <0orm>n (2.33)

According to (Eq. 2.30), one has
Pn+1 = Pn(Zc'SY}'L + 2) - P,

Using (Eq. 2.34), the above equation can be written as
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pin = ZCY,,,UJ,(:’:I1> +2p0 ) —p=D) iy = 0,1, ...n — 1 (2.36)

m

In this example, m = 0, 1, 2 and n = 2, 3.

Casel n=2
P =ZYp, . + 204 —pyy)
For n = 2 and m = 0, (Eq. 2.36) can be written as
2 1 0
pe =2Yipty + 2w~ pf
Applying the condition (2.35), one gets
2
Py =2 =2
Continuing with same procedure, for n =2and m=1

[752) = ZCYIP(I) + 2p(ll) _[750) =271

Forn=2and m=2

2 1 0
Casez 1’1—3

3
Py =ZYop2 y +2pP) — piV

Forn=3and m=0
3 2 1
Py =2 Yop* + 2§ —py =20 —ph =3
Forn=3and m=1
Py =2Yops +2p7 — p) = 2(2Y2 + 2.1)
For n=3and m=2
ps) =2} + 20 —p)) = 22111
Now one has all the values forp").

Again in order to find out the coefficients a; and a, for two layers,

2
Ne($) = ans"—1
n=1

(N)
n—1

ay = 2PNV, + PN — PV for p=1,2

n
Therefore a; = ZL.P(()z) + P(lz) — P(13)

ay =22, + ZY, — (2ZY2 +2Z.Y)) = Z.(2+ Y| — 2, — 2Y))
= Z.(2— Y, —2Y))
ay =27PP + PP —PY = 22V, +0 - 22V\Y, = 22Y,(1 - 1)

Using these coefficients, admittance of each layer is determined. This provides
the resistivity of each layer used in designing the absorber.

Table 2.3 summarizes the values of coefficients a, up to three layers of the
absorber (Toit 1993).
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Table 2.3 Symbolic expansions Np(S) for N =1, 2, 3

N=1 N=2 N=3
a Z(1—Y)) Z(2—Y, —2Y,) 73— Y, —2Y, —3Y5)

a - Z2Y (1Y) 272(Y1 + Ya) (1 — Y3) — Z2Y1Y,
as - - Z3Y1Y5(1 - Y3)

oy - e e - ——

(a) Front view (b) Transparent view

Fig. 2.10 Design of a seven-layer Jaumann absorber, (a) front view, (b) transparent view

Table 2.4 Dimension of absorber with seven layers

Parameters Layer 1 |Layer2 |Layer3 |Layer4 |Layer5 |Layer 6 |Layer?7

Dimension of square |6 x 6 6x6 6 x6 6x6 6x6 6 x6 6x6
patch (mm x mm)

Resistivity of square | 305 579 873 1266 1796 2480 3724
patch (€/Sq)

Width of 6 6 6 6 6 6 6
dielectric (mm)

Thickness of 4 4 4 4 4 4 4

dielectric (mm)

As an example, let us consider a seven-layer RAS structure. The design of a
seven-layer Jaumann absorber is shown in Fig. 2.10. The parameters used for
designing are tabularized in Table 2.4. Each layer of this absorber has a resistive
sheet backed by a dielectric spacer (¢, = 1).

The total thickness of the absorber depends on the operating frequency since
each resistive sheet is separated by a distanced/4. The reflection coefficient of
design is shown in Fig. 2.11. It may be observed that the performance of the
designed absorber is excellent both in terms of absorption and bandwidth.
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Fig. 2.11 Reflection coefficient of a seven-layer Jaumann absorber
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Chapter 3
Equivalent Circuit Model-Based RAS Design

The design of an absorber can be carried out based on its equivalent circuit. If the
absorber consists of frequency selective surface (FSS), or metamaterials, or dielec-
tric layer, the design can be done in terms of RLC components. An equivalent
circuit helps the designer to analyze, design, and understand the absorption
mechanism.

Figure 3.1 shows an N-layer absorber and its transmission line model. For
designing an absorber, first the circuit components are to be determined. In the
following section, it is explained how to calculate RLC values for a single-layer
absorber in terms of effective impedance and reflection coefficient (Sjoiberg 2007).

