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ABSTRACT

Physical and eleétrical characteristics of symmetrical and asymmetrical TEM Tells are

briefly described .Applications and limitations of TEM cells are discussed .Fabrication details

and design curves for constructing a TEM cell are given. t

TEM mode operation is assumed for electrostatic analysis. Mathematical formulation
and solution of finite difference method and finite element method are.presented. Combined
method of finite difference and finite element is developed and elaborated .Comparison of the

X
three numerical methods is given. ¢

\

Actual implementation of all three numerica.{methoda for a loaded TEM cell is presented.
Electric field distortions in the TEM cell due to the present of a homogeneous 2-Dimensional

telephone is computed using all three methods. Results are analysed and discussed . '

Further investigations of the field distortions and electric field variations ili a loaded TEM
cell is performed for various types of telephone model: A homogeneous telephone, an inhomoge-
neous telephone and a metallic telephone. Theoretical curves for estimating maximum object

gsize in a gi-ven TEM cell are developed for a semicircular cylindrical object in contact with the

center conductor.
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| 'CHAPTER 1
GENERAL INTRODUCTION

1

1.1 INTRODUCTION

|

Due to the predominant usé of semiconductor technology ,the probabilit.;f\of destruction
of unprotected electronic equipments has increased and EMP is today r@:;n:l‘cd a\.ls a major
threat ,especially for the military applications.EMP is a Pulse sometimes known as nuclear
electromagnetic.ptﬂse (NEMP).This is a pulse of energy caused by a nuclear explosion that
is capable of causing the malfunction or destruction oaf unprotected equipmqnts such as data
and communication links,communication equipment, radars and supply lines. EMP covers a
spectrum from approximately 10KHz to several hundred MHz and induces very high voltages
and currents into cables,antennas,metal enclosures and structures. It is capable of breaking
down insulation and causing highly destructive currents to flow in circuits unless they are
suitbly protected.To ensure the proper operation of these solid-state electronic equipments

under this serious electromagnetic interference environment the electromagnetic compatibility

of these electronic equipments must be determined to a certain accuracy. !

Studies the electromagnetic compatibility (EMC) of various electronic equipments require
accurate measurement techniques tc; define their electromagnetic‘ interference (EMI) chara:c-
teristics . Many measurement techniques have also been developed for performing test of
electromagnetic susceptii::i].ity (EMS) . The primary measurement techniques include open-

field range , shielded enclosure , anechoic chamber and loaded antennas , mode perturbation



-,

, TEM transmission lines ,statistical sampling , compact range , near-field probes and low-Q

enclosures 85 described by M.L.Crowford (3] . =

s

The transverse electromagnetic (TEM) transmissionline technique is considered to be a
- simple,straight forward,relatively inexpensive and easily available technique . This ‘technique
was originally proposed and developed by ML Crowford [22] at the U.S. National Bureau of
Standard in U.S'.A. '

1.2 TEM CELL

-
I

ot

The TEM cell or Crowford cell consists of a section of a TEM-mode rectangular trans-
mission line (RCTL) coupled at each end to a standard 50-{2 coaxial line via a pair of tapered
sections . Isometric and cross-sectional views of a regular symmetric TEM cell are shown in
Figure 1& 2. The line and the tapered transitions are designed to hal.ve a nominal characteristic
impedance of 50 2 along their length to ensure sndall voltage standing wave ratio (VSWR) in
the cell .

/

The design of the TEM cell is usually based on an approxim;a.te equation for the charac-
teristic impedance of a rectangular coaxial-transmission line as detailed in Appendxx A. Since
the rectangular cell is dealgned to operate in the dominant TEM mode , there is no lower
frequency limit.The upper useful frequency of the cell is limited by the distortions in the test
fields caused by multxmodmgs and resonances that occur within the cell at E‘equencmﬁ above
the cell's multimoding cut-off frequency . Cut-off and resonant frequencies associated with
these hi§her-order modes of an empty cell are given in Appendix B. The influence of these
higher-order modes is insignificant until they approach their resonances , at which the cell acts

as a high-Q cavity .
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Figure (1) - ISOMETRIC VIEWS OF TEM CELLS

K

Y ELECTRIC FIELDS

MAGNETIC FIELDS

-
il LT

OUTER SHIELD ZQUIPMENT UNDER TEST
i

JIELZICTRIC
EQUIPMENT
SUPPORT ~~

|

_DIELECTRIC COAXTAL
SEPTUM SUPPORTS CONNECTORS

SEPTUM
(INNER CONPUCTOR)



Figure (2} |

CROSS-SECTIONAL VIEWS OF TEM, CELLS -
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The main limitations of TEM cells is the size of the cell versus' t};e upper useful fre-

quency.The major considerations in the design of TEM cell are ,therefox{e- . to

1. maximize the usable test.cross-section area <

o

maximize the upper useful frequency range
3. maximize the uniformity of the EM field pattern

4. minimize the céll impedance mismatch or VSWR

Two ms;.jor modifications of TEM eells have been proposed to achieve these goals They
are the résonance suppression method and an asymmetrical cell In the resonance suppression
method the Q factor of a TEM cell is 1owe§'éd by placmg RF- absorbmg material inside the cell

. The loading of the RF-absorbxng material significantly suppresses hlgh frequency resonances
and multimoding phenomena in the cell and thereby extends the upper useful frequency range
of the cell . Unfortunately , the loa.dmg a.lso attenuates the waves and thus degrade the
field uniformity in th;e cell . The a.symmetrical cell is obtained by vertically offsetting the
center septum of a regular TEM cell .Unlike the regular TEM cell,it contains two unequai size
chambers. The EM fields in the smaller chamber tends to become more uniform and thus
is closer simulating a plane wave.This region can therefore. be used for accurate calibration
of small elements. The larger chamger ;on the other hand , sacrifices fleld unifo‘rmity for
greater avaiig.ble test space,and is useful for testing larger equipment withoutl loss of the test
bandwidth,or an increase in the overall size of the cell. However, asymmetricsl cells have a more

complicated modal spectrum .
T +
Since TEM cells operate in a broad frequency range, they can be used for a variety of

waveforms including CW,impulse ,pulsed or modulated exposure fields .They are,in princi-



ple,capable of simulating free-space uniform plane-wave ,and electromagnetic pulse (EMP) or

detecting emissions from an equipment under test (EUT) placed in the cell .

i

Compared to others EMI/EMC measurement techniques , TEM cells provide advantages
of better accuracy , higher isolat_joﬁ of the test environment , higher sensitivity and wider

frequency range .

1.3 PURPOSE OF THE STUDY .

Although conﬁble amount of work has been devoted to'the TEM cell , most of it
concentrated on the design aspects,higher-order multimoding and resondnces ,and various ap-
plications of the TEM cell . So far,relatively little effort has been devoted to the field distortions

" due to the presence of an EUT in the TEM cell . /—7

The purpose of this study is to investigate theoretically the field distortions in a EUT-
loaded symmetric TEM cell using numerical methods. The results of this'work should allow

to determine ;
1. The field distortions in a specific TEM cell .
2. The maximum tolerable object size in a-TEM céll_ for various object characteristics .

3. The field distributions in a loaded and unloaded TEM cell .’ |

The results of this investigation should also be useful to those who are concern about
the a.ccu:a:cy of EMC/EMI measurements,especially those involved in measurements of elec-
tromagnetic fields using TEM cells .The results should also provide informations leading to .

.

improvements of the measureme@_t accuracy of the TEM cell.



CHAPTER 2

METHODS OF NUMERICAL ANALYSIS

2.1 INTRODUCTION

4

‘ -
There are several methods leading to an approximate solution of the field distribution in

i -.
an empty TEM cell . They can be categorized into three basic groups ;

-

1. Anpalytical approach -
e.g. separation of ?r{ablem and conformal tnapping techniques

2. Integral equation method

b

e.g. moment method - /
3. Differential equation method

e.g. finite element method, finite difference method

However , when an arbitrarily-shaped dielectric or metallic object is introduced into the
TEM cell, the only practical method to obtain the approximate solution of the field distribution
in the cell is by differential equation method using either the finite difference method or the

finite element method .

——

In order to improve the efficiency of computations, both methods: the finite difference

- =



.
&

n

and the finite element methods are combined to form a more versatile and practical method

for st;lving this pfoElem .

