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"ABSTRACT

Shielded enclosure is used with electronic equipment to fight against EMI. The level of shielding
of the enclosure in preventing EMI is usually determined by the shielding effectiveness (SE)

value of the material used for the enclosure.

Conductive composite plastic materials are now widely used for the shielded enclosure to reduce
ingress or emission of electromagnetic interference (EMI) problem of the equipment. Two types
of conductive composite are surface metallized plastic and ﬁllcd composite. Filled composite 15
now widely used in electronic industry to combat against EMI as well as electrostatic discharge
(ESD). Filled composite is a hombgeneous mixture of plastic resin and conductive filler. Filler in
the plastic may be arranged either in a regular form or in a random form. A regularly filled

conduciive composite (RFCP) is very similar to a frequency sensitive surface (FSS) which

- exhibits different reflection and transmission coefficient as a function of frequency.

In this rescarch work a two dimensional periodic array of {illers (FSS) has been proposed as
shielding material for making the shielded enclosure. Two types of conductive fillers (FSS
clements) have been considered. The conductive fillers in the form of strip and square loop have
been considered to be firmly attached to the plastic substrate. Conductive strip or square loop on
a dielectric substrate constitutes an inhomogeneous medium, because clectric field partly exists
i the substrate and partly in the air. Thus the non-homogeneous medium has been rep‘lacéd-‘_by a
homogeneous medium having an effective dielectric constant. Shielding effectiveness_of such

type composite is mainly due 10 the reflection. A mathematical model has been developed to

evaluate the shielding effectiveness of the strip atray as well as the square loop array from the

reflection coefficient. The analysis of the RFECP has been carried out by mutual impedance

Vi




method. [t is observed that the frequency of the incident field, angle of incidence, RFCP (i.e.

FFSS) geometries, substrate material and the incident field polarization have considerable effects

on the retlection coefficient of such tvpe of RFCP. Absorption loss is available in the case of

loop Iike filler in a plastic substrate. Absorption loss is computed from the loop resistive loss by
constdering the small loop approximation. Using the same type and same amount of conducting
and substrate material it is found that SE value of the RFCP with square loop like filler is greater

than that of the RFCP with strip like filler.
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1.1 INTRODUCTION & ...

various electronic appliances and instruments in our daily life. The pollutant is the
Electromagnetic Interference (EMI) both inter-device and intra-device. Electronic equipment
designers and manufacturers are now very conscious to ﬁght against EMI for complying their
products with the EMC standards set by the various governmental organizations and

international bodies.

The term ‘shield’ usually refers to a metallic enclosure that completely encloses an electronic

product or a portion of that product. The propagation of electric and magnetic fields from the
| product to the outside and from the outside to the product can be prevented by the enclosure.
Conductive composite plastic material is no;v being widely used for the shielded enclosure to
reduce Ingress or emission of electromagnetic interference (EMI) problem of the equipment [1]-
[3]. Two types of conductive composite are found such as surface metallized plastic and filled
composite plastic. Filled composite is now widely used in the electronic industry to combat

against EMI as well as for electrostatic discharge (ESD).

The level of shielding against EMI is usually determined by the Shielding Effectiveness (SE) of
the material used for the enclosure [4]. The term SE is defined as the ratio of the magnitude of
the EM field that is incident on the shield to the magnitude of the EM field that is transmitted
through the shield. In this work SE is evaluated for filled conductive plastié where the

conductive fillers are regularly distributed in a plastic resin.

Proper selection of enclosure material is very much important for designing a shielded enclosure.
Selection of the enclosure material is briefly discussed in section 1.2. Now days, conductive

composites are used to cover electronic equipment to shield EMI instead of using metallic




enclosure. Conductive plastic composites and various techniques of imparting shielding
capability to plastics are described in section 1.3. A comprehensive review on various techniques
for analysis of FSS is given in section 1.4. Section 1.5 contains the aim and objectives of this

thesis. Organization of the thesis is presented in section 1.6.
1.2 SELECTION OF ENCLOSURE MATERIAL

Various Governmental —organizations and  international bodies such as European
Electromechanicalr Standardization Committee and CENELEC in Europe, Federal
Communication Commissions (FCC) and the Department of Defense (DOD) in USA and the
Verband Deutscher Elektrotechniker (VDE) in Germany specify the EMC requirements for
various types of electronic equipment. For example, EMI radiation limits set by FCC for the

industrial and commercial class of equipment is shown in Fig.1.1.

50 3m from source
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(o)
[ | |

30m from source
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| | ! { | | | { ¢ !
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100 200 300400 500 600 700 800 900 1000
Frequency (MHz)

Fig 1.1 FCC EMI radiation limits (Industrial and Comumercial class)[5].
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The proper selection of shielding material is very important to make the enclosure for combating
the electrical and electronic equipment against EMI. During designing the enclosure, aperture
planning, grounding and proper joints play a vital role but it is obvious that a good quality

material is @ prime important factor.

Proper shielding of electronic equipment was traditionally achieved using a metallic “Faraday
Cage”. The designers are compelled to find out an alternative material due to high cost and
heavy weight of the metal. The plastic material can be an alternative solution. But plastic does
not provide any shielding capability against EMI. The technology of imparting conductivity into

plastic material extends its use for EM shielding.

Conductive plastics can provide good or even excellent shielding capability. More over, these
have other important features such as low cost, lightweight, easy formability and improved
aesthetics. So, these have been become attractive for constructing shielded enclosure for the

electronic equipment. Fig. 1.2 gives the levels of SE according to the requirement [6].
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Fig.1.2 Levels of shielding effectiveness.
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Various techniques of inparting .conductivily to plastic materials are discussed in the next

section.
1.3 CONDUCTIVE COMPOSITE PLASTIC MATERIALS

Plastic materials, which are commonly used as the polymeric resin (dielectric substrate), are:
polycarbonate, ABS (Acrylonitrile Butadiene Styrene), polystyrene, nylon, polyethylene,
polypropylene and maleated polystyrene (SMA) co-polymer. A number of techniques are
available to impart conductivity in plastics. According to the method of imparting conductivity
into plastic. these can be classified as: (i) Surface Metallized Plastic and (ii) Filled Composite.
These two types of composite plastic are described in the following subsections. A comparative

study of different metallization techniques for plastics is given in Table 1.

Table I: A comparative study of different metallization techniques for plastics [7].

-2 Shielding "/ -+
L seffectiventss (dB
Electroless plating 70-120 or  military purpo.sé T or for
sophisticated shielding.
Arc spraying 60-90 Use has been limited now.a day.
Vacuum metallization 40-70 For low frequency shielding.
Conductive paints 30-70 For data processing equipment.
computer etc.
Conductive composite 30-60 For computational equipment and
information related apparatus etc.
Conductive fabrics 40-100 For bonding straps, cable shielding etc.
Flexible laminates 60-100 For keyboard, printers etc.




1.3.1 Surface metallized plastic

lﬁ the case of Surface metallized plastic, the plastic surface (usually the inner surface, when it
is used for enclosure) is coated by using metal (such as copper, nickel, aluminium etc.). Various
techniques for surface metallization of plastic materialsﬂinclude: (i} conductive painting, (ii) ﬁrc
spraying, (iii) electroless plating and (iv) vacuum metallization. Flexible laminates and
conductive fabrics can also be used for making the shielded enclosure. The metallization

techniques are briefly discussed below.

"‘Conductive Paint has solids’ content, which is composed of binders (e.g. acrylic, urethane) and
" electroconductive fillers (e.g. copper, silver, graphite, nickel) in the form of powder. In this
technique conventional paint spraying equipment can be used for painting a plastic substrate. The

value of SE depends on the paint thickness and the type of conductive material.

In Electroless Plating method, a film of pure homogeneous metal whose thickness can be varied
from 0.25 micron to 1.0 micron is deposited on a plastic substrate. It depends on the immersion
of the substrate in a series of chemical solutions to produce metal plating by autocatalytic means
instead of dc current [8]. Copper and nickel are generally used as a metal for plating and
excellent SE Qalues could be achieved. SE value depends on the metal used and the thickness of

the p]alihg.

Vacuum Metallization involves deposition of an extremely thin metallic film (generaily
aluminium) on a plastic substrate by evaporation method in a high vacuum chamber. The
vaporization 1s achieved by energizing tungsten filaments with high current, where, excessive
heat is generated and pellets of metals (usually alﬁminium) are converted into gaseous form. The

aluminium gas particles have sufficient kinetic energy to generate high velocities, which when

LA



applied to the plastic substrate produce both a chemical and a mechanical bond. Aluminium

layer thickness range from 0.5-25 pm,

In Arce Spraying, the pure metal (generally zinc) is melted by electric arc and is propelled by
compressed air for spraying droplets of molten metal onto the part to be coated [9], [10]. Coating

thickness varies from 0.05 mm to 0.075 mm.

Laminates of metal foil (usually aluminium and copper) bonded to a reinforcing substrate (e.g.
polyester, PVC, polyamide etc.) are now being used as an integral part of the EMC of a unit or a
building [11] which are termed as Flexible Laminates. The SE of such materials essentially

depends on the thickness and conductivity of the metal foil used.

Conductive fabrics are fine wires of solid metals (e.g. nickel, copper, silver and gold) woven,
knitted or formed into sheets to be glued with fabrics (e.g. polyester. Polyamide, rayon).
Conductive fabrics can be used for imparting shielding capability to plastics in lieu of conductive

paints or other metallic coating [7].
1.3.2 Filled composites

Filled Composite Plastic is a homogeneous mixture of plastic resin and conductive filler,
usually metal or carbon. The most widely used conductive fillers in the form ot; flake or fibre are
graphite, copper, aluminium, stainless steel, nickel and nickel coated carbon. SE depends on the
type and amounthof conductive filler added to the plastic. Filler in the plastic may be arranged
either in the regular form or in random form as shown in Fig.1.3. A regular array of conductive

flakes in a plastic resin is very similar to a frequency sensitive surface (FSS).



Filled composites are widely used in the electronic industry for electrostatic discharge (ESD)
protection in silicon chip storage bins, anti static floor mats, handling gloves and wrist straps
which ground any build up of static electricity. They are also used for shielding of computational

equipment and information related apparatus.

Reg_ul:_triy Filled Conductiv-e. Composites (RFCP) is a two dimensional regular array of
“conductive flakes in the plastic resin. This can be termed aé Frequency Sensitive Surface (FSS).
A FSS is a surface, which exhibits different reflection or transmission coefficients as a ﬁmcti'on
of frequency. Usually a FSS consists of identical antenna elemer;ts such as dipoles. When the

elements resonate and the resistive part of the load connected to each of the array elements is

zero then the array can provide complete reflection.

Although RFCP acts as FSS (i.e. this type of material is frequency sensitive), its bandwidth of
high reflectivity to EM waves can be widened by manipulating the dipole size and separation.

This design flexibility would be an added advantage of these composites.

B —— plastic resin / ' /

| | I I I dielectric substrate l \ —

- \I ,-"

N \\/ -\
IR h \ 7

I I O VAN Ty
IR ~Adipole like filler _ !/
element \ N

I LT N>
e

(a) (b)

Fig.1.3 Filled conductive plastic samples: (a) Regularly filled conductive composites, (b)

Randomly distributed conductive fillers in plastic resin.
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Experimental results showed that the SE of RFCP is better than that of randomly distributed

conductive fillers in plastic resin [12]. This is shown in Fig. 1.4.

e Somple [ |
M&xle ’2
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Reflection coefficient i
(Normaiized to a copper screen)
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| B S mane ew | T

! ] LI I |

0.1 . 1
Frequency in GHz

DU y—

Fig.1.4 SE expressed in the form of reflection coefficient: experimental results of the
magnitude of reflection coefficient as a function of frequency of the arrays shown in Fig.1.3 (a)

(sample # 1) and (b) (sample # 2)[12].
1.4 VARIOUS TECHNIQUES FOR FSS ANALYSIS
Five different techniques thut can be employed to analyze periodic scattering arrays or FSSs.

These are as follows: (i) variational method (ii) point matching method (iii) mutual impedance

method (iv) modal matching method and (v) spectral domain analysis method.



R.B. Keiburtz [13] proposed variational method to analyée ah FSS_ of conducting thin screen
perforated with square holes. The transmission coefficient for normal incidence of plan¢ wave on
FSS was evaluated in this technique. Accuracy of this method is poor and that depends on the
ability to choose an approximate trial function. Method of calculation in this technique is
complicated and analysis can be done only for normal incidence for periodic array of aperture in

a conducting screen.

Ott et al.[14] applied a point matching technique to derive the reflection and transmission
coefficient of a periodic planar array of dipoles for normal incidence. This method is also
complicated and the accuracy is not satisfactory. Though this method can be employed for
calculating the reflection and transmission coefficient of a periodic array of dipoles, this can be

used to analyze the problem only for normal incidence.