3.1 Calculation of Effective Admittance

For an N-layer absorber, the relative admittance of the nth layer is given by

Yﬂ = YO V E"//’ln (31)

where Y, is the characteristic admittance and ¢, and p, are the permittivity and
permeability of the nth layer, respectively..
For a nonmagnetic material, u, = 1; therefore, (Eq. 3.1) becomes

Y, =Yoo/ (3.2)

In general, effective admittance Y.¢ can be represented through a series RLC
circuit (Costa et al. 2010):

© The Author(s) 2018 19
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Ground Plane
Air

(@)

1
l N Layer
S,

R N
Free space
24 I II spacer II —_— II spacer II @I—

R% R R%

|
L B
CI ; CI

L
C

Fig. 3.1 (a) Schematic of an N-layer absorber. (b) Transmission line model

1 . 1
7= eff=R+]CUL—JR (3.3)

where Z.g is the effective impedance and R, L, C are the effective resistance,
inductance, and capacitance, respectively. Z.; and Y. are frequency dependent,
whereas R, L, C are frequency independent. Moreover these parameters are related
to the pattern geometry and sheet resistance of the layer (Chen et al. 2015).

3.2 Derivation of Circuit Element Parameters

Here a single-layer absorber is considered. A resistive sheet consisting of FSS is
placed at a distance d above the ground plane. Figure 3.2 shows the transmission
line equivalent of a single-layer absorber.
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Zy N i=> Y w Y(w)

Fig. 3.2 Transmission line equivalent of a single-layer absorber

The admittance of transmission line of length d in the presence of ground plane
is given by

Y (w) = —jY, cot (kd cos 0) (3.4)
At the distance A/4 from the ground plane, one has
kqdcos0 = /2 (3.3)

Using Taylor series expansion, (Eq. 3.4) becomes (Sjoberg 2007)

Yo(w) = —jY, (0 — (k — kg)d cos@ + O(k — kd)z)
_JYo(w — wg)dcos (3.6)
C

Here, c is speed of light in free space.

In order to achieve good absorption over a broad frequency range, the admittance
of an absorber should be equal to characteristic admittance, i.e., Y(@) + Y (@) =~ Y.

The admittance of the series modeled absorber sheet can be written as

1 1/R
Y(w) = : = ; 1
R+joL+z 1+ [oL — ]
B 1/R B 1/R
4 VL 1 o NE| g 1
1+/R[a} LC x L w\/ﬁxﬁ] 1+/R\/’C[w IC wzz}
1/R

T L |:L_l/ﬂ:| (3.7)

Wl/\/L_C ®
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Replacing '/ ;= = o, the equation becomes

1/R B 1/R B 1/R
o . ol i0Qte (o _
R A R B e
1 2
:E_j%w_,.(w_w") JFO((CU—(U:‘)Z) (3-8)
where Q = v/ is the quality factor and @, = \/%—C is the resonant frequency and

Wy = de.
Choosing w, = @, the reflection coefficient becomes real, i.e.,

_ Yo — {Yd(a),) + Y(a),)} - YO — 1/R

IlNow,) = = 3.9
) =Y T Yalwn) + V@) Yot 32
Taking I'(w,) = — T'y, where I is a positive real number which gives the typical
reflection level, one gets
_Yo—Y YR-1
T Yo+ YoR+1
—ToYoR —Ty=YoR -1
R(-ToYo—Yo)=Tp—1
Ihy—1
R—_ 07"
Yo(=To—1)
Therefore, the resistance R is given by
1 [1-TY
- 3.10
Yo L + F0:| ( )

V(@) + Yu(@) = 4 =2 (@ - 0) + O((0 - 0,)7) + Hale-aident No,

C

equating imaginary part of Y(w) + Y ,(w) at first order in (w — w,), to zero, one gets

Yodcos® 20 2,/L/C/R 2L

= = == 3.11
¢ Ro,  R/VLC R’ G311
Hence the inductance is obtained as
L:RZYQC_ldCOSQ:dCOSQ 1 —T,]? (3.12)
2 2Yoc |1 +4+1T
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Atw, = wg,wg = kgc = dcﬂ/ﬁc from (Eq. 3.5)

1 v 1 ?
z IC— (c dcose)

co 1 c‘ldcosﬁ)2 B 1 (c‘ldcos¢9>2
B L 7 B c~'dcosé |:17F0:| 2 7

2%, [+T,

Hence capacitance can be calculated as

C

(3.13)

1-T,

4 2Ydcosf [1+T,]°
T2 c

Hence, the general equations for R, L, and C of a single-layer absorber are
derived as

r_ Lo[l=To
Y, 1+,

_dcose[ll"or

- 2Y()C 1+F0
o 4 Wodeosd 14Ty 2
2 c 1—To

Let us consider one example of a single-layer absorber of A/4 thickness at
4.77 GHz. The equivalent circuit of the absorber is modeled as a series RLC and
a transmission line parallel to the RLC on one side and short circuited at the other
end (Fig. 3.3).