For comparison purposes , the three methods ; the finite difference , the finite element

and the combined methods are used to obtain the solution ofa EUT-loaded TEM cell .
2.2 FINITE DIFFERENCE METHOD

The finite difference method is a relatively old and simple numerical method for solution of
the boundary value problems . By discretizing the region into an array of finite grid points and
approximating the deri_vatives in tHe governing differential equation by difference equations , an
equivalent system of equations for the problem is obtained . The complex analytical problem

is thus reduced to solving a set of simultaneous linear equations using a digital computer .

2.2.1 MATHEMATICAL FORMULATION OF THE

FINITE DIFFERENCE METHOD

Mathematical analysis of this method has been extensively investigated and presented by
many authors ,Green[30] ,Schneider(31],Wexler(32] ,Botha and Pinder {34] .The principle of the
procedure is simple. It consists of two major steps ; discretization of the region and reduction

of differential equations . \ e

« &, Discretization of the region

In order to solve a 2-dimensional problem in cartesian coordinates,the whole physical
region is subdivided into a square-mesh by a net of interlaced rows and columns.The con-

tinuous dielectric boundary is replaced by an approximate interface consisting of several
-



!

steps as showe in F153

B. Reduction of differential equations

For every node at the boundary , a difference equation in terms of the potential of the
node and its four neighborhood nodal potentials can be d:educednas an approximated

representation of the governing differential equation (Laplace equation) at the node . There

are several different types of nodal equations ;

1. INTERIOR NODE (free-:}p(e)

. u
‘ L

/ I

fal

P ‘
L* ‘l’ R
A -y
éi
a ya

. Applying Taylor's expansion in the horizontal ,x, direction,

0%  A? 8¢ ' ,
‘I’(z—A)=‘I’(x)+A-—a—x—+—2--37+--- (1)
e A? 89
Bz +A)=B(z) - A ot 5 g ) (2)
and adding eq.(1) and (2) \ g
?% 1 s, A' 99
'a?=E[‘I’(:‘—A)+‘i’.(I+A)—2-Q(z)—E-F-i-
1
~ g (Br+ 8L - 28p) 3

A
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Figure (3) FINITE DIFFERENCE SCHEME
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Therefore,an approximation for the second derivative of ¢ with respect to x is obtained
© to the accuracy of the order of resolution A? . Applying the same procedure to the verti-
cal,y,direction ,a similar approximation for the second derivative of ¢ with respect to v is

obtained as follows ;
. Pl

e 1)
5;'5'“ E(‘I’u-i-‘I’a —-2&p) (4)

~

Combining eq.(3) and (4) ,the difference equation for any free node is found as follows :

™~

Pp+ Py +&; + P-4 -Fp =0 *(5)

This expression is also known as a five-points finite difference operator of regular nodes.

" 2. DIRICHLET BOUNDARY CONDITIONS

The potentials on these boundaries ,by definition ,are constant and therefore are'set to

some given values $,

®p

I
&

-11-
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3 N%/MNN BOUNDARY CONDITIONS R I

, 'T
i
A
| \
L P f\ +« R
[ ;

o

[

-t

By deﬁnition,ﬁq&_entials on Neumann boundaries have the unique property of vanishing

s -

normal derivatives of potential a‘l\oug these boundaries.

The necessary condition for pot'entials at these boundaries is therefore,

$¢r = Pp (6)

Since potentials at these bouaddries must also satisfy the five points difference operator,
the difference equation for these nodes can therefore be found by adding eq.(5) and (6) as

givén below:

LY

=12-



- ‘ 1 ;
¢p = I(‘i’n + & +2¢p)

4 SIMPLE DIELECTRIC INTERFACE

r\) s P

The (iifference equation for these points can be obtained by enforcing the continuity of

the normal component of the displacement vector at the interface as follow;

Dy =D = s

,where p, is the surface charge Slensity on the interface. Since the eltfxrface charge density is

generally equal to zero for poor conductors,the normal component of the displa.cemen?vector

must therefore be continuous on the interface . Thus,

Dﬂl—_"Dn?
or
_ '3@;: . _‘..6<I'p
o T % n

,where €; = ¢y and ¢; = ¢, - €,

in difference expression

-13-



v  dp-dy bp -~ P,
a(—x ) =al—5

A

¥ The necessary condition at these boundaries is therefore,

bp =9, . (8)
v

\
Substituting eq.(8) into five points difference operator equation for both media leads to:

X

g ..
Sy + &5 + 281 — 48p =0 9)

&(Pu+ Pp+28r—4Pp)=0 (10)
-
Adding eq.(9) and (10) give the difference equation for these nodes as given below :

_Pu+Ps  ®L+e PR
T4 2(1 +¢,)

®p (li)

A

There are three other variations of this type of interface condition and the difference

equations are the simple permutations of eq.(11) as given in Table I.

!
4

“1l-



+ 9 ACUTE DIELECTRIC ANGLE

l

Using the continuity conditions of the normal component of the displacement vector in

both x and y directions at these boundaries and applying thfiﬁame procedure as hefore ,the

necessary conditions of potentials at these nodes are then found to be : \
- 2
+
! : ¢, =%z
by =5

Substituting these conditions into the five points difference operator equations for both

media leads to,

»

&, +65—28p =0 (12)
&(Py +$5—29p)=0 k , (13)

-

The difference equation for these nodes is therefore obtained by adding eq.(12) and (13)

to the five-points difference operator equation as given below:

Sorno o _@p+8y  (1+6)(%u+Sn)
P~ (3Fe) 2(3 +¢)

(14)

-15-



' ¢ OBTUSE DIELECTRIC ANGLE

fr%// o | o

"

P — R
//%/Z///// 7 f
: . :

-

Applying the exact same procedure and conditions as in acute dielectric angle case , the

following necessary conditions of potentials at these boundaries are then found to be:

§kes

Py = &p

Substituting the conditions into the five points operator equation for both media leads to,

¢y +Pr—28p =0 (14)
e(®L + &5 —28p) =0 (15)

~

Also the five points operator must also be satisfied in media 2 as follow ;

e(Byu + PR+ Bp + B — 48p) =0 - (16)

L .

The difference equation for these nodes is thus obtained by adding eq.(14),(15) and (16):

B = e(®s + ®p) (1 +&)Pu+ Pr) (17)
P T+ 3e,) 2(1 + 3¢,)

There are three other variations of this type of interface condition as given in Table I .

~16-



The difference equations for ail types of interface conditions were given by H.E. Green
[30] as shown in Table I . : | >
- . ,

2.2.2 SOLUTION OF THE FINITE DIFFERENCE METHOD | .
. N . ‘

Once all difference equatiqns .for every possible node in the ‘region under consideration
are found,the approximate difference solution is then readily obtained by solving the matrix
of system of equations using a digital computer .Since the ﬁ.nfte difference method results in .1
huge and sparse matrixes ,direct method of solving the system of equations requires very large
computer storage and therefore is not generaly suitable and is usually very limited . Among all

the techniques for solving simultaneous equations, a successive over-relaxation (SOR) iterative

technique is found to be the best suited to handle such large and 'spa,r-se matrixes efficiently.

The general form of the final system of equations of the finite difference method in matrix

representation is as follow :

311 %12 ... Sia ¢, b

921 822 ... 87n ¢, bs i
a2

Sm1 3mi1 .. Imn q)n \ bn

The k** equation of the system of equations is :

") 85, =b

=1

rearranging the edua.tion gives :

By =2k _ (fﬁ)(b,- (k=1...n)
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I.n the successive're.laxa.tion method, initial values ng) are assigned arbi_traﬁ'il_v to each
variable @; at ’@he-..beginning of each talculation .They are thén ;:érrected successively by
scanning through all equations forall j =1...,n At end of each scan the old variables are
replaced by the corresponding new variables. The disadvantage of this technique is that it

requires 2 X n computer storage locations,

To reduce the size of computer storage requirement an overrelaxation technique is em-

ployed .Instead of storing all the old variables values until all equations are scanned ,each old
~

variable is replaced by the corresponding new variable right after the computation of the re-

vised value. The new variable is also used to update the other variables ¢, as soon as it replaces

the old variable.Mathematically, the expression used for the computation is as follow :
B o . [ 3k; bx
e+t — _ (_J) oM+l _ . (_J)q,m Phud
k Z skx /! _X: ske ) + Skk
j=1 . J=k+1 _

The first term of the summation shows the anticipation of the newly updated values in

the computation of successive correction process for iteration (m + 1).