Later this analysis was simplified by Munk et al. [15] by assuming the elements of the array as
antennas. The reflection coefficient was determined in terms of the driving point impedance of
individual elements. As in this method, mutual effect of all the elements of the array are
considered in calculating the driving point impedance, it is known as mutual impedance

method. Normal incidence as well as non-normal incidence were covered in this analysis,

The modal matching technique has been discussed in detail by a number of authors [16], [17].
In this technique starting from the Floquet mode vector for TE and TM modes, the mode vectors
are computed for E- and H-fields, from which then the modal impedance is computed. The
incident and specularly reflected wavés are then expressed in terms of unknown modal
coefficients; applying the boundary condition of zero tangential E-field in the conducting portion
of T'SS, these coefficients can then be evaluated. Assumption of symmetric and anti symmetric

excitation would make the analysis simpler and free space reflection cocefficient can be expressed



in terms of symmetric and antisymmetric reflection coefficients. This modal matching technique
can be carried out for the analysis of a FSS of thick slot or the complementar& problem of thick
conducting strips embedded in dielectric. The accuracy of the solution depends upon the number
of modes used to approximate the aperture or strip field- distribution. ‘This technique is more

complicated than the mutual impedance method.

The spectral domain analysis is more ‘inv‘olved since it deals with the fields scattered from the
FSS in terms of the unknown induced current on the conducting part of it. The periodicity of the
geometry of FSS is exploited by writing the scattefed field equations in the Fourier integral form.
These integral equations are then solved for the unknown induced current by using the method of
moments. Hence, the above mentioned coefficients can be easily determined through a set of
simple algebraic relations from the knowledge of the scattered field. A detailed analysis can be
found in [18]-[20]. The accuracy of spectral domain analysis is very high but it largely depends
upon the proper choice of basis and testing funct‘ions which is very difficult to choose for a

particular problem. The computation by using this technique is time consuming.

In the present research work, mutual impedance method is used for finding the shielding
effectiveness of FSS of dipole like fillers and small square loop like fillars as it possesses some
advantages over other methods. This technique is very simple and amenable. This technique
requires less computational time and can be readily extended to more general array

configurations. The analysis can be done for different incidence angle of the EM wave.



1.5 AIM AND OBJECTIVES OF THE THESIS

This research work is aimed at developing a mathematical model to evaluate the shielding

L

effectiveness of FSS like conductive composite plastic material. To achieve this aim the

following objectives were envisaged.

Development of a mathematical model for determining the mutual impedance of the
array of loaded dipole like fillers on a dielectric substrate using induced emf method,
Evaluation of shielding effectiveness in the form of reflection coefficient of the array

of loaded dipole like fillers on a dielectric substrate using mutual impedance method.

Development of a mathematical model for determining the reflection coefficient and

absorption loss of the array of small square loop like fillers on a dielectric substrate.

Evaluation of reflection coefficient and absorption loss of the array of small square
loop like fillers on a dielectric substrate.

Comparison of the shielding effectiveness of the dipole like filler array on a dielectric

substrate with that of the small square loop like filler array.
1.6 ORGANIZATION OF THE THESIS

The thesis is organized as foﬂoxlv.

Theoretical background of the thesis is given in chapter 2. Frequency selective surface and it's
application, shielding effectiveness and effective dielectric constant of the medium surrounding
conductive fillers are described in this chapter. Chapter 3 contains the mathematical model to
evaluate the shielding effec;tiveness of FSSs both for dipole like fillers and small square loop
like fillers on a dielectric substrate. Results and discussion are given in chapter 4. Chapter 5

contains the conclusion and recommendations for further research.
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2.1 INTRODUCTION

Enclosing the electronic equipment can prevent unwanted emissions from the equipment itself as
well as can protect the equipment from any other EM interference from it‘s netghbours. The level
- of shielding of the enclosure is generally determined by shielding effectiveness (SE) of ti)é
material used for the enclosufe. The determination of SE of any material is given in section 2.2.
In this work, regularly filled composite material, which is similar to FSS is proposed for EM
shieldirg in the microwave range of frequency. A general discussion on F38 and its application

are given in section 2.3.

The FSS is considered to be placing identical elements such as dibole like filler and square loop
like filler on a plastic substrate. The medium surrounding the FSS elements is inhomogeneous
(air and plastic substrate). This inhomogeneous rﬁedium can be replaced by an equivalent
homogeneous medium having an effective dielectric constant. The effective dielectric constant is
given in section 2.4, The I'SS elements on the dielectric substrate are of rectangular cross
section. These elements can be replaced by equivalent wire of c.ircular cross section. The
simulatéd FSS element is given in section 2.5. The SE of FSS like material is computed by
mutual impedance method. Method of computation of mutual impedance is described in

section 2.6.
2.2  SHIELDING EFFECTIVENESS

A shield is a metallic partition placed between two regions of space as shown in Fig. 2.1 and
Fig.2.2. Tt is used to control the propagation of electric and magnetic fields from one region to

the other.

12



_SHIELD

} oW
M NoISE SOUKCE [B

57»//@\

NO EXTERNAL FIELD

Fig.2.1 A shield where a noise source is contained, preventing EMI with equipment

outside the shield.

SHIELD

\K : i o
M f| INTERNAL

NOISE FIEL.D

SOURCE

e \

Receptor

Fig.2.2 A Shield around a receptor to prevent EMI from outside world.

The term * Shielding Effectiveness (or insertion loss) “ refers to the ability of a material to guard
against EMI, both against emission and susceptibility. SE also relates to the ability of a material
to reduce the transmission of propagating fields in order to electromagnetically isolate one region

from another.

SE or insertion loss (IL) is the ratio of the signal received (from a transmitter) without the shield

and to the signal received with the shield. The SE or insertion loss can be expressed as follow {21].

13



» |
SE =IL =10logy, 27 dB 2.1)

Where, P, is the received signal strength without the shield and P, is the received signal strength

with the shield.

' ——\7__’ /—

(a)

Shield

(o)

Fig.2.3 Measuring the shielding effectiveness of a material: (a) Unloaded coupling, (b)

Loaded coupling [21].

Shielding effectiveness of a material can also be expressed as follow [12].

SE=A+R+B  dB (2.2)

Where, 4 is the absorption loss (dB) of the material, R is the reflection loss (dB) and B is the
successive reflection loss (4B) inside the material, which is negligible in most cases for

electrically thin materials.

In the present case, regularly filled conductive composite (RFCP) with strip like filler (i.e. an
array of strips on plastic substrate), SE is only due to the reflection loss(R), whereas the SE value

of RFCP with square loop like filler will be due to the reflection and absorption losses.

14



Shielding effectiveness varies with frequency, geometty of the shield, position within the shield

where the field is measured, type of the field being attenuated, direction of incidence and

polarisation.
2.3 FSS AND APPLICATION

A FSS (Frequency Sensitive Surface) is a surface, which exhibits different reflection or
transmission coefficients as a function of frequency. FSS consists of identical antenna elem;ents
such as thin dipole, recténgular patch (various aspect ratio), ctessed dibole, Jerusalem cross,
circular patch, triangular patch, circular loop, triangular loop and rectangular loop. These

elements are shown in Fig.2.4.

@) (b) © @
©) ® @® M)

Fig.2.4 Some typical FSS unit cell geometries: (a) Square patch, (b} Dipole, (¢) Circular
patch, (d) Cross dipole, (e) Square loop, (f) Circular loop, (g) Jerusalem cross and (h) Square aperture
[19].
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In the present analysis two types of antenna elements are considered for RECP (i.e. FSS) such as:
(1) dipole like strip and (ii) small square loop. These elements are considered to avoid complexity
in the analysis. Less material requirement and easy formability are also the additional advantages

to consider these elements.

Frequency selective surfaces have many applications and cover most of the electromagnetic
spectrum. For example, in microwave region, the frequency selective properties of periodic
screen are exploited to make a more efficient use of reflector antennas [2Z]. As shown in Fig.2.5.

a frequency selective surface is placed between two feeds, radiating at different frequencies, and

the main reflector.

Periodic surface

<« (Frequency selective)

Reflector / \A

14 /12 GHz feed 6 /4 GHz feed

Fig.2.5 Reflector antenna system using frequency selective screen [19].

i

The screen is totally reflecting (or near $o) over the operating band of feed one, and conversely,
it is nearly totally transparent over the band of feed two. Hence, in this configuration , two

independent feeds may share the same reflector antenna simultaneously, in a frequency reuse

16



mode. The desired spectral response of the screen is shown in Fig.2.6 for a specific incidence

angle and incident field polarisation.

STOP BANDS

Transmission loss (dB)
=
I

Frequency, GHz

Fig.2.6 Spectral response of screen used in Fig.2.5 [19].

!

In the far-infrared region, periodic screens (i.e. FSSs) are used as polarizers, beam splitters, as
well as mirrors for improving the pumping efficiency in molecular lasers. Another application of

the FSS in this wavelength range is in infrared sensors.

In the near-infrared and visible portions of the spectrum, periodic screens can be used as solar

selective surfaces to aid in the collection of solar energy.

By exploiting the benefits of FSS (such as reflection), electronic equipment can be protected
from external electromagnetic disturbances as well as can also be prevented from radiating of

any electromagnetic field to the EM environment.



2.4  EFFECTIVE DIELECTRIC CONSTANT

In the present case, the FSS is made by etching strips or square ldops on ihe dielectric substrate
or by embedding strips or loops between two dielectric substrates. This is very similar to the

coplanar strips configuration as shown in Fig. 2.7.

“1
h ////////////////////////////////é
SR LA AL ISP I I VI VI I T IV IY

....... ecscciee ceceeeed ™ dielectric
T substrate (,)

Fig.2.7 Cross sectional dimensions of coplanar strips [2].

The medium surrounding the conductive filler (strip) is referred to as an inhomogeneous medium
since the electric field exists partly in the board substrate and partly in the air surrounding the
board as illustrated in Fig.2.8. The effective dielectric constant (&.) is that of a fictitious
dielectric material such that if the original strips are immersed in a homogeneous material having
this dielectri;: constant as shown in Fig.2.9, the corresponding field lines in Fig.2.8 and Fig.2.9
will have the same characteristic impedance and the same velocity of propagation. This effective
dielectric constant depends on the dielectric constant of the substrate (g, substrate thickness (h).

strip width (w), strip separation (s) and strip thickness (7).



Conductive strip

Fig.2.8 Field distribution for coplanar strips configuration[2].
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Fig.2.9 Replacement of an inhomogeneous dielectric with a homogeneous medium (&) [2].

The dielectric substrate does not affect magnetic field because the permeability of the dielectric
substrate is same as that of the atr, . Theleffective dielectric constant (&.) for coplanar strips

configuration is given as [2].

£ +1

r

tank 10.7751n

o
It

%JJF 175 +k7”’ 004-07k +001{10-01¢ )(025+k )] (2.3)

I

2

here kA =——
wheEr S+2w
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2.5 SIMULATED FSS ELEMENT

In this work two types of elements (dipole like strip and small square loop like filler) are
considered as FSS elements as mentioned in section 2.3. The strip attached to the dielectric
substrate 1s of rectangular cross section. This rectangular cross section strip can be replaced by

equivalent wire of circular cross section. The equivalent wire radius can be found as follow [23].

i
a =0335 W[O.S + —} . (2.4)

W
where « is the wire radius, w is the strip width and 1 is the strip thickness.

Eqn. (2.4) is valid for 0.1< ¢/ w < 0.8. For a very thin rectangular strip (i.e. 0 <+ /w < 0.1) the

cquivalent wire radius can be determined from the following expression [23].

[_ ! . W _]
ax0.25 w[l +— 1+loge (4;7 Tj J (2.5)

T W

2.6 MUTUAL IMPEDANCE METHOD

The present analysis for the F'SS of a two dimensional regular array of conductive fillers (in the

form of strips as well as small square loop) is done by mutual impedance method.

In determining the shielding effectiveness (SE) of such a F'SS, the array elements are considered
to be as antennas. The mutual impedance for each element of the array is computed by using
induced emf method. The driving point impedance is computed from individual impedance. The

reflection coefficient is then determined from driving point impedance and mutual impedance.



The same analysis is extended 1o find the reflection-coefficient of FSS with small square loops,
which are considered to be as an array of infinitesimal dipoles (i.e. strips). In the square loop like
filler in plastic resin absorption loss is available. The SE of such type of conductive plastic

composite 1s due to the reflection loss and absorption loss.
2.6.1 Mutual impedance

The mutual impedance can be defined as the impedance between any iwo terminal pairs in a
multi element array antenna is equal to the open-circuit voltage produced at the first terminal pair

divided by the current supplied to the second when all other terminal pairs are open-circuited [24].