Assume that the reflection level to be obtained is below -20 dB for normal
incidence. Accordingly reflection coefficient becomes 0.1, k,dcosO=zx/2,
A = 0.0628 m for 4.77 GHz, and k;=kgcos8=2xr/l for cosfd=1.The
corresponding effective resistance, effective inductance, and effective capacitance
can be calculated using (Eq. 3.10), (Eq. 3.12), and (Eq. 3.13), respectively.

oo Lo[l=To
Yo [1+T%

On substituting the values,

1-0.1
1+0.1

R = 377{ } =308.45Q
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Fig. 3.3 Equivalent circuit d
of a single-layer absorber < >
1
R
PEC :| I L
1
C
L L

Inductance is

L_dcosH [1 —1”0}2

2YOC 1 + FO
L i, 1-0.1]? o
2x2.66x1073x3x10% [1+0.1]"° A
Substituting the values,
L—yi“ 0.6694 = 6.58 nH
= 1596000 < V007 = O8N
Capacitance is
oo 4 WodeosOT1+Ty 2
2 c 1-TY
| 2%2.66 x 107 x A/4 x 2x/ka2 [1 +0.1]°
B 3% 10° x 72/4 1-0.1
2 % 2.66 x 1072 x 0.0628 x 1.493
_ XX X X — 0.16pF

3 x 108 x 222

Once, R, L, and C are known, the effective admittance can be calculated for
proceeding toward EM design of the absorber with required absorption behavior.

The operating frequency range of the above absorber is assumed to be 2.77 GHz
—6.77 GHz. Thus, 4.77 GHz is the center frequency. From (Eq. 3.3), the effective
impedance is obtained as

1
Zyr =R + joL — j—;
eff + JoC
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Fig. 3.4 Reflection behavior of a single-layer absorber, (a) design, (b) reflection coefficient

1 - @?LC 0.0543
Zeir = R+ |—2 5] — 30845 + |———27 | —308.45 — 11.323/Q
ar = [ JjoC } M [,'4.7952 X 10—3] J

Thus, |Z.¢l = 308.6577 Q.

This effective impedance is then normalized w.r.t. that of free space impedance.
This gives normalized impedance of 0.8169. The corresponding effective admit-
tance is 1.2240.

The resistivity of the sheet is calculated as

R _ 377
ST Yo 1.22402

=308 Q/Sq

When full-wave simulation is carried out using this resistivity value, the reflec-
tion behavior of the design obtained is shown in Fig. 3.4. The distance of the sheet
from ground plane is d = 1.57 cm (i.e., 4/4). This reflection characteristic can be
improved by using FSS-based resistive sheet or adding more layers in the design.
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Chapter 4
Smith Chart-Based RAS Design

Smith chart is one of the graphical tools used in microwave engineering. It can be
used as a reflection coefficient to impedance/admittance converter or vice versa
T&=ZY). It is a valuable tool for the analysis of complex design problems. It
provides help in finding impedance matching solutions avoiding lengthy calculations.
It can be also used as a method to test whether the desired bandwidth can be attained
practically. One can analyze the circuit performance using Smith chart, when circuit
parameters change or new elements are added in the circuit (Radmanesh 2002).

The EM design of absorbers involves complex calculations. For better under-
standing and reduced complexity, Smith chart can be used. The first stage for this
approach is to transform the structure into a transmission line model in which the
transmission line is shorted at one end and loaded by an impedance Z; at A/4
distance from the short circuit end (Elia et al. 2010), as shown in Fig. 4.1.

The short circuit becomes open circuit at the distance of A/4, and this is true only
for normal incidence. The details of steps involved are given in Appendix D. While
designing an absorber, the load impedance Z; should be matched with that of air
Za;; for perfect absorption at the desired frequency.