N

For more efficient computations an accelemtihg factor w has been proposed to improve

the iteration cycles as follow ;

- ~

§m+1 —=d™ 4+ w[@m-i-l — ‘i’m] (

It has been shown that the computation converges the most rapidly for some value of w

J

between 1 and 2 that has to be determined experimentally.

The termination of the comf)utation is determined by a preset error criterion . At the
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completion of each iteration cycle ;an error factor is calculated as follow

L et

21
ER = &i=
’ Z?:l (p:_“"'l

It is then éompa.red to the preset error criterion value before the next computation cycle.lf

the error factor is smaller than the preset error criterion , the computation is terminated

automatically .
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'2.3 FINITE ELEMENT METHOD.

s
The finite element method is a relatively new numerical procedure for solving physical

or ma:thematical problems) governed by a differential equation . It has been proven to be a
powerful,\:qrsatile and efficient numerical technique in many fields of science and engineering.
It is especially useful in solving anisotropic, arbitrarily-shaped and inhomogeneous problems.
Furthermore, the required mathematics analysis is frequently relatively simﬁie and it i3 easy
to progra.m on a digital computer.

The basic first-order finite element method using tria.ﬁgular elements is the most widely
. . ) .

used for 2-dimensional problems and is of the main interest here.

—

e

-

2.3.1 MATHEMATICAL FORMULATION OF *'HE
\“" .

FINITE ELEMENT METHOD

The fundamental operations and procedures associated with the finite element method
are simple and similar to other numerical approximation processes .However, the method
possesses two distinct and unique characteristics that are different from the other numerical

" procedures.They are the utilization of the integral formulation technique to generate a system
of algebraic equations and the use of continuous piecewise-smooth functions to approximate

the unknown quantity.

The finite element method consists of three discrete steps .First the division of the whole
problem region into many small element regions, discretization. Second the construction of the
trial function in terms of the unknown nodal values .Third the performance of the mathematical

analysis in each of these elements in order to obtain a system of equations for the problem by
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FINITE ELEMENT METHOD
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taking ingo account contributions from all elements’. Each of thesé steps is described in the

following paragraphs .-

| DISCRETIZATION =

Before any numerical process cad be applied to a problem the whole problemn must first
be properly subdivided into a finite numbers of subregions .In the 2-dimensional finite element
method, the problem region can be divided into any shape of subregions -For a simple first-
order finite element method , the problem region is subdivided into many linear triangular
elements l. There-is no restriction on the triangle shape as long as they consists of three nodes
and are connected by three straight segments .However , it must be emphasized\tha.t the shape
and size of the triangles does affect the accﬁracy . Once the division of the pﬁ;blem regic‘m is

completed ,it is necessary to specify the element number to each element ,assign node numbers

to each node and record the coordinates of each node numerically.

¥

2. CONSTRUCTION OF THE TL.QL FUNCTION v,

Fig.4 depicts a linear triangular element,e, with three straight sides and three nodes as

follow:
- &; (i, ye)

¢J’ (‘Thyj)

&, (Th,¥k)

The nodes are denoted by 14,7 é.nd k ,and nodal values of variables ¢ are &;, P, and

&, whereas the nodal coordinates are represented by (zi,¥:),(2,¥;) and (zx,¥&) . For linear
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approximation, the parameters & vary linearly between nodes and tke interpolation polynomial
for ¢ can be expre;ied as:
‘ )
¢ Pt =¢; + 27 + 3y (18)
where ¢, cq, ¢3 are constants
\
Subject to the nodal conditions of ,
, (%, Hz=2i y=uy
=< §;, ifx=z; y=y;
- Gy, fz=2x, yv=wu
which is a complete linear polynomial because it contains a constant term and all possible
& .
linear terms with respect to x and y. As a result , this allows the arbitrary orientation of
triangular elefent while the continuity between any adjacent elements is still satisfied .
Substitution of the nodal conditions into eq.18 , results in the following system of equa-
tions:

¢ = Ci + Cazi + Cayi
' ¢; =) +ngj+03yj '

&5 = Cy + Cazi + Cays

Rearranging the equations :

-

1
Cy = —[(z,-y,, — z2y;)®i + (zayi — ziva)®; + (ziy; — zj4i) s
C3 = —[(UJ ya)®i + (va — ¥i) %5 + (i — y;) 9] (19)
G= -—[(z,‘ 25)&i + (2 — 20)®; + (2 — z0) %]
where the area of the element triangle e is : ' f(
1 = ¥
» 2= |1 T Y;
1 z; w

’
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By substituting eq.19 to eq.18 and rearranging the final equations , an equation for $ in terms
of three shape func;ions or interpolation’ functions N;, N, andV; and nodal values $,, ¢, and
¢, as follow :

¢ = NP+ N;®; + Ni&s S (20)

N
4

where the shapelfunctions are :

1
N;= ﬂ[a; -:’5.'3 + ¢iy]

.

N
1
.NJ‘ = —2-2[0_,' +bj$ +c_,y]

1
- | Ny = ﬂ[ﬂk + bxz + cxy)

i

the subscripts indicate that the node with which the shape function is associated to and the

constants a’s ,b’s and ¢’s are functions of the coordinates of the three hodes as follow:

N
a; = T;jyk — ThYj bi =y; —yx Ci =Tk — I,
. .
aj = TRY; — TiYk b=y —wi Cj; =Ti— Tk
ak = Tiy; — Ty by = yi — vy, Ck =X T

It is interesting to note that the shape functions are always polynomialﬁ of the same type as
the‘original interpolation equation.Since the original interpolation equations of ¢ l;':re linear
functions ,the scalar quantity of ¢ is therefore related to the nodal values by a set of shape
functions that are linear in position. This means that the gradient of ¢ with respect to x and

Y remains constant within an element and this implies that many small linear elements are

required to accurately approximate ares where large gradients of ¢ are expected .
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3. FORMULATION OF THE SYSTEM OF EQUATIONS .

Once the trial function is e;ta.bljshed ,the immediate objective is to determine the inc_li-
vidual element matrixz;s using iﬁtegral formlilation . There .a‘re basically two kinds of integral
formulation methods available for this specific application. The variational principle and the
weighted residual method . Although the variational method is not applicable to problems
with diﬁér;antial equation containing first derivative terms{38][39][40], it is the most popul#r

approach in many finite element formulation especia'lly in elliptic , hyperbolic or parabolic

problems and it is the basis of formulation used here.

Minimization of the energy functional of the corresponding differential equation by use of
some interpolation functions can generate a syste;n of algebraic equations . According to the

variational principle, if there exists a functional F in a domain V with boundary S such that:

F= / G(®)dV + / 9(2)dS d

where G(¢) is a valid differential equation in V , g(®) is the given boundary conditions
on S, ¢ is the unknown function to be determined . Then the function & is the solution of

the differential equation G(®) when the functional F is minimized.

In this problem, the governing equation is the Laplace equation

G(é) =A$

The unknown trial function ¢ is chosen to satisfy the Dirichlet boundary conditions with

the Neumann conditions given as:
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»

F= / e-(AD)2dV

In this case ,the whole region is divided into many triangles with the potential of each
‘triangle approximated by eq.20. Substitution of the trial function eq.20 into the functional F

of the Laplace equation , results in the functional for the element e as follow:
-

F,=c¢, / (AN;®; + AN;®; + ANy B, ) dS.
A _

Fro=¢, / ((AN:®:)? + (AN;®;)? + (ANk‘bk')/z +F2UNiN; @O+ NjNy ;O + NN @9 dQ
a .