From the circuit theory point of view, the mutual impedance of two coupled circuit is defined as
the negative ratio of emf V,; induced in circuit-2 to the current I; flowing in circuit-1 with
circuit-2 open. Instead of two coupied circuits, two coupled antennas, antenna 1 and 2 as shown

in Fig.2.10, are considered to find the mutual impedance.

T N
(2 Va

l 2
Antenna

Fig.2.10 Parallel coupled antennas.



The mutual impedance 25, is theh,

Z, =~ (2.6)

where I, is the emf induced across the terminals of the open-circuited antenna 2 by the current

[y in the antenna 1.

2.6.2 Driving point impedance

Driving point impedance at any pair of terminals can be defined as the ratio of an applied
potential difference to the resultant current at these terminals with all terminals are terminated in
any specified manner [24].
T < d —p
v, / -
A2
x| f
| 2
Driving
point of To transmitter
the array
Fig.2.11 Array of 2 linear A/2 elements showing driving point [3].
Two transmission lines of equal length / is connected at point P and then is extended to a third
line extending to a transmitter is shown in Fig. 2.11 above to explain the driving point
impedance. Point P is called driving point and the impedance at this point is called driving point
impedance.
22
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- 3.1 INTRODUCTION

A regular array of conductive strips in a plastic resin, which is very similar to a FSS, has been
proposed as a shielding material for the equipment enclasure. The SE value of such type of

material (FSS) is evaluated by mutual impedance method.

The dipole like strip on the dielectric substrate constitutes a non-homogeneous medium. This
non-homogeneous medium can be replaced by an equivalent homogeneous medium having an

effective diclectric constant (&.) as described in section 2.4. Mathematical model of mutual

impedance between two dipoles on a dielectric substrate has been derived in section 3.2. The

model is then extended for finding the mutual impedance of a two-dimensional periodic array of
dipoles (strips) on the substrate. This has been described in section 3.3. Reflection coefficient of
" RFCP (FSS) has been derived from mutual impedance and driving point impedance which has

been given in section 3.4.

Square loop like filler is also to be considered in a plastic resin for developing the RFCP. The
same process is extended for finding the reflection coefficient for such RFCP and is given in
section 3.5. Absorption loss of such type of RFCP is also derived in section 3.5. The SE of RFCP

with locp like filler is due to the reflection loss and the absorption loss.
3.2 MUTUAL IMPEDANCE BETWEEN TWO DIPOLES

Induced emf method [25] can be used to find the mutual impedance of a doubly periodic array of
dipoles on a dielectric substrate. This method is also employed to evaluate the self-impedance of

a thin linear antenna of radius ‘¢’ on a dielectric substrate.



3.2.1 Self impedance S v

The geometry of a center-fed dipole in an equivalent homogeneous medium having an effective
dielectric constant {&., refers to eqn. 2.3) is shown in Fig.3.1. The dipole shown in Fig.3.1 1s
assumed to be the z directed dipole in the rectangular coordinate system and P (o, ¢, z) is the

observation point in the cylindrical coordinate system.
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Fig.3.] Geometry of center fed dipole in equivalent dielectric medium (&.). b

Dipole length (27) is considered as mA/2 for symmetrical current distribution along the dipole,
where m is an odd integer (1.e.m=1,3,5 ... ). A sinusoidal current distribution is assumed

along the dipole. The current (1.) at a distance z {rom the origin is given as.



=1 sinBz (3.1)

A differential length dz; of the dipole at a distance z; from the origin along the z-axis is taken to

find the self-impedance of the dipole. The self-impedance can be written us

N
Il
=
P
(3]
)
~—

)

where ¥}, is the applied voltage to the antenna and 1; 1s the total antenna current.

The impedance Z,; is constant and is independent of the current amplitude [3]. This is due to the

fact that the system is linear. Thus Z;; can also be expressed as

V., dV,
Z :A=.J '1"\
1 7, d[l , (3.3)

where dV;; is the voltage across infinitesimal element dz, and dlis the current flowing through

the infinitesimal element of the dipole.

In this work the dipole acts as a receiving antenna and it is assumed that the reciprocity theorem

holds for the present case. The eqn. 3.3 can be written as [3].

IEH sin [z dz - ' 3.4)
i

1
J{l

o]
h



where £,, is the incident electric-field on the dipole-at point z; along the z-axis. The incident

field is evaluated from the vector and scalar potential.
3.2.2 Electric field

The electric field is derived from the vector and scalar potential by using the following equation [27].
E=-Ad-jod (3.5)

where ¢ is the retarded scalar potential due to the charges on the antenna and A is the retarded

vector potential due to the currents on the antenna.

Since the dipole is z directed in the rectangular coordinate system as shown in Fig. 3.1, only z
component of the vector potential (4:) is available. For the case of a thin dipole (wire) of tength

2/, this vector potential can be written as follows.

A=

TLI;] dz, (3.6)

H
4 ¥

Where, [I.;] is the retarded current along the dipole (wire) which can be expressed as follow [3].

[]:I] =1, sin fiz gleltrrl ‘ : (3.7)

where u is the phase velocity of the electromagnetic wave in the equivalent homogeneous

medium and it is times of the velocity of the wave in free space (¢), r is the distance

£

Fe

between the source point and the observation point. The distance () is found 1o be as
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Substituting eqn. 3.7 into eqn. 3.6, the z component of the retarded vector potential yields as,

r

ple™ *j-sinﬁzie“””

A
; dr r

dz, (3.8)
For the case of a z directed thin dipole (wire) of length 2/, scalar magnetic potential (¢) can be
written as follow.

| 1 T[pr]

= | 39

¢ dre S, r ' (3-9)
Where [p]] is the retarded linear charge density on the dipole (wire) and it can be expressed as
follows [3].

B 1
lp]-= f’i L cos fz, el (3.10)

Substituting eqn. 3.10 into eqn. 3.9, the retarded scalar potential becomes as

JjB1,e” “fecosfz e’

drew r

dz

¢ , (3.11)

~

Applying De Moivre's theorem to eqn. 3.8 and eqn. 3.11, the scalar potential (¢) and vector

potential (4;) become as follow.

=‘Ir



Y T T
|

& i (3.12)

8mear. r

j/,l Ile_;a)f + e‘Jig(:g*") _:elfﬂ(-'-l‘r)
= dz,

= 3.13
4, 87 5 r ( )

For the z directed dipole in the rectangular coordinate system only z component of electric field

(E) exists and this can be written a8

3¢ :
=2 iwA 3.14
E. 5, "Jo4 | (3.14)

Substituting eqns. 3.12 and eqn. 3.13 into eqn. 3.14 and considering the time factor equals to its |

absolute value ¢ = 1, the z component of the electric field can be expressed as

“jﬁ ]1 5 e*}'ﬁ (zp27) +e.f‘ﬂ(~'.-r>

( )z,

T 8mew 0z r

E

+ -y LB (nr)
W ]] ( e e
+

8 r

)dz, (3.15)

By equating E. = E;; and substituting egn. 3.15 into egn. 3.4, the self-impedance of the dipole

(wire) in the equivalent homogeneous medium (&) can be evaluated.
3.2.3 Mutual impedance

The mutual impedance between two-coupled dipole antennas (antenna # 1 and antenna # 2) as

e

shown in Fig.3.2 in the equivalent homogeneous medium (&.) can be expressed as follow [3]. {;%

* o

;,__ At

V)



jEZ, sin 8 zdz (3.16)
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y Fig.3.2 Parallel coupled antennas in equivalent homogeneous dielectric medium {&).
where V5, is the induced emf in antenna # 2 due to the current /; in the antenna # 1.

By equating E;; = E; and by substituting eqn. 3.15 into eqn. 3.16, the mutual impedance between

two dipole antennas (strips) in a homogeneous medium having an effective dielectric constant

(&.) becomes as follow.

; —4fB (200) B (z-r)
Z, = jﬂ _r[ sin fz J-& ( ‘ v ')dz, ]dz

: 871 r

e‘fﬂ('—'ﬂ’) - efﬂ(-ﬁ_")

~ f[ sin B z T( )dz, |dz (3.17)

-1 r
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3.3 MUTUAL IMPEDANCE OF THE ARRAY OF DIPOLES

»

A doubly periodic array of thin dipoles in an equivalent homogeneous medium having an
effective dielectric constant (&) is shown in Fig.3.3. Thg array is placed in the x-z plane of the
rectaﬁgular coordinate system. The array consists of 2R”+1 number of rows of identical elements
of length 21. Each dipole is loaded with the same impedance Z;. Each row has 2K+1 number of

o identical elements spaced at a distance D, apart. The distance between two adjacent rows is Dz.
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Fig.3.3 Array of loaded dipoles in a homogeneous dielectric medium (&) and incident
EM wave with vertical polarization.
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The mutual impedance, Z, ; of this array can be expressed as o

B r'D, +l!— + 2 exp{'—jﬂ (zl +r]]+€XP{jﬁ(Zl;’J] }

= i — dz, |d
Z., ST OE r’DI_J rmﬁz‘{léz ‘ " z, |dz
r ( - ]
wp r'D +l +] |expi=jf |z +r] ~expljf (s -1 )]
- [ lsinpz] dz, |dz (3.18)
873' f‘f D, —l{' '—[ ‘ d J
where r=[(k D'+ (2'21)2 12

z, = z coordinate on the dipole.
¥ = number of rows which varies from R’k

k = number of columns which varies from -K to K.

For easier and more accurate numerical computation, eqn. 3.18 can be rewritten introducing

effective length of the dipole as follow [12].

) e r/Df—l Lin-ﬁ(!e—h')_jii cxp{-"jﬂ {Az" +r”+exp{jﬂ [Az’ _r” dZI‘LZ

r'k 8rwe r/ D. +1 / Jz r J

w r"DZ _{|' -l exp[—fﬂ [Az/ +r”—exp‘jﬂ [Azl _r]} —;
- / i sin ﬁ(]e-|z|) } : dzy |
T, D2+IL { ’ "

&

(3.19)

where Az/=le-|z;|

21,= effective length of each dipole.
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Eqn. 3.19 is applicable only for the array of dipole anténnas whose lengths are the odd multiples
of the half-wave length as mentioned in section 3.2.1. The mutual impedance of the array

consists of dipoles of any lengtli can be written as [27].

r'k

_ r D_’ - _
—L T oo - )T
8rwe sin ,Ble r/D’ y |- {

" r/Dz "|( » cx'p{—jﬂ [Az/. +r”-exp[1ﬁ[m’ —r]] ' 1

B e | ‘sin ﬂ(!e—H) - dz,

g7 sin ﬁ!e D +1L I8 J

; cxp[—jﬁ [Az/, +rH+cxp
d
— dz

fz r 1

dz

/ {_
l
|

e,
|

(3.20)

The reflection coefficient of the array can then be obtained by using eqn. 3.20.
3.4 SE OF THE ARRAY OF DIPOLES

SE consists of absorption loss (4), reflection loss (&) and successive reflection loss (B) of the

RFCP. For a doubly periodic array of dipoles in an equivalent homogeneous medium (&) as

" shown in Fig. 3.3, there will be no absorption loss due to the use of strip like filler. Successive

reflection loss is very negligible. SE of the array of dipoles in a homogeneous medium having an

effective dielectric constant (&) can then be expressed as follow

SE

il

R B | ‘. (3.21)
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Reflection loss (R) can be determined by multiplying the incident power with the reflection

coefficient (R/).
3.4.1 Reflection coefficient of the array of dipoles

A plane wave, which is incident on the periodic array of dipoles as shown in Fig. 3.3 is
considered to be linearly polarized in z direction. The direction of propagation lies in the x-y
plane, making an angle ¢ with negative y-axis as s.hoﬁn in Fig.3.3. Detailed derivation of the
reflection coefficient is given in Appendix A, The specuiar reflection coefficient for such an

array (i.e. FSS) can be expressed as {15].

; K, .2 ,Z )l'sec’y, 7
- [D,D.AZ+ Z)] (3.22)

where K(l,,1,,2,.2,)=3600

_sin Bi- S, cosf,
el 1-cosfgl,

F .= - —F_si
= Sin . l-cosfl — F, sinpfl,

cosfB Al-cosf3 1,
B sin 1,

and F,

[n the above equations, /;, = //A, where 1 is the wavelength of the incident wave, 47 =11, =

27/ A is the phase constant and Z, is the driving point impedance of each element.
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The driving point impedance ofthe array can be written as [13].

R" K
Z,= X X & Z, cos(f D, ksing )
r=-R"k=-K b

P
[US]
[N
[US]

~—

where g is the Neumann factor defined by
g=1 fork=190

=2 fork+90
3.5 SE OF THE ARRAAY OF SMALL SQUARE LOOPS

For the array of small square loops in a homogeneous medium having an effective dielectric
constant (&), reflection loss (R) as well as absorption loss (4) will be available. There will be no
successive reflection loss () due to the use of thin square loop like filler. SE of such RFCP can

be expressed as
SE=A+R dB (3.24)

where 4 is the absorption loss and R is the reflection loss. Reflection coefficient and absorption

loss has been evaluated in the following subsections.
3.5.1 Reflection coefficient of the array of small square loops

A doubly periodic array of small square loops in a homogeneous medium having an effective

dielectric constant (&) is shown in Fig.3.4.
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Fig. 3.4 Amay of square loops in a homogeneous dielectric medium (&e).