4.1 Single-Layer Absorber

A single-layer absorber also referred to as the Salisbury screen is shown in Fig. 4.2.
It consists of a resistive sheet, a metal substrate, and a dielectric layer. The resistive
sheet is mounted one quarter wavelength in front of a ground plane (Munk 2000).

The metal substrate is considered as short circuit and is marked at the short
circuit point (Z = 0) of Smith chart. For a dielectric layer of 1/4 thickness, the
short circuit impedance is rotated by 180 to reach the open circuit impedance
point (Z = o0). Next, a parallel resistive sheet with impedance equal to that of free

© The Author(s) 2018 27
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Fig. 4.1 Equivalent Zy

transmission line model of I:I
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space is added. This gives zero reflection point on the Smith chart, i.e., center of
the Smith chart (Ke et al. 2011). In order to analyze this simplest design using
Smith chart, the structure is transformed into equivalent transmission line model,
shown in Fig. 4.3.
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Table 4.1 Admittance and Frequency (GHz) Admittance (Y,) Impedance (Z,)
;r&[:lzdance values for ground 137640 072651
5 —1.0000i 1.0000:
6 —0.7265i 1.3764i
7 —0.5095i 1.9626i
8 —0.3249i 3.0770i
9 —0.1584i 6.3138i
10 0 00
11 0.1584i —6.3138i
12 0.3249i —3.0770i
13 0.5095: —1.9626i
14 0.7265i —1.3764i
15 1.0000i —1.0000i
16 1.3764i —0.7265i

The operating frequency of the above absorber is assumed to be 4-16 GHz. The
spacing d = 0.75 cm, i.e., 4/4 at center frequency of 10 GHz. The transmission line
model for the absorber is solved from the ground plane admittance Ypgc to free
space admittance Y, through resistive sheet. This resistive sheet can be a FSS sheet
as per application.

First step in this approach is to normalize the Smith chart to free space admit-
tance Y. Next step is to find the admittance at Point 1, i.e., ground plane admittance
Ypec. The ground plane admittance Ypgc is given by (Xu et al. 2014)

—jcot (2nd /&: /1)
Z.

YpEC = (41)

Here Z. and ¢, are the characteristic impedance and relative permittivity of PEC
ground plane. A represents the wavelength of the incident wave and d = 4/4.The
admittance Ypg for the entire frequency band from lower frequency ( f;) to higher
frequency ( fy) is calculated using (Eq. 4.1). The calculated values of admittance of
ground plane are shown in Table 4.1. These admittance values will be located at the
rim of the Smith chart, i.e., Curve 1, as shown in Fig. 4.4.

Next step is to find the Point 2 representing sheet admittance Y, as shown in
Fig. 4.5. This corresponds to zero reflection, a point close to the center of the Smith
chart. Then this admittance point should be added to curve 1, i.e., Ypgc to obtain
Curve 3, as shown in Fig. 4.6.

The Curve 3 would provide admittance for the entire frequency range
(4-16 GHz). These admittance values would provide insight of reflection behavior
directly from the Smith chart, avoiding full-wave analysis.
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Fig. 4.4 Admittance curve as a function of frequency for ground plane (Point 1)

4.2 Double-Layer Absorber

The bandwidth obtained using single layer is very less. Moreover a single resistive
sheet with admittance close to that of free space is not, in general, available. Thus,
for wider absorption bandwidth, compensating dielectric matching plane (d,) is
added in front of the resistive sheet. The schematic of such a structure is shown in
Fig. 4.7.

The admittance at Point 1 is the ground plane admittance, and it is purely
imaginary as shown in Table 4.1. This point lies on the rim of the Smith chart.
Curve 1, corresponding to the entire frequency range (416 GHz), is shown in
Fig. 4.8. The impedance values are obtained using (Eq. 4.1).