The functional is then minimized against each vertex potential:

AF,
——'=2e,-f AN;AN.“P;dQ+2e.-/ AN;ANj¢'jdﬂ+2e,-j ANAN OO =0
Ad; fe] n n
aF, .—_2e,f AN,-AN.-¢.-dQ+2e,] ANjANj@de+25./ AN; AN ®dQ = 0
Ad; o 7] a

=2e.-/ ANkAN;¢;dQ+2¢,-/ AN;,AN,'@,‘dﬂ-f-h.-/ ANRAN$ dS2 =0
Ady a ol ()

Where,
1 . .
AN; = ﬂ[(yj —ya)i+ (zx — 2;)]]

AN; = 511[(!!&' - yi)i+ (25 — z4)])

ANy = ﬁ[(va —yj)i+ (zj - 2i)])

The system of equations for each subregion is then obtained in the matrix form as follow:

; o 0 0 - 0 01 [ o
o - : . 0 : :
0 ... ANJAN; ... AN;AN; ... ANJAN; ... O o; O
T : : : 0 .
246 |07 ... AN;AN; ... AN;AN; ... AN;AN, 0 ol =10
: 2 U S S N N
0 ANLAN; ... ANAN; ... ANyAN, ... 70 |y |" |0
T C L : . 0 : ;
Lo ... 0 o T ... 0 .oo0) Log! Lo
) . ‘ . '

. .
H
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The final system of equatio;is can then be obtained by sux:dming all the contributions from all
.subregions, S

™
811 %12 ... in @1 0
921 %232 ... S2n ®; 0
- . s
dn1  9In2 Snn $, 0
where
KN
LY NOTR
- S Sii= ) (24ke, AN ANY)
. k=1 ’

where- NOTR is the total number of elements,

It is instructive to notice that some of the quantities ®'s in the final system of equation.b
above are fixed values due to the Dirichlet boundary conditions.In such cases,these associated
rows may be eliminated by shifting the effects of of these nodes to the right-hand-side of the

matrix of the other rows . The final system of tions will then become a smaller matrix with
. all the free-nodes at the left-hand-side and\a non-yero column at the right-hand-side .

\ : ) \

2.3.2 SOLUTION OF THE FINITE ELEMENT METHOD

While the finite difference method most frequently employ iterative techniques ,the finite
element method uses the direct or Gauss method . The Gauss method consists of two, basic

-

steps namely triangulation and back substitution .
s

(1.) TRIANGULATION ?

A general algebraic system of equations for the finite element method can be represented
. . o

in the matrix form as follow :

811 S13 ... 31n P, 0
— - 831 323 ... S3n - 0
3nl 3n3 -.. 8nn ‘bn 0
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The triangulation process involves convertion of the ygeneral matrix into a matrix in the

- following form :

311 813
0 3q17
0 0

s

2y s
S1n @1 ’ 0
dqn $, 0
S =1 (21)
$nn $n 0 ¢

The triangulation process can be described by the following three fundamental operat‘ic‘ms;

(a) PIVOTING

J

Selecting of the row containing the largest nonzero first entry as the pivoéing ‘equation.

.

(b) NORMALIZING PIVOTING EQUATION :

Division of the pivoting equation by the coefficient of its first entry.

(C) ELIMINATION

Elimination of the first entry of all other equations by multiplying the no\.;nalized piv-

oting equation by the coefficient of the first entry of each equation and su?ﬁ.?ﬁc/ting it to the

-

corresponding equation ,respectively .

_Apply the three steps to the system of equations repeatly and leave the pivoting equation

unchanged in each operation .

When the procedure is completed , the final matrix of the

system of equations will be triangulated as shown in eq.21.

(2) BACK SUBSTITUTION

Once the triangulated system of equations is obtained.,the solution is readily found by
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substituting the numerical value of the last equation back through-all the equations and each

unknown are computed for each substitution . . 7 '&
. “\]

Since this method requires storage of all matrix elements it can handle only small or
medium size systems of equations.For a reasonable large digital computer it is limited to a few

hundreds of unknowns only.

2.4 COMBINED METHOD OF THE FINITE DIFFERENCE

P

. .
AND THE FINITE ELEMENT e
' .

-

--bespite of the successes and populerity of the finite difference and the finite element
met-hods sthere remains some defficiencies in both methods .In the finite difference method
severe difficulties are enc_q_qx}tered in solving problems with complicated geometries ; ejther
there are difficulties in ﬁttingi\thlé é;\rid to the shape of the boundaries ,or there is a requirement
of very fine grid to approximate the interface properly which results in a large truncation
error in the computation processes and very long computation time .In the finite element
method the vital problem is encountered in the requirements of huge effort in data input by
the operator and large computer storage. Therefore , in some cases, it is advantageous to solve a
problem with the combined finite difference and finite element method to eliminate difficulties
encountered in each method used se;l)erately. The combined method of finite difference and
finite element retains the same flexibility in boundary geometry as in the finite element method
and yeft provides the simplicity in data input characteristic for the finite difference method
,furthermore, it allows further flexibility in'trading-off the computation cost ,computer storage

requirements and result accuracy.
%
The fundamental idea of the combined method of finite difference and finite element is @\l
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to split a given boundary into two major subdomains :the finite difference region and the
I . ﬂ
finite element region . The idea of this method is to apply the finite difference scheme over

most of the problem bouhdary and to employ the finite element scheme only to the areas of

complicated geometry . - : ' . F\

2.4.1 MATHEMATICAL FORMULATiON OF THE COMBINED METHOD

Combined approach consists in formulating the equation of the boundary-value problems
in terms of both variational and finite difference expressions.The problem region under con-
sideration is first subdivided into two main subdomaim; ; the finite difference region and the
finite element region as shown in Fig.5. In the finite difference region ,V; ,the basis of the
finite difference scheme is applied .This domain is replaced by a grid of discrete points .A set
of algebraic equations is obtained with unknown functions ,®}s by collecting the difference
equations of G for every point in V3,including points on the boundary A(s).In the finite ele-
ment region,V;,the fundamental operations and procedures of the finite element method are
applied . This domain is her subdivided into many first order triangular elements .A set of
algebraic equations is also czbtained with unknowns @’Ig by minimizing the fun-c‘tionals Fof G
with the boundary conditions k(s) and g(s). The system of equations for the problem can be

obtained in the matrix form by assembling the contributions from both regions with unknown

$ as follow:
P =1t
where,
&=+
3 =381 49 ’ |
b= bl + b R l
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Figure (5) MATHEMATICAL REPRESENTATION OF THE
COMBINED METHOD

F — A functional of G

G — A valid differential equation in V1 and V2
h — Dynamic interface condition

V1 — Subregign one, Finite element region

V2 —— Subregion two, Finite difference region

8 — Dirichlet boundary condition of V1

g — Dirichlet ‘Poundary condition of V2 =
¢! — Unknown functions to be determined in V1
2 — Unknown functions to be determined in V2
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where contributions from the finite difference regior%_g._re represented by

$19, =4
and contributions from the finite element region are represented by

39 ‘1’2 = bq

~

2.4.2 SOLUTION FOR THE COMBINED METHOD

1
For the combined method ,the numbers of unknowns are too limited to solve the final .

. system of e'qﬁations by the direct method .It is also difficult to use the iterative method .In

order to solve the final system of equations efficiently, the direct method and the overrelaxation .

method: are combined .

In order to.. understand the operation of solving the system of equa.tlons properly, a few

concepts a.reéleﬁned as follow (refer to Fig.6):
(1) FINITE DIFFERENCE REGION
'Area to be grided and solved by the finite difference rpethod.
(2) FINITE ELEMENT REGION
Area to be subdivided into triangles and solved by tl;e finite element methc:d.

(3) TRANSITION REGION

Area containing the Dynamic Dirichlet boundary conditions of the finite element and the
finite difference region?“m

.» ¥
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Figure (6) SCHEME OF THE COMBINED METHOD
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i

The procedure of solving the system of equa.tioné is simple. The parts of the system

" of equations arise from the discretization of the Laplace’s equation with the finite difference

method are solved by the SOR method and the parts of the system of equations obtained by the :

finite el'ement method are solved by Gauss’s elimination method . The two operations proceed
alternatively and independently for each iteration of the SOR through transition region.One of
- the regions, the finite element region or the finite difference région is replaced by its équimlent
Dynamic Dirichlet boundary condition while the other is operating during each iteration. The
operation bedins with assigning initial values to all bynamic Dirichiet boundary values in
the transition region and all potential nod,t‘ﬁ in the finite difference region .These values are
changed by solving the'linear algebraic system of equations of the finite difference and the
finite element region.s} alternatively. After a certain numbers of it;arations, the values converge

A 'S
angd the 3olution is obtained ,

2.5 DISCUSSION

kY

{-
Of the three numerical methods discusaeijn this chapter, the finite difference method is

considered to be the mc.>st straightforward and the easiest to agply in practice .This is especially
true for equations defined over rectanguiar domains .However, its efficiency deteriorates consid-
erably when the region under consideration is irregular in geometrical shape.Large errors a‘re
usually involved in this method as a result of grid approximation in‘the discretization process,
step approximation on the dielect;ic interface, and numerical truncatidn in the computation

process,

The finite element method using variational formulation is ideally suited for the solution
of the Laplace equation in an irregular or regular shaped domain . This method offers good
3\

accuracy and good computation efficiency .However, it involves massive manipulation of the

35



input data .