In this. case for computing the reflection coefficient, this type of array configuration has been
considered as a combination of vertical (z-directed) array and horizontal (x-directed) array of

dipoles by satisfying the following conditions.

* number of rows and number of columns of the vertical and horizontal dipole array

must be even and equal i.e. = o' =+ and ki=ki=k

* length of element for both the vertical and horizontal arrays must be equal and

should be electrically small.




» spacing between two adjacent array element in the case of vertical array (i.e. z-

directed) will be as follow: Dy = 2/ and Dy = 2D = 47

» gpacing between two adjacent array element in the case of horizontal array (x-

directed) will be as follow: D= 2Dy = 4/ and D, =21

The reflection coefficient of the array of small square loops as shown in Fig.3.4 will then be
R=R|+R; (3.25)

where R, is the reflection coefficient of the vertical array of dipoles and R; is the reflection
coefficient of the horizontal array of dipoles. Derivations of R ;and R'; are given in the following

subsections.

‘In the case of square loop there will be no free charge on the loop i.e. o= 0[28]. Thus the scalar
potential term of eqn. 3.9 will be zero. The electric field will then be only due to the vector

potential. The electric field eqn. (3.15) becomes és

i (5ery _ elﬂ(z]“")

_a),ull' +( ¢

E, = )dz, o (3.26)

8 r
3.5.1.1 Reflection coefficient of vertical array

Reflection coefficient of vertical array (i.e. z directed dipoles) as described in section 3.5.1 is
determined in a similar manner as that of the array of z directed dipoles. The mutual impedance

of the vertical array can be expressed as
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where ry = [ (kaj)z + (Z-Z])2 ]“2

z; = z coordinate on the dipole
Az /= le - l 2y I
# = number of rows which varies from —R” to (R"+1).

k = number of columns which varies from -X to (K+1).

Driving point impedance of vertical array is determined as

R'+1 K+1 .
Zu= > , X & Z,,co8(B D, ksing )
r=-R"k=-K '

Reflection coefficient of the vertical array then yields as

, KUl Z, \Z,)1 sec’ g,

Rl‘ - 2
[DyD,(Z,,+2,)]
E

where K(!,.0,.Z,,Z,,)=3600

Foy, Fas, Foz are as given in section 3.4.1.
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3.5.1.2 Reflection coefficient of the horizontal array

Reflection coefficient of the horizontal array (i.e. x-directed dipoles) as mentioned in section

3.5.1 is determined in a similar way to that of the vertical array.’ The mutual impedance of the

horizontal array can be expressed as

2r'k
r D + 2/ —|
i x2 | ;| &P ~j8 |Ax +r ~exp|jBAx -7 |
_ P fang(r <lsl) dx s
8 sin2 gl rID | ¢ 0 s ! |
€ x2 L . J
(3.30)
where ro=[ (kD22)* + (e-xp)* 117
x; = x coordinate on the dipole
Ax /= [g - | Xy |
Driving point impedance of horizontal array yields as
3
R"+1 K+1
Z,= 2% . Y & Z,, cos(f D, kcosp ) (3.31)
r R" k=-K
Reflection coefficient of the horizontal array then becomes as
K, (,.1,.2, ;Z,, Yl'cosec’ 9,
R, = , - ,
‘ [0, D,(2,,+2,)F (3.32)
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where K,(!,.1,.Z,.Z,,)=3600 R
_ - T,

3.5.2 Absorption loss of the array of small square loops

Voltage induced in the loop due to the incident field can be expressed as follow [3].

17 '
Vi =[— J-Iz E dz : (3.33)
10 )

Substituting eqn. 3.1 and eqn. 3.26 into eqn. 3.33 yields

2-[( e-}ﬁ(:;ﬂ) _ ejﬂ(zrr)

11
87 0 r

)dz, |dz (3.34)

Eqgn. 3.34 is restricted for the case where each side of the square loop is equal to the odd multiple of

the half wavelength. For the case of the loop sides of any léngth eqn. 3.34 becomes

Wy 'zJ. zj e~ B _ B )
Vi,=——"5——)|sinf dz, |dz 3.35
"' 8xsin® B, 02[3111/3 0( r ) ! ] (3.35)

By small loop approximation (i.e. loop perimeter << A), loop loss resistance is found as follow [3]

L |fa
R =5 7o (3.36)

where L = loop perimeiter, m
a = wire (conductor or dipole) radius, m

o = conductivity of the loop material , mhos/m
39



Absorption loss in a loop will then be as

P
1. Rf_ ]

Total absorption loss (dB) in the array of small square is then obtained a3
A=10log, (4, M) dB

where A is the total number of loops in the array.
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4.1 INTRODUCTION

The reflection coefficient of the RFCP containing both strip like filler and square loop’type filler
has i)een computed in the frequency range of 1 GHz to 12 GHz. Reflection coefficient depends
on substrate type, number of filler on tﬁe substrate, filler length, spacing between two adjacent
fillers and incidenc¢ angle. SE value of the RFCP containing the small square 100}3 like filler is
due to the reﬂe’ctior;: loss and absorption loss. A comparison between the reflection coefficient of
RFCP- containing strip like filler with that of containing the -square loop like filler which
perimeter is equal to the strip length is given in this chapter. Absorption loss of the RFCP
containing the square loop like filler is also computed in this chapter. Through out: the

computation of reflection coefficient, no loading (i.e. Z; = 0) is considered for sirhplicity.
4.2 REFLECTION COEFFICIENT AT VARIOUS FREQUENCIES

The reflection coefficient 'of the array of strip like fillers (RFCP) on a dielectric substrate is
‘computed at various frequencies. The geometrical data of the RFCP 'on the substrate are: filler
length (2/} = 4 cm, horizonial spacing between two adjacent fillers (D,) = 2 cm, vertical spacing
between two adjacent fillers (D;) = 5 cm and substrate thickness (4) = 0.1 cm. Polyvinyl Chloride
is considered as a substrate which dielectric constant is 4.5. The number of fillers on the
substrate is taken as 25 and ncrmal incidence of the field is considered. A plot of the reflection
coefﬁciént as a function of frequency is éhown ‘in Fig. 4.1. The angle of reflection coefficient as

a function of frequency is given in Appendix B.
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Fig. 4.1 Reflection coefficient as a function of frequency.

The Fip. 4.71 shows that the reflection coefficient below frequency 2 GHz and abO\lfe frequency
11 GHz is very negligible. It is also- observed from Fig. 4.1 that the magnitude of the reflection
coefficient increases as the frequency increases first and attains a peak value of about 0.76 at a
frequency of 5.5 GHz which may be due to the resonance at that ffequency. After resonance, the
reflection coefficient decreases, which is expected [12]. Fig. 4.1 shows that the reflectivity of the
array of strip like filler on a dielectric substrate is largely dependent on the frequency of the
incident field. 1t can be noted here that this type of RFCP can be used for a certain range of

frequency where reflection coefficient is significant.

43 EFFECT OF INCIDENCE ANGLE

Reflection coefficient of the same RFCP as mentioned in section 4.2 1s computed for different

incidence angle. A set of curves of the reflection coefficient for different incidence angles is

shown in Fig. 4.2,
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normal incidence
— — — incidence angle=60 deg.
------ incidence angle=30 deg.
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Reflection Coefficient

Frequency in GHz

Fig. 4.2 Reflection coefficients for various incidence angles.

The Fig. 4.2 shows that the maximum reflection due to the change of incidence angles remain
unchanged. This may be due to the occurring of reflection from the same RFCP (i.e. same FSS).
However the maximum reflection is occurred at different resonance frequencies because of
considerable effect on the driving poiﬁt impedance due to the change in incidence angle. This

exhibits the properties of FSS [15].

44 EFFECT OF RFCP GEOMETRES

Reflection coefficient depends on'RFCP geometries such as length of the filler (2/), horizontal
spacing (D;) and vertical spacing (D) between two adjacent fillers and number of filler on the
substrate. Effects on reflection coefficient due to the change of RFCP geometries are described

in the following subsections.

Y
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4.4.1 Effect of horizontal spacing

The reflection coefficient is computed for different horizontal spacing between two adjacent
fillers of the RFCP. The same RFCP as mentioned in section 4.2 is taken and normal incidence is
considered to compute the reflection coefficient. Reflection coefficients for different horizontal

spacings (D) are shown in Fig. 4.3.

1

bx=1¢m
099 —— —Dx=2cm

0.8 4
0.7 ~
0.6 4

0.4 1

Reflection Coefficient
O
[4)3

Frequency in GHz

Fig.4.3 Reflection coefficients for different horizontal spacing.

The Fig.4.3 shows that as the horizontal spacing between two adjacent fillers reduces (i.e. the
filler density of the RFCP increases), the reflection increases. This is due to-the square of inverse
proportionality of the horizohtal spacing between two adjacent fillers (Dy) and the reflection
coefficient. Again driving point impedance is a function of horizontal spacing (refers to eqgn.
3.20). Thus the change in reflection coefficient due to change in horizontal spacing between two

adjacent fillers is obvious. It is also observed from Fig. 4.3 that as the horizontal spacing
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increases the band of frequency for which reflection is significant is reduced, whereas resonance
is found at the same frequency. For a RFCP of very closely arranged fillers feg. Dy =1 cm.

refers 1o Fig 4.3) the resonance may be occurred at different frequencies.

4.4.2 Effect of vertical spacing

The reflection coefficient is also computed for different vertical spacing between two adjacent
fillers (D;) of the same RFCP geometries as mentioned in section 4.2. Reflection coefficients for

different vertical spacing between two adjacent fillers are shown in Fig. 4.4.

0.9 1
0.8 1
0.7 -

Reflection Coefficient
o
h

Frequehcy in GHz

Fig.4.4 Reflection coefficients for different vertical spacing.

Fig. 4.4 shows that with increasing of the vertical spacing between two adjacent fillers, the
reflection decreases. It is expected from eqn. 3.22. Fig. 4.4 also shows that for different vertjcal
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spacing between two adjacent fillers (D,), resonances are occurred at different frequencies. This
may be due to the vertical polarization (i.e. z-directed £ field) as well as the dependency of the

mutual impedance on the vertical separation between two adjacent fillers.
4.4.3 Effect of number of fillers

The reflection coefficient of the array of dipole like fillers on a dielectric substrate (RFCP) for
different number of fillers is computed. Same RFCP geometries as described in section 4.2 are
taken for computation and normal incidence is considered. Reflection coefficients for two

different numbers of filler elements (225 and 25 filler elementsj are shown in Fig. 4.5.

nos of fiflers = 25
...... nos of fillers = 225

Reflection Coefficient
(o]
[8, )

Frequency in GHz

Fig.4.5 Reflection coefficients for different number of fillers.

The Fig.4.5 shows that the array consists of 25 element gives lower reflectivity. One probable

reason for this lower reflectivity is that in the analysis of driving point impedance it was assumed
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that the array is very large and as'such the driving point impedance of the central element (Z,)

can be repeated for all the filler elements in the array.

4.5 EFFECT OF DIELECTRIC SUBSTRATE

Reflection coefficient also depends on the dielectric constant (&) of the used substrate material
as well as substrate thickness (4). Effects of dielectric constant of the substrate and substrate

thickness on reflection coefficient are described in the following subsections.

4.5.1 Effect of dielectric constant

The reflection coefficient of the array of dipole like filler for free standing condition (i.e. dipole
array in free space) is computed. Computation is then repeated in the case of the RFCP on a
dielectric substrate having dielectric constant 4.5. The comparison between the two computed

reflection coefficients is shown in Fig. 4.6.

free standing
------ relative permittivity = 4.5

Reflection Coefficient
S 00 oo oo o
N W b ot~ o0 —

Frequency in GHz

Fig.4.6 Reflection coefficients of FSS for free standing condition and on a dielectric.
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Normal incidence of the field is considered and the same geometries of the array as described in

section 4.2 are chosen for the analysis.