Above ground plane, a dielectric spacer is added with thickness d; = 7.49 mm
(41/4). Since the admittance of this dielectric is same as ground plane, Curve 1 is
valid on Smith chart. Next a resistive sheet with admittance of 1.7Y is placed,
represented by Point 2 in the schematic (Fig. 4.7). In the Smith chart, it is shown as
Point 2 (Fig. 4.9). Over this resistive sheet, one compensating dielectric sheet
(e, = 1.7) is added with thickness d, = 5.74 mm (1,/4). This is represented by
Point 3 in Fig. 4.7. The admittance at Point 3 is obtained by summing the Curve
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§1.0

Fig. 4.5 Admittance curve as a function of frequency for resistive sheet (Point 2)

1 and Point 2 in Smith chart. This results in Curve 3 as shown in Fig. 4.10. Finally
the admittance at Point 4 is obtained by traveling through the dielectric
slabd,shown in Fig. 4.7. The admittance of Curve 4 at center frequency is found
by rotating A,/4 distance (Fig. 4.11). The rotation is more for higher frequencies
more than 4,/4 is rotated and less than A,/4 is rotated at lower frequencies.

The reflection behavior of the structure is shown in Fig. 4.12. It is obtained by
performing full-wave analysis. It is to be noted that the values of reflection
coefficient over the frequency range (4 GHz — 16 GHz) can also be obtained directly
from Smith chart as per Curve 4. It may be observed that the structure shows good
absorption over a wide bandwidth. Thus, one may infer that the input impedance
varies with increase of layers and contributes toward improvement in reflection
characteristic at desired frequency.
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16 GHz
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Fig. 4.6 Admittance curve as a function of frequency for entire structure (Point 3)

Fig. 4.7 Schematic of an dy =5.74mm @ d; =7.49mm
absorber with dielectric slab < >

d, in front of resistive sheet
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Fig. 4.9 Admittance curve as a function of frequency for ground plane and resistive sheet (Point 2)
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Fig.4.10 Admittance curve as a function of frequency for ground plane and resistive sheets (Point 3)

Fig. 4.11 Admittance curve as a function of frequency for full structure (Point 4)
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Fig. 4.12 Reflection behavior of full structure shown in Fig. 4.6. (a) design, (b) reflection
coefficient
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Chapter 5
Conclusion

The design of RAS involves calculation of circuit parameters such as R, L, C, Y, Z,
etc. before proceeding toward full-wave analysis. These parameters depend on the
geometry and frequency band considered. This document attempts to explain the
fundamentals of RAS design using different approaches such as equivalent circuit
approach and Smith chart. It is discussed that, in order to achieve the desired
absorption behavior and bandwidth of RAS, a designer has to take into account
different factors.
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Appendices

Appendix A: ABCD Voltage Matrix Analysis

Consider a single section of Jaumann absorber or Salisbury screen (Fig. A.1). Z,. is
characteristic impedance of unit element, and S is the corresponding frequency
element.

Applying node and mesh analysis,

I +1
vV, == v 2 (A.1)
Vo=V,
L=VY,—- A2
=, - (A2)
Substituting (Eq. A.2) in (Eq. A.1), one gets
Vo= ViY,Z.S -V, + Vi +5LZS
L Z.SY,
ViZSY, =V Z.SY, — Vo + Vi +1LZS
Vo-Vi—-01Z.S=0
ie., Vi=Vy,—-LZS (A.3)
Comparing the above equation with
Vil _|A B|| V2
IL| |C D||-I
onc hasA=1and B=Z_.S.
Substituting (Eq. A.3) in (Eq. A.2),
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Fig. A.1 One section of I 7 L
Jaumann absorber —> ¢
1
i Y &)

Vo — (V2 — 1LZ.S)
Z.S
VoY, ZS — 1(Z.S)’Y, — 1ZS
- Z.S
Iy = VoY, — LZSY, — I,

I = (Vy — LZS)Y, —

I

Therefore I,becomes

L =VyY,—L(Z.SY,+ 1) (A4)
Then comparing with ABCD voltage matrix, one gets

C=Y,and D=2Z.5Y,+1

Hence the ABCD voltage matrix for one section of Jaumann absorber can be

written as
Vil _ |1 Z.S Vs,
HEEETaa (a3

The derived ABCD matrix can be validated using the fact that it satisfies the
condition for reciprocity:

AD —BC =1

Appendix B: Derivation of Admittance of Absorber Layers

The general equation to find the admittance values Y, and Y, for a two-layer
cascaded transmission matrix is derived in this appendix.
The coefficients of I" for two-layer Jaumann absorber are expressed as

ay =Z2Y (1 =Y,) (B.1)
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an :Z(.(Z—Yl —2Y2) (B2)