The combined method of the finite difference and the finite element is proposed to combine
the advantages of the two methods for miore general application Itisa mathematically and
practically efficient numerical procedure for solving boundary value problems' with irregular

f‘/

3

boundary conditions,
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© CHAPTER 3

IMPLEMENTATION OF THE NUMERICAL
, * - METHODS TO THE TEM CELL

)

-

3.1 INTRODUCTION

-

TEM cells ardcurrgntly used'in a variety of EMI/EMC measurements [6][13][14][15][17][22
" For these applications TEM cells are used to simulate free-space uniform plane-wave . When
an object under test is introduced into the cell , the uniform ﬁelds'in_ the cell is disturbed due
to the scattering fields pr?duced by the EUT and the mutual coupling between the object and
the TEM cell. In order to analyse the ioading effect on electromagnetic fields caused by the
EUT, the; electric field strength in an empty TEM cell and in an EUT-loaded TEM cell are
computed numerically .The ratios of the electric field strength of an EUT-loaded cell tol that

of an empty cell at the same location are then computed to estimate the field distortions in

the cell .

Similar problems have been investigated by M.Kanda[12],Wilson[7],Das&Mohan{4] with
an EUT simulated by a metaih'c rectaﬁgular cylinder . Moment method and conformal mapping
methods were used with a common assumption of relatively small separation between the
septum and the outer wall .Unfortunately it is extremely difficult to extend these developments

for an arbitrarily-shaped diélectric objects which are most commonly encountered situations

in actual engineering applications .



S

3.2 MATHEMATICAL MODEL

By confining the wave propagafion in the cell to the dominant TEM mode, the transverse

field distribution in the cell can be obtained from the solution of a related electrostatic problem

since the electric fields in these planes satisfy Laplace equation .
. )

The mathematical model and the normalized cross-sectional dimensions of an unloaded
TEM cell are shown in Fig.7 . The model number of this particu};ar TEM cell used in this
analysis is an IE{ . ¢101.5s mdnufactﬁred by ‘nstruments for Industry Inec. .The physical
dimnensions of the.?FI cc101.5s8 TEM cell are given| in Appendix C. There are two kinds of -
boundary conditions in this model : prescribed potential values along the conductive metal
surfaces‘EDirichlet conditions),and va‘t)lfis'hing normal derivative values (Neumann conditions)
along the symmet?y planes, the distance between the center.septum and the outer wall .
Subject to these boﬁnda.ry conditiom: , the electric potential itself in the TEM cell is governed™
by the Laplace equation A?® = 0 .In the TEM cell loaded with a 2-Dimensional EUT , again
the Laplace equation still holds in the interior of the cell , and the scalar potential has fixed
values along metal walls and the center septum .However,the symmetry of field distribution
between the upper and lower chambers is perturbed and the va.njshing‘ normal derivatives
conditio;ns at the septum planes may not apply any longer . In order to ensure the vanishing
normal derivative conditions at the septum pla:nes , the cross-sectional dimension of the EUT
is corﬁed to a certain limit such that the loading effect of EUT is insignificant in these
planes. The mathematical model of a loaded TEM cell is shown in Fig.8 with an assumption

: ~ .
that the cross-sectional dimensions of the EUT are relatively small .compared to that of the

TEM cell. The specific EUT model used in the analysis in this chapter is a 2-dimensional

[

thomogeneous telephone with dielectric constant ¢, = 2.2 as shown in Fig.9.

Indeed, with the assumption of vanishing normal derivative conditions at the septum

e
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MATHEMATICAI;.. MO'DEL OF AN UNLOADED TEM CELL
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Figure (9)
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planes for both loaded and unloaded TEM cell , only one-quarter of the actual problem needs

to be analysed for a.gymmebrical object;However,the analysis covers one-half space either upper
\ L . V w

or lower chamber, of the cell to generalize the computer program for asymmetrical objects as

-t

well .

3.3 NUMERICAL ANALYSIS USING THE

!
FINITE DIFFERENCE METHOD

When solving problentf by using the finite difference method with regular mesh , the key
consideration is the proper selection of the grid size . In order to optimize the approximation
operation , the grid size of the mesh should be chosen as large as possible to avoid long
computation time and high truncation error .‘ On the other hand , it must be chosen Ito be

small enough to approximate all boundary or interface conditions properly and to meet the

accuracy requirement .

The finite difference scheme for this problem is-shown in Figures 10a& 10b. The grid size
is chosen as 0.01 (normalized value to the distance between center septum and outer wall)
which is the maximum possible step-size to well. appfoxi'mte the telephone boundary . The
resulting system of eqixa.tions is a 101x201 ms;.trlx ‘.'.I'The converging rate of the solution of this
large system of equations by iter:ation rx;ethods is slow . For a preset error criterion of 1073 the
required"compgtation time is about 246 cpu aecogds for unloaded case and is about 248 cpu

4

for loaded case . For the error criterion of 10~%, the computation time is about 404

cpu seconds

rghe unloaded case ,and is about 386 cpu seconds for the loaded case , This

demonstrat e inefficiency of solving this problem by using the finite difference method .

Once the node potentials are determined., the electric field intensity value at location

(z,y) can be calculated as follows:
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FINITE DIFFERENCE SCHEM- OF THE TEM CELL
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|E(z,y)l = || B + |,

where
ad
Er - _"a"'; . >
¥ od
Ey = ——
¥ ay

The electric field intensity in unloaded TEM cells and loaded cells with a homogeneous

telephone is computed at some points of interest as shown in Table I1.

l’" ™

3.4 NUMERICAL ANALYSIS USING THE

FINITE ELEMENT METHOD

L
The most critical step in the finite-element analysis is the construction of the finite di-

mensional subspaces . In this process , the basic element is chosen as a linear triangle . Each
element-triangle can take any size and orientation to suit any shape of the boundary and inter-
face geometries,as long as it has three straight sides and three nodes .It is essential to note that
each triangle contains a constant.electric field intensity or potential gradient. Therefore,the
A ~size and shape of triz;.ngles must be carefully chosen especially in the area where large potential

gradients are expected ,to obtain a goo;i result accuracy.

The finite element model of a TEM cell is shown in Figures 11a&11b. Higher density
of triangles is used in ihe area close to the center of the cell where the largest gradients of
the potential are expected .There are 326 triangles and 184 nodes used in this analysis. The
required computation time for the calculation for both loaded and unloaded cases are less than

20 cpu seconds. |
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Tabie (II) RESULTS OF THe FINITe DIFroHoNCE SCHEME «

# HOMOGENEOUS TELEPHONE

# Er=2.2
# ERROR CRITERION 107> R
. C‘_\\.\
LOCATION Eqoaded Eunloaded DISTORTION FACTOR \
' : % { dB
1 100.60 102.30 -1.66 . =0.15 (//
2 101.70 101.90 -0.20 -0.02 ,}
3 102.40 101.30 1.09 0.09
4 102.60 101.30 ) 1.28 0.10
5 98.40 96.10 2.39 0.21
6 96.70 92.70 4.31 0.37
7 - 96.40 6.17 0.52
8 96.30 ‘ 88 0.57
9 96~ TO~__| 6.07 0.51
10 .50 . L) 43 0.37
11 98.40 N_/95. 2.61 0.22
12 102.90 1.38 0.12
13 .02.20 1.09 0.09
14 100.90 -0.30 -0.03
15 99.10 -1.98 & -4.18
. - .
#
TEM CELL
L
i 678 slomie
34 & #3
r
2t e a4
1] bs
£ .

by



Figure (11) FINITE ELEMENT SCHEME OF THE TEM CELL
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] : . .
The electric field intensity at some points of interest in the cell are calculatedlwith the

same procedure used in the finite difference method :

[E(z, y)l = \/|1E:|* + |Eyf?

where
) o
E; = "9z
)
T

Results are given in Table IIL

*

3.5 NUMERICAL ANALYSIS USING THE COMBINED METHOD

fn the combined method , knowledge and‘operations of the finite element method and the
finite difference method are used in a mixed way to p1l*ovide the best efficiency of computation
It is therefore ,essential to properly subdivide the given region into finite element regions
and finite diﬁ'grence regions to optimize the computation efficiency .Generally speaking , the
finite difference regions should occupy as much space as possible and the finite element regions
should cover minimum arét;s to reduce amount of data input from element numbering .The
boundary between finite difference and finite element regions should be rectangular to-fit the

regular grid of the finite difference .