It is evident from Fig.4.6 that the reﬂection coefficient of FSS for freerstandiﬁg condition is
~ higher than that of ?Lhe FSS on dielectric substrate such as polyvinyl chloride. This may be due to
the existence 6f more elec;ric field in the substrate than that of the air. Fig.4.6 aiso shox;vs that the
band of frequency for significant réﬂection is found at a hig"ﬁer frequency region for free
standing condition than that of the FSS on polyvinyl chloride. This may be due to the change of
mutual impedance because of dielectric substrate. Making a shielded enclosure for electronic
equipment to fight against EMI is the main objective for developing this type of composite
plastic. In making such a shielded enclosure, different dielectric materials can be used as

substrate. A list of commonly used plastic substrate materials is given in Appendix G

The effects of types of substrates on reflection coefficient of the array of dipole like filler
(RFCP) are also observed i}1 this work. The same RFCP geometries as stated‘ in‘ séction 4.2 are
considéred. Polyethylene, quartz and polyvinyl chloride are taken as dielectric substrate having a
relative dielectric constant of 2.5, 3.8 and 4.5 respectively. Normal incidence of the field is
considered. Reflection coefficients of the RFCP for the case of different types of substrates are

illustrated in Fig. 4.7.
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Fig.4.7 Reflection coefficient

s for different dielectric substrates.

Fig.4.7 shows that as the dirlectric constant of the substrate increases, the reflection from the

RECP decreases. It is also evident from Fig.4.7 that the frequency band for significant reflection

is shifted to a lower frequency region with the increase of &. This may be due to the change in

mutual impedance with change in the substrate

permittivity (refers to eqn. 3.20) and the characteristic

of dielectric material of conserving more electric field than that of air (refers to Fig. 2.8). The

relationship between resonant frequency and re

4.5.2 Effect of substrate thickness

lative permittivity is given in Appendix D.

Reflection coefficient of the array of dipole like filler on a dielectric substrate (RFCP) is

computed for different substrate thickness

mentioned in section 4.2 are considered.
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(h). The same geometrical data of the RFCP as

Reflection coefficient is computed for normal
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incidence. A set of curves of reflection coefficient for different substrate thickness (h) is shown

in Fig. 4.8.
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Fig.4.8 Reflection coefficients for different substrate thickness.

It is observed from Fig.4.8 that as the substrate thickness (#) increases the reflection from the
RFCP decreases. This may be due to the fact that a thicker substrate conserves more electric field
than that of a thinner one. Practically thin substrate is desirable because of many advantages such
as less material requirement, low cost, lightweight and easy formability. It is also evident from
Fig.4.8 that RFCP on thin substrate exhibits better reflectivity which, results in better shielding
effectiveness (SE) of the RFCP. Thus it can be recommended t'o use the RFCP on a thin substrate

for making the shielded enclosure for electronic equipment.



4.6 REFLECTION COEFFICIENT OF STRIP ARRAY AND SQUARE

LOOP ARRAY

Reflection coefficient is computed for the array of dipole like fillers and the array of square lobp
like fillers, The geometrical data of array of dipole like fillers are: fillcr length (2/) = 4 ¢,
horizontal spacing between two adjacent fillers (Dx) = 0.8 ¢m, vertical spacing between two
adjacent fillers (D.) = 5 c¢m and substrate thickness (h) = 0.1 cm. Polyvinyl Chloride is
considered as the substrate material in both cases. The number of fillers on the substrate is taken
as 25 and normal incidence of the field is considered. In case of computing reflection coefticient
of the array of square loop like fillers following geometries are considered: loop perimeter = 4
cm (i.e. loop perimeter is equal (o the length of the strip), number of loops = number of strips.
distance between two adjacent loops = 1 ¢m. The comparison befween the reflection coefficient

of RFCP with strip like fillers and that of the RECP with loop like fillers is shown in Fig. 4.9,

1 -
]
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B for array of square loops
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Fig.d.9 Reflection coetticients o' strip array and squarc loop array.
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To compare the reflection coeflicient of the array of strips and the array of square loops. same
surface area (100 sq. cm) and thickness (0.1 cm) of the substrate are considered. The perimeter
of each loop is equal to the length (2/) of each strip and the number of tuops equal to the number
of strips. So same amount of conducting material (coppe-l') is used for both computations. It is
evident from Fig. 4.9 that reflection from square loop array is smaller than that of the strip array
below frequency 3.5 GHz. As the frequency increases the reflection from the square loop array
becomes greater than tlhat of the strip array up to frequency 11 GHz. Beyond this frequency
reflection from the array of square loops becomes smaller. So, for a frequency band of 3.5 GHz-

11GHz, the reflection coefficient is greater for the square loop array than that of the strip array.

4.7 ABSORPTION LOSS OF THE SQUARE LOQOP ARRAY

Absorption loss of the array of square loops is also computed from the loop resistive loss. The same
geometrical data of the square loop array as described in section 4.6 are constdered. Copper is taken as
conducting material which conductivity (o) is 5.8 x 107 mhos/meter. Normal incidence of the field is

considered. The computed absorption loss {¢/B) as a function of frequency is shown in Fig. 4.10.

Absorption Loss ( dB )

O T i T T T
0 2 4 6 8 10 12

Frequncy in GHz

Fig.4.10 Absorption loss of the square loop array.
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Fig. 4.10 shows that the absorption loss in the array of square loop like fillers increases with
frequency. Loss resistance of the loop increases with [requency (refers to eqn.3.3). Induced
voltage in the loop is also a function of frequency (refers 1o eqn.3.35). Thus computed absorption

loss 1n the loop array increases with frequency and it is expected.

SE of the RFCP of square loop like fillers depend on reflection loss and absorption loss (refers to
section 2.2). In section 4.6 it is shown that for a frequency band (3.5 GHz-) 1GHz) the reflection
of square loop array is better than that of strip array considering same area to be shielded and
same amount of conducting and substrate materials used. Absorption loss is also present in this
type of RFCP which is shown in Fig.4.10. SE of the strip array depends on refection loss only
(refers to section 2.2). Thus SE of the RFCP of square loop like fillers is better than that of the

RFCP of strip like fillers.
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5.1 CONCLUSICN

Evaluation of the éhielding effectiveness (SE) of a regularly filled conductive composite (RFCP)

 for electromagneti.c shielding was the main objective of this research. Two types of fillers (i.c.

strip like filler and square loop like filler) in a plastic resin has been proposed to produce a RFCP
as a shielding material. These types of RFCP can be used in making enclosure for various types
of electronic equipment to combat against electromagnetic interference (EMI) and electrostatic

discharge (ESD).

Some important features of: FSS along with the rel:ated theoretical background have been
described in this thesis for better understanding of the salient features of the developed RFCP
(ESS). Mathematical model for determining shielding effectiveness of the RFCP with strip like
filler has been developed in terms of reflection coefficient. Reflection coefficient is then
determined by a series of ;omputer program written in C*" language, which is run in Pentium
machine. Reflection coefficient has also been derived for RFCP with square loop like filler.
Absorption loss, which is found in RFCP containing loop like f_iller is also derived analytically.
Absorption loss is then computed by a series of program written in C™" language. The computer
programs are given in Appendix E. Throughout the computation no loading (i.e. Z,=0) is
considered for simplicity. This is also due to the fact that during making the shielded enclosure

for electronic equipment no loading condition has to be considered.

It has been observed that significant reflection from the RFCP can be achieved for a specific
band of frequencies (refers tc. section 4.2 and 4.6). The attenuation of EM waves due to the
reflection from conductive fiilers of such types of RFCP has been studied theoretically.
Experimental investigation has not been carried out due to the unavailability of test equipment

and related facilities.
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The resonant frequency of the array as well as the bandwidth depends strongly on the strip
(dipole) element. Resonant frequency and bandwidth is also influenced Ly the RFCP geometries,

a}agle incidence of the field and substrate material.

It is observed that RFCP of square loop like filler exhibits better reflectivity than that of strip like
filler (refers to Fig.4.9). More over, absorption loss has been found in square loop array (refers
to Fig.4.10). Thus it can be concluded that the RFCP consisting the square loop like filler has

better shielding capability than that of the strip like filler.

One notable features of the regularly filled conductive composite (both of strip like filler and
square loop like filler) is that the shielding capability which can be controlled by proper selection
of the shape, size and separation between two adjacent fillers. Moreover SE values can also be
predicted prior to manufacturing which is not possible in the case of available randomly filted

conductive composites.
5.2 RECOMMENDATIONS FOR FUTURE WORK

The following recommendations are made to carry out the future research.

¢ Due to the unavailability of the necessary instruments, it was not possible to measure the SE
of the RFCP. Thus measurement of the SE of the RFCP could be carried out to compare the

predicted SE value with the measured SE value.

¢ In this work the RFCP (FSS) element are attached to the surface of the substrate. On the
other hand during the moulding process of the filled compositc material, filler will be

embedded in the plastic resin. This configuration is very similar to a material where the



fillers would be sandwiched between two types of dielectric materials. Thus more rigorous

analvsis is required to find the SE of such type of RFCP.

Evaluation of shielding effectiveness of FSS like RFCP from reflection coefficient is not
carried out by other techniques as mentioned in the introducing chapter. This was beyond the
scope of this work. Thus it was not possible to find the computational accuracy of the
proposed technique. Evaluation of shielding effectiveness of EFCP from reflection
coefficient by any other techniques such spectral domain technique can be an interesting
topic for further research. The computational accuracy of the presented technique can then be

found by comparing the reflection coefficient obtained from the other techniques.

In finding the reflection coefficient and absorption loss of the square loop array, small loop
approximation is considered. The SE could be find out for the array of loops of any shape
(i.e. triangular, circular, rectangular) and size. A rigorous analysis is required to find the SE
value of the RFCP containing the array of loops of any size. This analysis could be carried
out in future by the same technique or by any other technique, which has been mentioned n

the introductory chapter of this thesis.
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APPENDIX A

REFLECTION COEFFICIENT OF THE ARRAY OF LOADED DIPOLES IN A

HOMOGENEOUS DIELECTRIC MEDIUM [15}

The periodic passive array shown in Fig.3.3 is considered. An incidencs plane wave has a power
density S; and is polarized in z direction is considered also. The direction of propagation lies in
the x-y plane, making an angle ¢ with negative y-axis as shown in Fig.3.3. The field scattered
from such an array in any direction in the x-y plane making an angle ¢ with the y-axis.
Assuming that the current //(z) induced on each element, where the subscript 'k denotes the r'k
th element. For an infinite array, all the currents / are equal in magnitude and have a linear phase
delay matching that of the incident wave‘(Floquet’s theorem). The airay is assumed to be
sufficiently large (R”, K >> 1) so that it can be considered as. a truncated version of an infinite

array. The r'k th element current can be written as

I4d2) = Iop(2) exp (-1 5 k Dy sing) | (A1)
where = 27/4 is the phase constant. Assuming

Loo(z)= Log'2) + Tno'g(2) (A.2)
where A{() = g(0)= 1, so that the current at the terminals of the 00™ element is

Too(0)= Iog* + Iy . (A.3)



The compensation theorem of the circuit theory can be. used to find Joo* and Ipy' in the following
way. Assuming /go' is the current at the terminals with the terminals short circuited, then /o) is
‘the current due to an emf of - Jy()Z, applied to the terminals. In othier words, the terminal
current /y° is induced when the array functions as a passive scatterer with all of its elements
short circuited, whereas the terminal current /gy’ is induced when the array functions as an active

transmitter. Thus

Z,15(0)

100(0): "003(0)_ 7

(A.4)
A
where Z; = R4 + jX, is the driving point impedance of an element of this airay and Z; is the load

impedance. When the array is scanned to the direction ¢ it follows from eqn. A.2 and eqn. A 4 that

'z,

z z, |
In(@) = IO =412 5 802)| (AS5)

In designing of the resonant screens, it has been observed that the best results are obtained when
the linear elements are shorter than one wavelength in the frequency band of interest. For this

case f (z) and g (z) can be written as

{cos ffz—cos fl.)

f(2)= (1-cos L) (A.6a)
_sinf(, -~z )
g(z) = T and A (A.6b)

to a good approximation where 2/,=2 (I + A7) ( i.e. a length somewhat exceeding the physical
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length 2/). Thus effective length is introduced by the énd capacilance »f the linear elements:
expressions for /, are given in several antenna books. [n addition to the restriction on length just

mentioned, the elements should not be spaced too closely (D, > 0.2 4, D.> 0.2 A).

In eqn. A.3 the driving point impedance Z; is found from the theory of antenna arrays. It remains
. . . ; /o
to determine fpp (0). In the present case only magnitude of the reflection coefficient, R is

determined; hence only the magnitude of /pg(0) is needed.

Assuming that the array of loaded elements be exposed to an incident piane wave as described in
the first paragraph. Each element, except for those at the edge, will absorb the same fraction of

the total received P, under matched condition.

; f)muwl
pF o lm GS | | (A7)

where the total number of elements N is (2R+1) (2K+1), G is the gain of the array scanned in the

direction ¢;. Also,

E Vo
p = . :
max 4R p (A 8)
. . . . . .
where V/\ is the induced (or Thevenin) emf in the r’k th element. Vr,ki 1s determined from eqn. o

A.7 and A.8 and substituting this value into

(A.9)
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gives the magnitude of the current in the 'k th element.