Calculation of Y,
From (Eq. B.2), one can write as

as
=~ =2-Y,-2Y
Zc 1 2
a
2V, =2-Y, —Z—i (B.3)
2Z. —Y\Z. —
2V, = - 1 a
Z.
2Z(,‘ - YIZL' —a
Y, =" ¢ = B.4
2 2 (B.4)
Substituting (Eq. B.4) in (Eq. B.1),
2Z. — Y Ze —a»
=72y, -z 2%y, |22~ Ze 72
al c I c 11 ( 27, )
22 - ZY \(2Ze — Y1\Zo —ay)  2Z.°Y, —2Z.2Y, + Z2Y3 + ayZ.Yy
a) = =
! 2 2
Z2Y 2+ arZ. Y,
ag=—7—-

2
2a; = Z,2Y 2 + ayZ.Y,
Z2Y 2+ aZ. Y, —2a; =0,

Then from general quadratic equation form, i.e., ax”+bx+c¢ =0, one gets
a= ZCZ; b=aZ.; c=-2a
Solving forYy,

_—(lz:l:\/zA~

Y
! 27,

A = b* +8a; (B.5)

Calculation of Y,
From (Eq. B.3), one has

Wy =2-Y, -2



42 Appendices

VA
2, =2 — a + . ﬂ
27, Z
VA
Wy =242 N2 B
2Z. 2Z. Z,
VA
2, =22 _
2Z, 27,
Dividing by 2, one has
—ap + \/Z
Yo=1+—"1— B.6
2 + 4z, (B.6)

Therefore, the solution for the admittance can be written as

Y —ax + VA
| =%
Solution A : 2Z,
Vpo 12 VA
T 47,
—dy — \/Z
Y= 27 2
Solution B : ¢ where A = a,” + 8a
o Y, =1+ M ’ 1
T 47,

Appendix C: Derivation of N(S) of N-Layer Absorber

The ABCD matrix for n layers can be written as

A, B, J1 Z.S Ap1 Bas 1)
Cn Dn N Yn ZcYnS+1 Cnfl anl '

Withn=2,3,...N.
Thus, the general expression for B,and D,, can be extracted as

B,=B,_1 +Z.5D,_, (CZ)
D,=Y,B,_1+ (ZCY,,S + I)D,,,l (C.3)

where, for n=1 from (Eq. C.1), By =2.5,and D, =Z.Y,S+ 1.
Transforming n — n+ 1 in (Eq. C.2), one gets
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B,.1=B,+Z2.8D, (C4)
Substituting value of D, in (Eq. C.4), one has

Bn+1 =B, +Z(‘S[Y}’IBH—1 + (ZCYnS + 1)Dn—l]
=B, +ZS[Y,By_i +Z.Y,SD,_1 + D,_i] (C.5)
= Bn + (Z(rSYn)anl + Z(,'S(ZC'SYH + 1)anl

From (Eq. C.2),B,=B,_1+Z.SD, _,

Bn - anl
D, |1 =——F—7— C.6
1 75 (C.6)

Substituting (Eq. C.6) in (Eq. C.5),

B, — B,
Bui1 =By + (ZSY,)By1 +ZS(Z.SY, + 1) [nzisll]
On rearranging the equation, one gets
B,+1 =B,(2+4+Z.8Y,) — B, (C.7)

Withn=1,2,...N—1,By=0, and B =Z..
Substituting (Eq. C.6) in (Eq. C.3), one gets

B, —B,_
D, =Y,B,_ | + (ZSY,+ 1) 2—rL
Z.S
Zc'SYan - Z(,'SYanf n— Pn—
= Yan71 + ! +B B !
7.8
o ZL'SYVan*I + ZL'SYan - ZL‘SYVIBVI*I + Bn - anl
N Z.S
1

D, = 7 S{(ZC.SY,I +1)B,—B,_1} For n=2,3,...N (C.8)

From (Eq. C.7),
Bn-H —-B,= Bn(ZcSYn + 1) — B,

Thus, (Eq. C.8) can be written as

1
Dy= s {Buii = Ba} o n=23,.N (C.9)
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1
Defining, P, = Z_SB"’ n=0,1,2,...N+1 (C.10)

The equation (Eq. C.7) becomes
P = P,,(Z(;SY,, + 2) —P,_y, with P =0,P1=1,n=1,2,....N (Cll)
This series of polynomialsPy . .. .. n+1(S) forms the basic building block

of most of the analysis of N-layered radar absorber.