With the same consideration as in the finite difference method ,the grid sizes of the finite
difference regions are chosen to be small enough to meet the accuracy requirement and yet
maximized to provide a good computation efficiency . Since the number of triangle elements

TN

in the finite eléjnent regions strongly influences the total computation time , it is kept at a

minimum possi{)le' value to minimize the computation time.
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Tatle (III) RESULTS OF THS PINITE =LeMENT SCHeME

HOMOGENECOUS TELEPHONE

# &= 2.2
‘ﬁ*
LOCATION | By aca | Euntoadeq | DISTORTION FACTOR
% /4B
1 134.40 139.20 -3.57 -0.31
2 129.60 131.30 -1.29 -0.11
3 121.20 120.60 0.50 0.04
Y 110.70 108.80 1.75 0.15
5 110.60 107.30 3.08 0.26
6 111.90 106.00 5.57 0.47
7 114.00 105.70 7.85 0.66
8 114.80 105.00 9.33, gfzg
9 113.70 105.60 7.67 o' 6L
10 111.60 106.00 5.28 0.45
11 110.60 107.20 3.17 .0.27
12 110.70 108.70 1.84 0.16
13 121.40 120.50 0.66 0.06
14 129.30 131.00 ° -1.30 -0.11
. 15 133.90 138.60 -3.39 -0.30
\ | 1
y
TEM CELL
=
3...
2+




The schep‘ie of the combined ;%thod for analysing thie.. problem is shown in Figufes
12a812b . Grid size of the finite diﬁ'érence fegion is chosen as 0.05 .Number of iriangles and
nodes in the finite element-reg(ion are 126 apd 96, respectively . The total required computa-
tion time for loaded and unloaded cases is only 104 cpu seconds which is almost 500%¢0800%

‘ \
more efficient than the finite difference method and yet giving better result accuracy.

Again,the electric field intensity in the cell is calculated with the same procedure as used

in the finite differgnce method.::

J 1B ) = /|2 + | By 2

where
fil ]
E: —_— am
aéd

Results are given in Table IV.
3.6 COMPARISON OF RESULTS

Results computed using all three methods ,the finite difference, the finite element ,and

the combined methods are plotted in Fig.13.

In terms of accuracy , the three methods applied to this problem do not differ from each
other as shown in Fig.13. However, there are enormous differences id terms of other parameters
s . ) . v

such as the computep time ,storage requirements , and the number of data input points.

For a given irregular-shaped telephone model , the finite difference method apply step

approximation on the irregular boundary and produce a comparable result as the other two
feed
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SCHEME OF THE COMBINED METHOD OF THE TEM CELL
LOADED WITH A HOMOGENEOUS TELEPHONE
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(a) PRINCIPAL SCHEME OF THE COMBINED METHOD
(b) DETAIL SCHEME OF THE COMBINED METHOD AT

Figure (12)

THE DIELECTRIC INTERFACE
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2.SULTS OF THE SCHEME OF THE COMBINED METHOD

TEM CELL
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Table (IV)
HOMOGENBOUS TELEPHONE .
-, # Er= 2. '
4 LOCATION E} oaded B nloaded DISTORTION FACTOR
| % dB

1 131.00. 135.75 ~3.50 -0.31
2 126.80 128.85 -1.60 ~0.14
3 120.00 11%-39 0.50 0.0k
n 111.16° 109.17 1.80 0.16
5 110.20 106.81 3.20 0.27
6 111.00 105.30 5.40 0.46
7 112.53 104.50¢ - ?7.70 0.64
8 113.15 104.30 8.50 0.71
9 112.77 104.70 7.70 0.64
10 111.38 105.70 5.40 0.46
11 110.40 107.40 2.80 0.24
12 111.74 109.70 1.86 0.16
13 121.00 120.35 0.50 0.05
14 128.15 130.10 -1.50 -0.13
15 132.35 137.16 ~3.50 -0.31

NOTE : ERROR CRITERION OF COMPUTATION IS 107




| methods but only if a small enough grid size (< 0.01) is used . Consequently, it requires; sm
of a ;rery farge size system of equations .In solving such a large size system of equations, the
convérgence rate is slow,and thus a very long computation time is required .For instance, for
a preset error criterion of 10~% the total .computation t_ime t:or the finite difference methodﬂ
is 790 cpu seconds with the grid size of 0.01 . For about the same accuracy, the combined
method.requires only 104 cpu seconds with the grid size of 0005 and preset etror criterion
of 107° For the finite element method , the required computation time to achieve the same
accuracy is less than 20 cpu seconds.lt is,therefofe,evident that the finite difference method
15 the most costly and inefficient method among the three methods for suclt: irregular-shaped
objects. Neverthel.e.ss, 1t does provide a simple way of solving complicated problems with a

minimum data input by the operator.

.
-~

{
The finite element method produces accurate results with the shortest computation time.
However,the amount of the accompanied data is massive , es'pecially when high precision from
‘ 4 !
the results is required . Moreover,relatively large computer storage is needed to store the

coordinates and the node numbers of the elements.

The combined method of the finite difference and finite element combines the advantages
of the finite element and the finite difference methods. It does not require step approximations
on irregular-shaped boundaries .Also,the amount of data input required is relatively small
and flexible. It further provides flexibility of the trade-off in accuracy, computation time ,
computer storage ,and data input points .This method is especially suitable for EMI/EMC
measurements with a“TEM cell,since it requires only a minimum amount t{ change in the data

by the operator when changing the EUT model while the accuracy and the computation time

can be kept constant.
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Figure (13) ELECTRIC FIELD DISTORTION IN A TEM CELL
LOADED WITH HOMOGENEOUS TELEPHONE WITH
" DIELECTRIC CONSTANT &.=2.2
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CHAPTER4

RESULTS FOR VARIOUS LOADS o

4.1 INTRODUCTION

One of the major points in this investigati@is to estimate the electromagnetic field
distortions in a TEM cell due to the presence of a regular home telephone in the cell. Since
_the telephone can be considered as an inhomogeneous dielectric object ,the field distortions in
the TEM cell due to the present of such an object can therefore be estimated by investiga}ting

the fleld distortions in a TEM cell due to the present of various types of dielectric telephone .
4

Another objective of this investigation is to provide a theoretical curve of field distortions
in a TEM cell versus the size of EUT for various dielectric properties of the EUT . This is

performed by using a circular cylinder object with various diameters .
4.2 INHOMOGENEOUS TELEPHONE

An inhomogeneocus telephone model as shown in Fig.14 can be used to simulate a 2-
dimensional inhomogeneous , homogeneous or metallic telephone . In this analysis , a homo-
geneous telephone is simulated by taking the dielectric constant of the entire telephone as a
constant of ¢, == 2.2 .Qn the other hand ,an inhomogeneous telephone is simulated by using

three different types of dielectric constant of je,, = 2.2,6,3 = 10, €3 = 20.

First of all, it is essential to select an appropriate numerical scheme for the solution of this

problem . Based on the knowledge acquired in the pr;zvious chapter it is obvious that the finite
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Figure (14) A 2-DIMENSIONAL INHOMOGENEQUS TELEPHONE MODEL -

&, = 2.2 ; /.B
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4

Y

difference metho.c.i may be the most inefficient and the most difficult method- fo implement to
this inhomogeneous problem .The finite element method tends to require tremendous numbers
of domain subdivisions.Consequently ,enormous numbers of data are needed to be handled
I:_Jy‘--the operator.* There is no -doubt that o_f the three metho&s discussed in chapter 3 , the
combined method of the finite difference and finite elexinent is the most appropriate for the

solution of this‘inhomogeneous problem .

The actual implementationof the combined method in thi.i? problem is shown in Figures

15a8215b.The grid size of the finite difference region is taken as 0.05 such that there are enough

values of potential nodes computed for the prediction of electric field distribution . In the finite

-

element region ,a total of 173 triangla aq@es are used to properly approximate the

" inhomogeneous telephone model .

El

The electric potepsial and the electric field intensity in the loaded TEM cell are computed
for various types of telephones; A homogeneous telephone,an inhomogeneous telephone and a

metallic telephone . For each case,the normalized efectric field quantities at various transverse
. ' ) . ‘

positions located in the cell are then calculated as follow:

\

- i
' - E(z,
E(z,y) = —‘(.,,—y)
_52.
where, ) .
. - . ' .
E(z,y) is the normalized electric field intensity .-~ ‘/

. .. (

E(z,y) is the electric field intensity at location of interest in the transverse plane x,y.