4 [Grs,
_12,4‘*21.“ n N

(A.10)

r'k

Substituting |100(0)| from eqn. A.10 into eqn. A.5 and employing eqn. A.1, A.6a, and A.6b, the
current on all of the elements of the array is known, except for the constant phase term noted
earlier. The evaluation of the far zone scattered field and subsequently the bistatic cross section

in the x-y plane is straightforward and yields

_120NR,GA’ Z |
- )Z +Z|2 4z
All
i' m[ B D /2 2K+1) sing, —sin g, ]—i? ( }
L K+1 sm[(ﬁ!) /2) sing ,—sing, ]J
sin f#1— I, cos A, |
' B A12
where £ 1-cosf, ' .( )
1 .
and F"Izsinﬁ!c l1-cosfl,— F, sinfl, (A.13)

This result can be further simplified. From the definition of gain and terminal impedance it can

be shown with certain restrictions that

rcosﬂ A!—cosﬂl‘,}

R,G=120N .
i 0 L sin 3, (A-14)

to a pood approximation. Substituting eqn. A.14 into eqn. A.11 yields
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'z'rcosﬂAl—cosﬂlJz '
A L sin I, J _
lf m[(ﬂ D, /2)(2K+1)(51n¢5 —sing, )H
(2K +1 Sm[(ﬁ D, /2)(sing ~sing, )]_]

o _ 1203V2 z,

el 2
Z,

2

(A15)

It is convenient to normalized eqn. A.15 with respect to the bistatic cross section of a flat
perfectly conducting plate with the same dimensions as the array. Maximum specular scattering

is desirable and it can be achieved when ¢ = ¢, A specular reflection coefficient for the array can

be defined as

Physical optics accurately yields the specular bistatic cross section of a large perfectly

conducting plate, so that from eqn A.15 it is obtained

K(,.1,,Z ,Z )l sec’g,

R =
[D.D. (Zi+ Z)] (A.16)

Z, -rcosﬁAl—cosﬁ!jz
Fel - E_ F(.’Z \- . :
b sin 3, :
where K(/,,/ E,Z,,Z )=3600 T (A1T)
b
Eqn. A.17 can be written as
F _{i]p 2 2
el ZI) 2 €3
K(l ,0.,Z,.Z )=3600 = (A.18)
T i



cos B Al -cos A,
sin f3l,

where [y =

For the 00 th element in the array. the terminal voltage Vg can be given as

0= X Z,1 (A.19)

Where Z/; is the mutual impedance between element 00 and the ¥k th element. For large arrays,
the element currents are identical except for a linear phase delay (see eqn. A.1). The driving
point impedance can then expressed-as

. Rn‘f K

=2 = z D_ksing . 2
ZA 100 r" =§’R"'f k:z_ng r,’k CQS(ﬁ X Sln¢1) (A O)

where & 13 the Neumann factor defined by
& =1 fork=0

=2 fork=0

In the above equations, /; = /A, A is the wavelength of the incident wave, 2/, is the effective

length of each dipole and A4/ =[.-/.
EXPRESSION FOR R,G PRODUCT

The R.G product is derived in a manner consistent with approximations stated earlier. R4 and G
are the ordinary radiation resistance and gain of the elements functioning as a transmitting array
steered in the direction of incidence. Assuming that the array is steered in the direction ¢ the
magnitude of the far-zone power density at a distance r in the direction ¢ can be written as
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2 sy7

_NIel* RG (A21)

. 2
! 4r

where /g is the terminal current in the transmitting array; it is not the current given by eqn. A.9.

The far-zone power density radiated by a single element in the array can be given as

Lz (A22)

=]67r2r'

([ ezez)

S

where Z. is the characteristic impedance of the medium and g (z) is the normalized current

distribution used in eqn. A.2 and A.6b. When all of the elements of the array radiated in phase, then

Si= NS
From the preceding equations,

(A.23)

2

_ NS *Z.
B T

| e(z)az

R, G
Using the approximated expression for g (z) given in eqn. A.6b the above eqn. can be written as

rcos AT — cos f_l
R,,G:IQ.ONL ﬁsinﬁf ,ﬂ"Jz , _ (A.24)




APPENDIXB

ANGLE OF REFLECTION COEFFICIE_NT

180
150 A
120

Angle of Reflection Coefficient (deg.)
o

Frequency in GHz

Fig. B. Angle of reflection coefficient of Fig. 4.1
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APPENDIX C

T

RELATIVE PERMITTIVITY OF DIFFERENT DIE}LECTRIC MATERIALS

Dielectric materials (g, = 1.0) have relative permittivity (&) typically between 2 and 5. Relative

permittivity (&) for various dielectric materials is given in the following table [2],{29].

Materials o “Relative Permittivity, &
Bakelite 4,74
Mica 5.40
Neoprene 5.0-7.0
Nylon 3.50
Paper 3.00
Plexiglas 345
Polyethylene 2.27-2.50
Polypropylene 2.50-2.65
Polystyrene 2.56
Polyurethane 5.6-7.6
Polyvinyl chloride 3.0-8.0
Quartz 3.80
Rubber 2.5-3.0
Silicon 11.80
Silicone 3.0-3.5
Styrofoam 1.03
Tetlon 2.10
Wood (dry) 1.5-4.0
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APPENDIX D

RELATIONSHIP BETWZEN THE FREQUENCY AT WHICH MAXIMUM

REFLECTION IS OCCURED AND DIELECTRIC CONSTANT

A best fit analysis is done by computer software package Micor-Cal OriginTM to obtain a
relationship between the frequency (fimax) at which maximum reflection is occurred and &,. The

best fit plot is shown in Fig. D. The relationship is given as

o oe = 6.87753+0.25332¢, —0.12516¢?

7.2 e —————— T

64F 3

62F . E

frmax

60F ' E
56F _ . E
56F 3

54F , - =

"

5_2:.L--.la-...l.,... PR S T R
1 2 3 4 5

Dielectric Constant

Fig. D. A best fit plot of frequency at maximum reflection versus &
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E | APPENDIX E

COMPUTER PROGRAMS

This 1is a program "that has been written in C++ language for the
calculation of the Reflection Coefficient of a Frequency Selective Surface
(FS3) of loaded dipoles on a dielectric substrate.

#include <complex.h>
#include <iostream.h>
#include <stdic.h>
#include <math.h>
#include <flocat.h>
tinclude <stdlib.h>
finclude <string.h>
#include <conio.h>

fdefine ¢ 3.0e8 /* Speed of EM wave in free space(meter/sec)*/

#define PI 3.141583

#define 11t 0.0 '
#define epsiQ 8.B54e-12 /* -Permittivity of free space({farad/meter)*/

tdefine muld 12.57e-7 /* Permeability of free space(henry/meter)*/

static float beta:
static float cmega;
static float 1;
static float width;
static fleat le;
static fleoat Dx; ,
static float Dz;
static float wavelength;
static float deltal;
static float phi_incy
static fleoat mu;
static flecat mur;
static float epsi;
static flcat epsir;
static float epsire;
static float epsirel;
static flocat epsire?Z;

static int no_rows;
static int no_cols;
static int 1i;
static int j;

long doubkle pow(long doublé(x),long deuble (y));

vold main (}
|

'

int ang_inc;
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float Rl,X1,R,pha velocity;
float K(flecat,float,conplex);
complex driv_impedance(void);

int FileNum=1;
FILE *fp; —
char FileName[20]="Reflec",FileName3[6}=".dat",FileNameZ{S];

clrscr();

dol :
printf{("\nStarting file # %d\n", FileNum);
itoa(FileNum, FileName2,10);
strcat(FiieName,FileName2);
strcat(FileName;FileNameB);

fp=fopen (FileName, "w");

fprintf(fp,"\t\t T4I1IS IS THE OUTPUT OF THE PROGRAM FSS.CPP\R");
fprintf (fp, "MtAt\t output file name: $s\n", FileName) ;

fprintf (fp, "\tNENE-——----- - mmmm oo s mm e \ni\n");
printf (" Input the nos. of rows in the array, No_rows =\t");
scanf ("%d", & no_rows);

fprintf (fp, "\t\t number of rows =%d\n",no_rows};

printf (" Input the nos. of columns in the array, no_cols =\t");
scanf ("$d", & no_cols);
fprintf (£p, "\t\t number of columns =%d\n\n",no_cols);

printf (" Input the resistance of the load;Rl =\t");
scanf ("$f",&R1);
fprintf {fp, "\t\t load resistance =%f\n",Rl);

printf (" Input the inductance of the load, X1 =\t");
scanf ("%$f", &x1);
fprint £ {fp, "\t\t load inductance =%f\ni\n",X1l);

1=0.02;
Dx=0.02;
Dz=0.05;

fprintf (fp, "\t\t length of each dipole(m) =%f\n",2*1};
fprintf(fp, "\t\t horizeontal spacing(m) =%f\n",Dx);
fprintf(fp, "\t\t vartical spacing(m) =%f\n\n", Dz} ;

float llambda,s,w,h,k;

Calculation of the effective dielectric constant, epsire */

mur=1,0;
mu =mur*mul;

fprintf(fp, "\t permeability of the dielectric substrate=%f\n",mu);

printf{" Input relative permittivity of the substrate,epsir=\t");

scanf ("$f", & epsir); .
fprintf(fp, "\t relatve permittivity of the substrate =%f\n\n",epsir);

5=Dx;
w= 0.02%1;
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h= 0.001;
k=s/{s+2.0%w);

fporintf(fp, "\t thickness of the dielectric substrate (m)=%£\n", h);

epsirel= tan(h}*{0.775%1log (h/w)+1.75);
epsireZ= (k*w*(0.04-0.7*k+0.01*(l.O-O.lfepsir)*(0.25+k)))/h;
epsire = {{epsir+1.0)* (epsireltepsire2)]/2.0;

epsi = epsilO*epsire;

fprintf (fp, "\t effective dielectric constant of medium=%fin\n", epsiref;
fprintf (fp, "\t permittivity of the equivalent medium =%.4e\n\n", epsi);

for(ang_inc=1;ang_inc<=6;ang_inc++)

{

printf{" \n for incidence angle (degree) =%d\n\n",15*ang_inc);
fprintf (fp, " \n for incidence angle (degree} =%d\n\n",15*ang_inc);

printf (" Freq(GHz) \t\Reflection Coeff.\n\n ")
fprintf (fp, " Freq(GHz)\t\Reflection Coeff.\n\n ");

phi_inec=15*ang_inc*PI/180.0;

pha velocity=c/sqrt (mur*epsire);
deltal=0.3*1;

le=l+deltal;

float incr;
float fregGHz=0.0; .

do .
{

incr=0.5;
frquHz=frquHz+incr:

waveleagth= pha velocity/(fregGHz*1.0e9);
omega=2.0*PI*freqgGHz*1.0e9; '
beta=2.0*PI/wavelength;

complex Zl= complex(Rl,omega*Xl};
llambda=1/wavelength;

/* Calculation of the reflection coefficient, R */

complex:xl=driv_impedance(};
float x2=K{llambda, le,21l);

R=({x2* pow(l,4))/ (pow((Dx*Dz),2)*
pow {abs (x1+21), 2) *pow (cos (phi_inc),2) )

printf ("\t%.2f\t\%f\n", freqGHz,R);
fprintf(f~, "\t%.2f\t\3f\n", freqGHz,R)

} while(freqGHz<12);
1

strcpy(FileName, "Reflec”);

FileNum++; ' T
fclese(fp):

ywhile (FileNum<2);
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printf{"end of the program\n");

/= Calculation of the value of K */

float K(float llambda, float le,complex Z1)
{

complex driv_iﬁpedance(vdid);

float Fel=(sin(heta*l)-beta*l*cos(beta*le))/({l-cos(beta*le));
float Fe2=(l-cos{beta*le)-Fel*sin(beta*le))/sin(beta*le);
float Fe3={(cos(beta*deltal)-cos{beta*le))/sin{beta*le);
complex xxx=driv_impedancel);
return(3600*pow(abs(Fel-Fe2*Zl/xxx),2)*pow(Fe3,2))/
(PI*PI*pow{llambda, 4}):
}

/* Calculation of the driving point impedance(Za) */

complex driv_impedance{void)
{
int epsiok,m,n;
complex Za;
complex self impedance(void};
complex xxx,mutual impedance(vcid);

m = {(no_rows}/2; \

n = (nc_ccls}/2;
Za=complex (0.0,0.0);
xxx=mutual impedance();

for (i=-m;i<=m;i++)
{ .
for{j=-n;j<=n;j++)
{
if{j==0) epsiok=1l;
else epsiok=2;

flocat cs=cos{beta*Dx*j*sin(phi inc)):
Za+=epsiok* xxx*cs;

)
}

cout << "real part of Za = " << real(Za) << " \n";
cout << "imaginary part of Za = " << imag{Za) << "\n";
getchar();

return Zz:
} .