Computation of Coefficients of P,(S)
To estimate the admittance of N layer, it is required to find the polynomial
coefficients:

n—1
Py(S) =" _pWsm, for n=12 ...N+1
m=0

For mathematical completeness, the condition pﬁr',’> =0 form<0orm>n.

Also, P(()1> = 1 since Py =1.
The steps to be followed for calculation of coefficients are given below:

1. Define the initial state as

n=0..N+1 _ .
5 n = 0, nis the number of layers.

2. Apply P; =1 setting P(()l) =1.
3. Calculate the coefficients using the following expression:

n n—1 n— n—2 n—
P =Z Y, apl ) + 2l 4 pl ) — pli?

forn=2........N+1l,and m=0,1,...n—1.

Calculation of Coefficients of Np(S)
The coefficients a,, in the following expansion, i.e.,

N
Nr(S) = a,S" — 1= (ZS+ 1)Py — Py

n=1
can be solved using

ay =2y 4l = p) forn=1,2,..N
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Appendix D: Smith Chart-Based Calculations for a Jaumann
Absorber

Computation of Ground Plane Admittance
Ground plane admittance, as seen at the plane of the resistive sheet looking toward
the ground plane, can be calculated using the following steps:

Step 1: Calculate the ground plane admittance using

Y, = Z;’ cot <2nd \/;_)

m

Step 2: Plot the admittance values on the Smith chart.

Alternatively, if one has impedance values, then these impedance points on
Smith chart can be transformed to admittance points by rotating 180° in clockwise
direction, as shown in Fig. D.1.

When admittance points for all frequencies of desired frequency range are
plotted, the admittance curve is obtained (Curve 1). Figure D.2 shows the

Impedance point (4GHz)

Admittance point (4GHz)

Fig. D.1 Admittance point on Smith chart (4 GHz)
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Fig. D.2 Admittance of the ground plane

admittance curve of ground plane for frequency range 4-16 GHz. It is to be noted
that 10 GHz is the center frequency.

Computation of Resistive Sheet Admittance

Step 3: Plot the impedance of sheet on Smith chart. (Here, sheet impedance is
0.58%)

Step 4: Obtain corresponding admittance value, by rotating the impedance value by
180° (Point 2). This is shown in Fig. D.3.

Computation of Admittance Above Resistive Sheet

Step 5: Add admittance of Curve 1 and Point 2 resulting in Curve 3, shown in
Fig. D.4.

Computation of Admittance at Dielectric Layer Above the Resistive Sheet
The admittance at dielectric layer above resistive sheet is obtained by traveling
through the dielectric layer of thickness d5.

Step 6: Add the admittance of the second dielectric layer to the center of the Smith
chart and mark that point as 7.
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Fig. D.3 Resistive sheet admittance

Step 7: Define path difference as 1,/4 where A, is the wavelength corresponding to
the center frequency in the second dielectric layer, i.e., 1, = 4o/ VEr.
Step 8: Compute the phase difference at every frequency using the Phase Differ-

ence = (/12/—”2> Path Difference

where A is the wavelength of corresponding frequencies in the second medium.
Since the Smith chart is designed for the analysis of a circuit at half-wavelength,
the phase difference for half-wavelength is calculated.

Step 9: For a particular frequency, draw a line from T to the corresponding point on
Curve 3. Rotate this line by the angle obtained in Step 8, taking T as center in the
anticlockwise direction. Intersect the new line at a distance equal to the distance
between T and the corresponding point of Curve 3.

Step 10: Repeat Step 9 for all the frequencies and obtain Curve 4.

It is to be noted that the rotation is more for higher frequencies than A,/4
(at center frequency) and less than 4,/4 for lower frequencies. This is shown in
Fig. D.5.



Fig. D.5 Rotation of admittance values of Curve 3



Fig. D.7 Smith chart
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This rotation of admittance values gives Curve 4, as shown in Fig. D.6. It can be
observed that frequencies are more clustered in Curve 4 than in Curve 3.

These admittances can then be used to obtain reflection coefficient of the
absorber. This is available as linear scale in each Smith chart, as shown in Fig. D.7.
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