&, is the electric potential at the central plate

paleN

-

b is the vertical distance between the center septum and the outer conductor.
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SCHEME OF THE COMBINED METHOD OF A TEM CELL
LOADED WITH AN INHOMOGENEOUS TELEFPHONE

Figure (15)
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DETAIL SCHEME OF THE COMBINED METHOD AT THE

PRINCIPAL SCHEME OF THE COMBINED METHOD
DIELECTRIC INTERFACE
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N
The electric field distortion factor is then computed as a ratio’of t‘he’ normalized élec'tric. ‘
field strengthlof an EUT-loa.ded cell t;> that of an empty cell at the same lol:atio_n {(x.¥),to
estimate the electric field disto_rtions in the TEM cell due. to the 1o&ding by the EUT. To
éxpress the distortion factor in dB , the field distortions in the loa;ied TEM cell is calculated |

*
using the following equation :

Distortion factor DF = 20Log gilasdsd—

The results are plotted in Figures (16) through (26).

Figures 16817 show the electric 'ﬁeld strengtil and the field distriBution in an empty
TEM cell . According to Fig.16 which shows the electric field distribution in an, em[;ty cell
,the electric field E in the cell is essentially vertically polarized in the region near the center
of the cell and gradually becomes horizontallyu polarized at the area closer to the gap of the
cell . Fig.17 demonstrates that the electric.ﬁeld components are quite uniform ove:- much of
the volume between the septum and the outer wall . The variations of electric field strength is

within 2.7 dB over the area occupied by a typical EUT of 0.4a x 0.5a at the center of the cell.

Ed

i
Figures 18 through 20 show the electric field distributions in a telephone loaded TEM

cell. These computer-generated graphs show the nonuniformity of electric component due to

the ingertion of an EUT.

"7 Figures 21 through 23 show that the distributions of ttlle electric field strength in a typical
EUT area in a loaded TEM cell are greatly affected by the insertion of a telephone. The
variations of electric field increase from 2.7 dB in an u.r%loa.ded cell to 3.5 dB in TEM cell loaded
with an homogeneoué telephone , to 4.15 dB in a T(EM cell loaded with an inhomogeneous

telephone and tq 5.4 dB in an TEM cell loaded with a metallic telephone . v
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ELE:CTRIC FIELD DISTRIBUTION IN AN UNLOADED

Figure (16)
| TEM CELL
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Figure (1l7) ELECTRIC FIELD INTENSITY IN .AN UNLOADED

Tgpg CELL
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Figure (18) ELECTRIC FIELD DISTRIBUTION IN A TEM CELL
- LOADED WITH A HOMOGENEQUS TELEPHONE
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Figure (19)
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ELECTRIC FIELD DISTRIBUTION IN A TEM CELL

LOADED WITH AN INHOMOGENEQOUS TELEPHONE
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Figure (20) ELECTRIC FIELD DISTRIBUTION IN A TEM CELL
LOADED WITH A CONDUCTIVE TELEPFONE
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Figure (21) ELECTRIC FIELD INTENSITY IN A TEM CQQE
LOADED WITH A HOMOGENEQUS TELEPHONE
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Figure (22) ELECTRIC FIELD INTENSITY IN A TEM CELL
LOADED WITH AN INHOMOGENEOUS TELEPHONE
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Figure (23) ELECTRIC FIELD INTENSITY IN A TEM CELL
LOADED WITH A CONDUCTIVE TELEPHONE
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Figure (24)

ELECTRIC FIELD DISTORTIONS IN A TEM CELL

LOADED WITH A HOMOGENEOUS TELEPHONE
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Figure (25) ELECTRIC FIELD DISTORTIONS IN A TEM CELL
LOADED WITH AN INHOMOGENEOUS TELEPHONE
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- Figure (26) .., ELECTRIC FIELD DISTORTIONS IN A TEM CELL

=

LOADED WITH A CONDUCTIVE TELEPHONE
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Fi;laHy , Figures 24 though 26 show the field distortions i a telephone-londed TEM

cell. These graphs suggest that the greatest non,ﬁniformity of electric field oecurs along the

7 vertical axis of the cell due to the electric field gradient in this direction

At a distance of .IT"

~ from the septum, the field distortions in an homogeneous telephone-loaded cell are as high as

1.4dB,and are as high as 2.4dB and 4.5dB in an inhomogenéous telephone loaded cell and

metallic-telephone-loaded cell ,respectively.

From the computer generated datas one can casily compute numerically the churacteristic

impedances of the loaded and unloaded TE%/I cells by applying Gauss’s Law in the TEM

~Qp- .
cell:Choosing an approapiate Gaussian surface as shown below :

GAUSSIAN SURFACE l
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.Applying Gauss's Law on the Gauséian'surface, 8,0

fE"-ﬁds=ﬁ
s €y

-
r

where p is the total charges enclosed by'the Gaussian surface, E is the electric field vector, 77

e

is the unit vector normal to the Gaussian surface ,but

. 0%
\ B =
__%1-%
v A
thus ) ‘I’ 5
== L Ads = — AT "B
: ./’E fids = Z (A A )

Gaussiansurface

= Yoo (€2 — ®5)

Gaussiansurface

" Therefore,according to the Gaussian’s Law, -

pP=E: Z (Pinside — Poutside)

Gaussignsurface

. . ;
Once the total charge enclosed in the Gaussian surface in known, the capacitance per unit

length in the TEM ¢ell can then be calculated from the following relationship:

=L
C= 3,
where , C is the capacitance per unit length in the TEM cell and &, is the electric potential

on central plate,
The characteristic impedance of the rectangular line can then be approximated as follow;

1 »
L 2

N>

v

Zo =

Q

O

-
2
e
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where, Z, is the characteristic impedance of the TEM cell ,C is the capacitance per unit length

-
bal

of the TEM cell ,v is the phase. venlosity'in the cell.

. Using these relat.ionshjps the characteristic impedance of an empty IFI ¢c101.5s TEM cell
was found to be abt:;ut 52.0Q2 .When the TEM cell is loaded with some dielectric material
thc.z. characteristic imp.eda.nce of the cell is lower due to the increased in capncitance por unit
length.The lowest characteristic impedance occurs when a conductive object is inserted. The

characteristic impedance of the IFI cc101.5 TEM c‘éloaded with the metallic-telephone was

found to be about 50.802 .

4.3 SEMICIRCULAR CYLINDRICAL OBJECT

3 Further in;restigaﬁions of field distortions in a loaded TEM cell were carried out using

semicircular cylindrical object with various diameters and dielectric constants .

"o
The finite element method is considert;d the best suited procedure for this particular
problem . The scheme of the element for this problem is shown in Fig.27. The electric field
distortions at the center (z = a,y = 0.5b) of the upper chamber‘is computed for various
diameter and dielectric constants of the cylinder . Results are plotted in Fig.éS. These curves

are generated to estimate the maximum acceptable object size in a given TEM cell.

~

4.4 DISCUSSION

In this chapter ,field distortions in a TEM cell due to the insertion of various telephone
models are computed . The maximum distortion were found to occur along the central vertical
axis of the cell and are increasing in the direction toward ths septum .At a distance of half
way between the outer conductor apd-the septum , the maximum field distortions in the cell
due to the p?nt of various types'of telephone is estimated as : 0.6dB for a homogencous

s j .
) /
/ . -71- \/



Figure (27)

FINITE ELEMENT SCHEME OF A TEM CELL

TLOADED WITH A SEMICIRCULAR CYLINDRICAL OBJECT
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Figure (28) ELECTRIC FIELD DISTORTIONS AT THE CENTER OF

THE TEM CELL LOADED WITH A DIELECTRIC

/‘ §EMEQIRCULAR CYLINDER
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/ -
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dielectric telephone with dielectric constant ¢, = 2.2 , 0.9dB for an inhomogeneous telephone
with dielectric property approximating a regular home telephone , and 2.0dB for a metallic

telephone,

Curves of field distortions at the ceﬁter of the cell versus the object si2e‘ for various
dielectric constants are plotted using a semicircular cylindrical ob ject.These curves provide
useful guidelines for pr.edi;t'@g the maximum ob ject size for a given TEM cell. It is interesting
to note that rt;sults compputed in a telephone loaded cell closely agree with the values given
here . According to these results, the maximum cross-sectional size for this specific TEM cell
model (IFI cc101.58) loaded with a homogeneous 2-Dimensional télephone wil;hta dielect;jq‘,
consturit of ¢, = 2.2 is about 0.26 the vertical dist.a.nce between septum and outer conduct&
for maximum tolerable field distortions of 1dB and is about 0.4 the vertical distance between

the center septum and the outer conductor for the maximum tolerable field distortions of 3dB.