/* Calculation of the mutual impedance */

complex mutual impedance(void}
{ K
complex ffil(flcat);
complex ff2(float);
cemplex self impedance (void):
complex parallel{float);
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complex compl_intg(complex(*fu)(float),ﬁloat,float);
float potscalar,potvector;

potscalar=beta/(8.0*PI*omega*epsi*sin(beta*le)*sin(beta*le));
potvector=-omega*mu/(8;O*PI*sin(beta*le)*sin(beta*le));

1f((j==0)8&(i==0)) return self impedance();
else if {(i==0)&&{j!=0))

{ t
return parallel (3*Dx};

}

else|

complex cl=compl*intg{ff1,(i*Dz—l),(i*Dz+l));
complex 02=compl_intg(ff2,(i*Dz—l),(i*Dz+l)); .
return complex(0.0,1.0)*potscalar*c1+potvector*c2;

complex ffl(flcat z}

{
complex fl(float);
complex differentiate (complex {(*fu) (float),float);
return differentiaté(fl,z)*sin(beta*(le-fabs(z)));

static fleoat z1;
static float z2;

complex fl{float z)
{
zl=z;
complex Eirsp(float); .
complex compl_intg(complex(*fu)(float),float,float);
return compl_intg(Eirsp,—l,l);
!

complex ff2(float z)

{

z2=z}

complex Eirvp{float);

complex complﬂintg(complex(*fu)(float),float,float);
return sin(beta*(le-fabs(z)))*compl_intg(Eier,—l,l);

}

complex Eirsp(float zprime)

{
complex bet=complex(0.0,beta};
float dist=sqrt(j*Dx*j*Dx+(zl—zprime)*(zl—zprime));
complex retplus=—bet*(le—fabs(zprime)+dist); o
complex retminus=het* {le-fabs (zprime)-dist);
return (exp(retplus)+exp(retminus))/dist;

complex Eirvp(float iprime)‘
{
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complex bet=complex(0.0,beta);

float dist=sqrt(j*Dx*j*Dx+(22—zprime)*{zZ—zprime));
complex retplus=-bet*tle—fabs(zprime)+dist);
complex retminué=bet*{le-fabs(zprime)—dist);

return (exp(retplus)-exp(retminus))/dist;

s+ ' Calculation of the self-impedance (z11) */

complex self_impedance(void)
{
complex prod,Z11;
complex S{float};
complex C{float]);

prod=complex(0.0,60.0)/(Sin(beta*l)*sin(beta*l));

z11 =prod*(4.0*cos(beta*l)*cos(beta*l)*S(beta*l)
—cos(2.0*beta*l)*S(2.0*beta*l)
—sin(2.0*beta*l)*{2.0*C(beta*l)—C(Z.O*beta’l)));

return Z11;

float intg(float{*fu) (float), float a, float b)

int Jis
float xr,xm,dx;
double s;

static float xX[]={0.0,0.1488743389,0.4333953941,
0.6794005682,0.8650633666,0.97390632};

static float ww{]={0.0,0.2955242247,0.2692667193,
0.2190863625,0.1494513491,0.06667134};

xm=0.5*% {b+a}
xr=0.5*{b-al;
5=0.0;

for(33=1;33<=5;33+4)

dx=xr*xx[jjl:
s+=ww[jj}“((*fu)(xm+dx)+(*fu)(xm~dx)f;
}

return s*=Xr;
float Cin(float x)
float cinc{float):
if(x==0.0)return C0.0;
else -
return intg(cinc,1lt,x});
1

float Cii{float x)

float cinc(float)}
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'

if(x==0.0)return 0.0;

else {

return O.577+log(x)—intg(cinc,llt,x);
} {

float Sii{(float x)

flpat sinc{float});
if(x==0.0) return 0.C;
else |
return intg(sinc,llt,x);
) !
}

complex C(float B)

{
float Cin(float),Sii{float);

float w=0.01*2*1;
float t=w/7.3;

float width=0.25%w* (1+t* {1+Llog ({4*PI*w)/t)}/ (PI*w});
return log(2.0*1/width) :
-0.5*Cin(2.0*B]
—complex(0.0,0.S)*Sii{2.0*B);
1 .

complex S(float B)

{ ‘

float Cin(float),Sii(flecat);

return~beta*width
—complex(0.0,0.B)*Cin(Z.O*B)
+0.5*S1ii(2.9*B};

}

float sinc(float x}

return sin{x)/x;

float cinc{float x)

retufn (i—cos(x))/x:

static float argml;
static float argm2;
static float argm3;
static float argmd;

complex parallel (fleoat d)

{

float Rpal(float) ;.

float ng(float);

float mult=30.0/(§in(beta*l)*sin(beta*l));
return mult*complex (Rpa{d),Xpa(d));
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float Rpa{float d)

{
argml=beta*(sqrt{d*d+l*l)—l):
argm2=beta*(sqrt(d*d+l*1)+l);
argm3=beta*(sqrt(d*d+4.0*1*1)—2.0*1);
argm4=beta*(sqrt(d*d+4.0*l*l)+2.0*l);

float cicos=cos(beta*l*(Cii(argml)+Cii(argm2)));

return 2.0%(2.0+cos(2.0*beta*l))*Cii(beta~a)
—4.0*cicds*cicos+cos(beta*2.0*l*(Cii(argm3)+Cii{argm4)))
+Sin(beté*2.0*l*tSii(argm4)—Sii(argm3)
-2.0*Sii(arqm2)+2.0*Sii(argml)));

float ¥Xpa(float d)
float sicos=cos(beté*l*(Sii(argm1}+sii{argm2)));

return ~-2.0%(2.0+cos(2.0*beta*1l))*Sii(beta*d)
+4,0*sicos*sicosécos(beta*Z.O*l*(Sii(argm3)+Sii(argm4)))
+sin(beta*2.0*l*(Cii(argmd)—Cii(argmB)
-2.0%Cii(argm2)+2.0*Cii(axgml)));

/I Numerical integration of a complex function */

complex'compl_intg(complex(*fu)(float),float a,float b)
{ .

int J33;

float xr,xm,dx;

complex s;

static float xx[]={0.0,0.1488743389,0.433953941,
0.6794095682,0.8650633666,0,97390652};
static flsat WW[]={0.0,0.2955242247,0.2692667193,
: 0.2190863625,0.1494513491,0.06667134};

xm=0.5* (b+a);
xr=0.5*% (b-a);

s=complex(0.0,0.0};

for (§3=1;33<=5;33++)
{
dx=xr*xx[j3); ‘
5+=ww[jj1*((*fu)(xm+dx)+(*fu)(xm—dx));
}

return S*=Xrj;

/* ©Numerical integration of a complex function (exponential type) */

complex Eilntg{float Xx)
{
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/ir

{

int t,todd,teven,lim, fact (int);
float gamma,si,ci,ssum,csum;

ssum=0.0;

if (x==0.0)return complex{1.0,0.0);

else|
gamma=0.577+log (fabs (x));
csum=gamma;

if(x<0.2)

{
si=X;
ci=gamma;
}
else 1f(x>1)
{ p .
si=PI/2.0-cos(x)/x;
ci=sin(x)/%;
}
else
{
1im=3; )
for{t=1;t<=1lim;t++)
{
todd=2*t-1;
teven=2*t;
ssum+=pow(—l.0,(t-l))*pow(x,todd)/(todd*fact(todd)};
csum+=pow(—1.0,(t-l))*pow(x,teven)/(teven*fact(teven));
} .
si=ssum;
cil=csum;
}

return complex{ci,si});

_________________________________________________________________________ E /
calcuiation of the factorial {n!) */
int fact{int gq)
s
int n;
int fac=1;
if(g==0) fac=1;
else
{
for{n=1;n<=g;n++}
{
fac*=n;
}
}
return fac;
_________________________________________________________________________ * /

/* MNumerical differentiation of a complex function */
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#define nval 6
#define tol .00001

static float hh=0.005;

complex differentiate {complex {*func) {float), float z}

{

int ii;
fleat h=hh;
complex DD(20]:

float EE[2C],RR[20];
DD[O]:(func(z+h)-tunc(z—h))/(2.0*h);

for(ii=l;ii<=2;ii++)
{ .
h= h/2.0;
DD[1i]=(func{z+h)-func(z-h))/(2.0*h);
EE[ii]=abs(DD[ii]-DD(ii-1]); :
RR(ii]=2.0%EE[1i]/ (abs(DD[ii])+abs(DD[ii-1])+tol);
}

1i=1; .

while((EE[ii])EE[ii+l])&&(ii<nval))

{

h=h/2.0;

DD{ii+2]=(func(z+h)—func(z—h))/(2.0*h);
EE[ii+2]=abs(DD{ii+2]-DD[ii+1]);
RR[ii+2]=2.0*EE[ii+2]/(abs(DD[ii+2])+abs(DD[ii+1])+tol);
ii++;

}

return DD(ii];
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This 1is a program that has been written in C++ language for the
calculation of the Reflaction Coefficient and Absorption Loss of a Frequency
Selective Surface (FSS) of square loops on a dielectric substrate.

#include <complex.h>
#include <iostream.h>
#include <stdio.h>
#include <math.h>
#include <float.h>
#include <stdlib.h>
$include <string.h>
#include <conic.h>

#define ¢ 3.0e8 /* Speed of EM wave in free space (meter/sec) */
$define PI 3.141583

#define 11t 0.0
tdefine epsi0 8.854e-12 /* Permittivity qf free space (farad/meter)*/
#define mud 12.57e-7 /* Permeability of free space (henry/meter)*/

static float beta;
static float omega;
static float 1;

static float width;
static filat le;

static float Dx1,0x2;
static float Dzl,[=z22;
static fleoat wavelength;
static float deltal;
static flecat phi inc; ' ",
static float mu;

static float mur;

static float epsi;
static flocat epsir;
static float epsire;
static float epsirel;
static flcat epsired;

static int no_rows;
static int no_cols;
static int i;
static int j;

3

long double pow(leong double(x},long double (y));

vold main()

{
int ang_inc;
float R,R1,RZ2,pha velocity;
float Kl{float,flost,complex},K2(float, fleat,complex);
complex driv_impedancel (void),driv_impedanceZ{veoid):

int FileNum=1; .
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TILE *fp;
char FileName[20]="Reflec",FileName3[6]=".dat",FileNameZ[S];

clrscr{};

do{

printf{"\nStarting file # %d\n",FileNum);
itoa(FileNum, FileName2,10);

strcat (FileName, FileName2};

strcat (FileName, FileName3);

fp=fopen (FileName, "w");

fprintf (fp, "\t\t THIS IS THE CUTPUT OF THE PROGRAM FSS.CPPA\n")}:
fprintf (fp, "\t\t\t output file name: %s\n",FileName);

fprintf{fp, "MtV --m - s e \ni\n'"};
printf (" Input the nos. of rows in the array, nc_rows =\t");
scanf ("%$d", & no_rows);

forintf{fp, "\t\t number of rows ‘ =%d\n", no_rowsj;

printf (" Input the nos. of columns in the array, no_cols =\t");

scanf {"%d", & no_cols);
fprintf (fp, "\t\t number of columns =%d\n\n",no_cols};

1=0.02;
Dx1=Dz2=0.01;
Dz110x2=0.02;

fprintf (fp, "\t\t length of each side of square loop (m) =%f\n",1/2);
fprintf (fp, "\t\t horizontal spacing{m) =%£f\n",Dxl);
fprintf (fp, "\t\t vertical spacing(m) =%f\n\n",Dzl};

fleat llambda,s,w,h,k; ’

/* Calculation of the effective dielectric constant, epsire */

mur=1.0;
mu =mur*mul;

forintf (fp, "\t permeability of the dielectric substrate=%f\n",mu);

printf (" Input relative permittivity of the substrate,epsir=\t");
scanf ("%f", & epsir);

fprintf (fp, "\t relatve permittivity of the substrate =3f\n\n", epsir);
s=Dx1;
w= 0.02*1;
h= 0.001;

k=s/(s+2.0%w};
fprintf (fp, "\t thickniss of the dielectric substrate(m)=%f\n", h);
'epsirelm tan{h)*20.775*log(h/w)+1.75); .
epsire?2= (k*w*(0.04-0.7*k+0.01*(1.0-0.1*epsir)*(0.25+k)})/h;
epsire = {(epsir+1.0)* (epsirel+epsire?)})/2.0;

epsi = epsilO*epsire;

fprintf (fp, "\t effective dielectric constant of medium =%f\n\n",epsire);
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fprintf (fp, "\t permittivity of the equivalent medium =%.4e\n\n",epsi);

for(ang_inc=1l;ang_inc<=6;ang_inc++)

{

printf£{"” \n for incidence angle (degree) =%d\n\n",1l5*ang_inc});
fprintf(fp,” \n for incidence angle(degree) =%d\n\n",1l5*ang_inc);

printf (" Freq(GHz)\t\Reflection Coeff.\t\Absorption loss\n\n ");
fprintf(fp," Freqg{GHz)\t\Reflection Coeff.\t\Absorption loss\n\n ")

phi_inc=15*ang_inc*PI/180.0;

pha velocity=c/sqrt(mur*epsire);
deltal=0.3*1; ‘
le=l+deltal;

float incr;
float freqGHz=0.0;

do

{

incr=0.5;
freqGHz=freqgGHz+incr;

wavelength®= pha velocity/(freqGHz*1.0e9);
omega=2,0*PI*freqGHz*1.0e9;
beta=2.0*PI/wavelength; ,

complex Zl= compiex(0.0,0.0);
llambda=1/wavelength;

float loop_resistance,ALJabsorption_loss; "}

int no_loops=25;

float loop perimeter=2*1;
float sigma=5.8e7;

float a=width;

/* Calculation of the reflection coefficient and absorption loss */

complex xl=driv impedancel ();
float x2=K1(llambda,le,Zl);
complex x3=driv_ impedance2{);
float x4=K2(llambda, le, Z1);
complex x5=induced voltage();

Rl=(x2* pow(l,4))/(pow{(Dx1l*Dzl),2)*
pow(abs (x1+21), 2} *pow(cos (phi_inc),2));

RZ2={x4* pow(i,4))/(pow{(Dx2*Dz2),2)*
pow{abs (x3+Z1}),2) *pow{sin(phi inc),2)};

H

R= R1+R2;

loop_resistance= (loop_perimeter/{2*a})*

sqrt ({freqGHz*1.0e9*mu0)/(PI*sigma));
AL={pow(abs(x5),2))/loop_resistance;
absorption_loss=10*log(AL*nc_loops);

printf ("\t%.2LNE\SENE\SE\n", freqGHz, R, absorption loss);
fprintf(fp,"\t%.2f\t\%f\t\%f\n",frquHz,R,absorption_loss);
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} while(freqGHz<12);,
}

strcpy(FileName, "Reflec");
FileNum++;

fclose(fp):

Jwhile (FileNum<2) ;.

printf("end of the programi\n"}:

/> Calculation of the value of K */

float Kl (fleat llambda, float le,complex Z1)

{
complex driv_impedancel (void);

float Fe1=(sin(beta*l)-beté*l*cos(beta*le))/(l-cos(beta*le)); s
float Fe2=(l-cos(beta*le)-Fel*sin{beta*le))/sin(beta*le);
float Fel=(cos(beta*deltal)-cos(beta*le))/sin(beta*le);

complex xxxl=driv_impedancel();
return(3600*pow{abs (Fel-Fe2*Z1/xxxl),2) *pow(Fe3,2))/
{PI*PI*pow(llambda,4));

float K2 (float llambda, float le,complex Z1)
complex driv_impedanceZ(void);

float Fel=(sin(beta*l)-beta*l*cos{beta*le))/(l-cos(beta*le));
float Fe2=(l-cos(beta*le)-Fel*sin{beta*le))/sin(beta*le);
float Fe3=(cos(beta*deltal)-cos(beta*le))/sin(beta*le};

complex xxx2=driv_impedanceZ();
return (3600*pow (abt (Fel-Fe2*Z1/xxx2),2) *pow(Fe3,2))/
(PI*PI*pow(llambda,d4));
}

/- Calculation of the driving point impedande(Za) */

complex driv_impedancel (void)
{ .
int epsiok,m,n;
complex Zal;
complex self impedance(void); C ®
complex xxxl,mutual impedancel{void)};

m {no rows-1)/2;

n = {(no_cols-1})/2;
Zal=complex(0.0,0.0};
xxxl=mutual_impedancel();

i

for (i=-m;i<=m+l;i++)
{
for{j=-n;j<=n+1l;3++)
i .
if(j==0) epsiok=1;
else epsiok=2;
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fleat csl=cos(beta*Dxl*j*sin(phi_inc));
Zal+=ersiok* xxxl*csl;
}

}

return Zal;

}

complex driv_impedance2(void).
{
int epsick,m,n;
complex Za2;
complex self_impedance(void);
complex xxx2,mutual_impedance2{void);

m (no_rows-l)/2;

n = (no_cols-1)/2;
2a2=complex (0.0,0.0);
xxx2=mutual_impedance2();

1

for (i=-m;i<=m+1;i++) '

{ | ¢
for (j=-n;j<=n+1;j++)
{
if {j==0) epsiok=1l;
else epsiok=2;

float ©s2=cos (beta*Dz2*j*cos(phi_inc});
Za2+=epsiok* xxx2*cs2;
} .
t
return 2a2;

J
/¥ Caleulation of the mutual impedance */

complex mutual_impedancél(void)

{ ¢
complex ffl(float): _
complex self_impedance(void};
complex parallel (float];

complex cOmpl~intg(complex(*fu){float),float,float);
float potvector;

potvector=-omega*mu/(B.O*PI*sin{beta*lg)*sin(beta*le));

if({j==0)&&(1==0)) return'self_ihpedance(); o
else if ((i==0)&&(j!=0})

return{parallel(j*Dxl);

;lseb A

complex c1=compl_2ntg(ff1,(i*Dzl),(i*Dzl+2*l));
return potvector*cl; '

1

T

static float zl;
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complex ffl{float z)
{
zl=z;
complex Eirvpl(float}:
complex compl_intg(complex(*fu)(float},float,float);
return sin(beta*(le—fabs(z)))*complmintg(Eirvpl,0,2*1);
H

complex Eirvpl(float zprime)
{ .
complex bet=complex(0.0,beta);

fleoat dist=sqrt{j*Dxl*j*Dx1+(zl—zprime)*(zl—zprime)};
complex retplus=—bet*{le—fabs(zprime)+dist);

complex retminus=bet* (le-fabs {zprime)-dist};

return (exp(retplus)-exp(retminus})/dist;

}

. complex mutual_impedance2{void) .
{ _
complex ff2(float);
complex self impedance(void);
complex parallel(float); - .
complex compl_intg(complex(*fu)(float),float,float);
float potvector; :

potvector=-omega*mu/(8.0*PI*sin(beta*le)*sin(beta*le));

if{(3==0)&&{i==0)) return self impedance();
else if ((i==0)6&&(7'!'=0})

{
return parallel(j*Dz2);

}
elsel

complex c2=compl_intg(££2, (i*Dx2), (1*Dx2+2%1));
return potvector*c2;

]

static fleat x1;

complex ff2(flcat x}
{
x1=x;
complex Eirvp2(float);
complex COmpl_intg(complex(*fu)(float),float,float);
return sin(peta*(le-fabs{x)))*compl intg(Eirvp2,0,2*1);
}

complex Eirvp2(flecat xprime)

( i

complex bet=complex{0.0,beta);

float distssqrt(§*Dz2*j*Dz2+(xl-xprime)* (xl-xprime));
complex retplus=-bet*(le-fabs(xprime)+dist);

complex retminus=bet* (le-fabs (xprime) -dist);

return (exp(retplus)-exp(retminus))/dist;
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complex induced voltage{void)
{
float potvector;
complex xxxl,mutual_impedancel(void);

xxxl=mutual impedancel({};
potvector=—omega*mu/(8.0*PI*sin(beta*le)*sin(beta*le));

return potvector*xxxl;

P Calculatior' of the self-impedance {211} */

complex self. impedance (vcid)

{
complex prod,Z11l;
complex S(float): ' ) o
complex C(float);

prod=complex(0.0,60.0)/{sin(beta*l)*sin(beta*l));
le=prod*(4.0*COS(beta“l)*cos(beta*l)*S{beta*l)
-cos(2.0*beta*1l}*S({2.0*beta*1)
—Sin(2.0*beta*l)*(2.0*C(beta*l}—C(2.0*beta*l}));
return Z211;

float intg(float(*fu)(fldat},float a, float b)

int 33
float xr,xm,dx;
double s;

static float xx[]={0.0,0.1488743389,0.4333953941,
0.6794095682,0.8650633666,0.973%06521};

static float ww[}={0.0,0.2955242247,0.2692667193,
(+.2190863625,0.1494513491,0.06667134};

xm=0.5* (b+a);
xr=0.5%(b-a);
s=0.0;

for(jj=1;33<=5;3j++} 1

dx=xr*xx[(3jl:
s+ﬁww[jj]*((*fu}(xm+dx)+(*fu)(xm—dx));
}

return s*=xr;

float Cin(float x)
float cinc(float);
if(x==0.0}return 0.0;

else
return intg{cinc,lit,x);
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1

float
{

float

1

Cii(float x)

float cinc(float);

if(x==0.0}return 0.0;

else |

return 0.577+log(x)-intg{cing, 11t,x]);
}

Sii(floa: %)

float sinc{float);
1f(x==0.0) return 0.0;
else | .

return intg({sinc,llt,x):-

}

complex C{float B)

{

}

float Cin(flecat},Sii{flecat):

float w=0.01*2*1;
float t=w/7.3;

float width=0.25+w* (1+t* (1+log({4*PI*w)}/t))/ (PT*w));

return log(2.0*1/width)
-0.5*Cin(2.0*B)
—complex(0.0,0.S)*Sii(2.0*B);

complex S(float B)

{

fleat
{

}

fleat
{

}

float Cin(flecat}),&ii{float);

return-beta*width
-complex(0.0,0.5)*Cin(2.0*B)
+0.5*511(2.0%8);

sinc{float x)

return sin(x)/x;

cinc(float x)

return (l-cosi{x))/x;

static float argml;
static float argml;
static float argm3;
static float argmd;

complex parallel{flocat d)
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float Rpa(float);

float Xpal(flecat};

float mult=30.0/(s.n(beta*l)*sin({beta*l});
return mult*complex (Rpa(d),Xpa(d});

float Rpa(float d)

argml=beta* (sqrt {d*d+1*1)-1};
argm2=betd* {sqgrt (d*d+1*1}+1};
argm3=beta* (sgrt (d*d+4.0*1*1)-2.0*1);
argmd=beta* {sqrt (d*d+4.0*1*1}+2.0*1);

float cicos=cos{beta*l*(C;i(argm1)+Cii(argm2)));
. "",
return 2.0*(2.0+cos (2.0*beta*1l}) *Cii(beta*d)
-4.0*cicos*cicos+cos (beta*2.0*1* (Cii{argm3)}+Cii(argmd)))
+sin{beta*2.0*1*(Sii(argm4)-Sii(argm3)
~2.0*81ii(argm2)+2.0*Sii{argml)}):

float Xpa(float d)
float sicos=cos({beta*1*(Sii{argml)+Sii(argm2}});

return =2.0*({2.0+cos({2.0%beta*l)}*Sii(beta*d)
+4.0*sicos*sitos—cos{beta*2.0*l*{Sii(argm3)+sii(argm4)))
+sin{beta*2.(*1* (Cii{argm4)-Cii(argm3)
-2.0*Cii{argm2)+2.0*Cii(argml)));

/¥ Numerical integration of a complex function */

complex compl intg(complex({*fu) (float), float a, float b)
{

int j3:

float xr,xm,dx;

complex s;

static float xx[}1={0.0,0.1488743389,0.433953941,
0.67940595662,0.8650633666,0.97390652};

static float ww[]={0.0,0.2955242247,0.2692667193,
0.2190863625,0.1494513491,0.06667134};

xm=0.5* (b+a):
xr=0.5*%(b-a};

s=complex(0.0,0.0};

for(3j=1;33<=5;3]++)
{. .
dx=xr*xx[3j);
st=ww[jJ1* ((*fu) (xm+dx)+(*fu) (xm-dx));
}

return s*=xr;



/* Numerical integration of a complex function {expenential type) */

ccmplex Eilntg(float x)

{
int t,todi, teven,lim, fact{int);

float gamma,si,ci,ssum,csum;
ssum=0.0;

if{x==0.0)return complex(1.0,0.0); oy
elsef
gamma=0.577+log(fabs(x));
csum=gamnma; '
1f(x<0.2)
{
si=x;
ci=gamma;
}
else if(x>1)
{ .
si=PI/2.0~-cos(x}/x:
ci=sin(x)/x;
)
else
{
lim=3;
for(t=1;t<=1lim;L++)
{
todd=2*t-1;
teven=2*t;
ssum+=pow(—l.0,(t-l))*pow(x,todd)/(todd*fact(todd});
csum+=pow(Fl.O,(t—l))*pow(x,teven)/(teven*fact(teven));
1
si=ssum;
ci=csum;
}

return complex(ci,si);

/* caleculation of the factorial (nl) */

int fact({int g)
{

int n; ,
int fac=l;

if (g==0) fac=1l;

else

{

for (n=1;n<=g;n++)
{ .
fac*=n;
}

}

return fac;
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