The variations of electric field in the central area of the upper chamber are estimated for
various types of telephone loads. In a 0.4X0.5 normalized area at the center of the chamber .
,the variations of electric field in an unloaded cell are about 2.7 dB and are increased to 3.5dB
for a homogencous-telephone-loaded cell , 4.15dB for an inhomogeneous-telephone-loaded cell,
and §.4dB for metallic-telephone-loaded cell . 1t shows that the electric field intensity in the

loaded cell is highly nonuniform especially when the inserted load is a metallic ob ject .

-7h-



CHAPTER 5

DISCUSSION AND CONCLUSIONS
”

5.1 SUMMARY

When making EMC/EMI measurements in a TEM cell,the clectric ficld pattern inside
the cell is distorted due to the loading effect of the equipment under test . The objective
of this study was to evaluate field disto?tions in a EUT-loaded TEM cell to improve the
uncertainty of the EMC/EMI measurements using TEM cells. The ‘results allow one to estimate
the EMC/EMI characteristics of thé object under test more accurately by considering field

distortions in the TEM cell .

,  Themathematical model used in this analysis is based on the pure TEM mode pf()pngntiorl
in the TEM cell. Fundamental numerical procedures and operations of the finite element and
the ﬁ;&:e difference methods are exploited to analyse electromagnetic field distortions in an
irregular-shaped-EUT-loaded TEM cell™ The finite difference method was recognized as the
most straight forward and easiest method to appl}.' in an unloaded TEM cell . 'Howevcr,its
efficiency and accuracy deterior’ates considerably when applied to a loaded TEM cell ,especially
when the EUT has an irregularily-shaped cross-section. The finite element method has the
\a.dvanta.ge over the finite difference method due to itg ﬂexibi]ity" in the geometry of boundarics..
It is suitable for the analysis of field ;iis'tortions in a loaded TEM cell. Unfortunately , cnorx%u&
involvement in manipulation of the input data is usua)lrly ‘involved in this method. To ow;crcomc
the limitations ’of the above two methods ,the combined method of finite difference and finite

element was developed . By dividing the given physical tegion into two main subdomains, the

9



finite difference domain and the finite eIt.;ment domain,and simulating an appropiaf'ge "Dynamic =
Boundary Conditions” ,‘ between the two domains ,the given boundary value problem with
aﬁy complicated boun;iary geometries can easily be solved by using the- basic operations of
the finite diﬁ'erén.ce and the finite eleﬁ:ent methods. This method combines the advantages
and conveniences of the finite element and the finite difference methods , and thereby provides.
better Aefﬁcicncy , accuracy and flexibility of computations. Computer programs for all three
numerical methods were developed and used to compute the field distortions ina homogeneous

telephone-loaded TEM cell.

w

"To examine the electric field distortions in a IFI cc101.5s TEM cell during EMC measure-

- ments of a home telephone , further iuvestigz:;ions on the field distortions in a loaded TEM
cell were carried out with EUT’s as various types 6f telephone; a homogeneous telephone, an
inhomogeneous tclep.hone and a metallic telephone. Field distributions and field distortions
were coml;uted for each cases. Results show that the electric field distortions i‘n the regular
telephone-loaded cell is quite high and is not negligible. Vagatipm of the ele;:tric field intensity
in the loaded cell was as high as § dB in the area wliere the EUT was placed, when metallic
telephone was inserted. This suggests that the loading effect in a TEM cell must be taken into
account during EMC/EMI measurements on a high dielectric constant object , especially when
the cross-section of the object is compatible to that of the TEM cell. Another interesting raiullt
from this investigation is that the variation in the line impedance of the telephone-loaded cell

- is small, within 2 2, although the loading effect is quite significant. .

To estimate the maximum tolerable ob ject size in a TEM cell for EMC/EMI measurements
.thcorethxI curves of the \ﬁ.eld distoriions versus cross-sectional ob jéct size using semicirc‘xlar
cylind;ical were computed for various dielectric constants .Results are plotted in Fig.28. These

L al

/theroretical curves provide a mepns of estimating the amount of uncertaifity in EMC/EMI

-76-
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measurements using TEM cells for a known dielectric characteristic and object size. They can

also be used as a quick reference guideline to predict the maximum tolerable object size in a

TEM cell for a given dielectric material and maximum allowable field distortions.

g

»
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5.2 FUTURE DEVELOPMENT

'.I‘here is one imminent problem to be solved that is to e:?pa.nd _the two dim;ension analysis to
three dimensional analysis . This can be accomplished by using the combined method of finite
difference and finite element and assuming Neumann boundary coﬁditions at the transit‘ions
between the tapered and the center septum for relatively small size objects. Since the loaded
cell is no longer a uniform transmission line, the loaded cell cannot supp'ort a pure TEM wave
propagation and thus, cannot be solved by electrostatic analysis. The problem becomes an

cigenvalue problem with governing equation as vector Helmoltz equation.

7
A
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APPENDIX A

.COMPUTATION OF THE CHARACTERISTIC
IMPEDANCE OF TEM CELLS

The design of a TEM cell can be accomplished by using the expression of Yig equivalent

rectangular coaxial transmission line.

For a given bandwidth requirement, the cross-sectional dimensions of the outer conductor
can be determined according to the cutoff frequency expression. The width of the center plate

can then be determined by using the ‘charact_eristic impedance expression found for rectangular

transmission lines.

Extensive efforts Mve been devoted to finding analytical expressions for the characteristic
.

impedance to a rectangular coaxial line. Many different expressions have been propopsed.
: X _

The characteristic impedance Z, of & TEM transmission line can be exgﬁgs‘éd in terms
\

of its capacitance pﬁﬁi’tlength, C , as follow;

z. = (%

%
where v is the velocity in the medium . m hY

In a rectangular coaxial line, a substantial part of the capacitance per unit length is
attributable to the capacitagcfe. between parallel planes ,Cp. The remainder is contributed
by the fringing capacitance at the corners ,C. , plus a correction factor AC which accounts

“for the interaction between the two edges of the center plates. The inter-plate capacitance is
A 1]

-

o ~79-
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readily found in terms of the cross-sectional dimension ¥ . The approximated expression for

fringing capac;tancc has been derived by Tippet§Chang[21],W 11[18] us:ng conformal mapping

techniques as folIow,

219

In[l+ C’oth( )]

I
;AN

&

and is expressed in a graphical form by O.R.Cruzan and R.V.Garner{24] as shown in
Fig.29. The correction factor Ac is neghg1ble for large gap § >0.2, and it becomes significant
for small gap lines. Therefore, for a large-gap TEM cell (-‘,? > 5) ,the Eharacteristic impedance

can be approximated as follow;

~ 5 no
4[5 + Fin[1 + coth(Ff)]]

which is plotted in Fig.30.
~

It was also approximated by Tippet & Chang[28] as follow;

Mo

F o
| )

4[; — 2in(sinhiL)] 4

Crowford§ Workman [27] developed curves for designing a cell with arbitrary cross section
and im;;edn.nce as shown in Fig.31. Typical distributed impedance in an empty cell is traced

by time domain reflectometer (TDR) as shéwn in Fig.32.

I's

-80-



Figure (29) FRINGING CAPACITANCE IN A RECTANGULAR
E COAXIAL TRANSMISSION LINE

*By O0.R.Cruzan and R.V.Garner ,reference (24},
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- Figure (30) CHARACTERiSTIC IMPEDANCE OF A REC&ANGULAR

COAXIAL TRANSMISSION LINE

¥By Claude M. Weil, reference (13).
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DESIGN CURVES FOR TEM CELLS

ii'By Crowford and Workman ,- reference

éigure (31)

(27 ).
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_Figure (32)

TYPICAL DISTRIBUTED IMPEDANCE IN X TEM CELL

*By Myron L. Crowford , reference (22)
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.. . " APPENDIX B
MULTIMODING IN THE TEM CELL

-

-

.- N

Ideally , the TEM -cell is,dcs‘igned to allow 01.'11y: TEM mode -wavé propagaiion which is
characterized by ort.hogona.l electric or m.agnetic fields that are perpendicular to the direction
of propagation along the length of the cell .However,it also supports a set of TE;,,,, and THM
higher order modes at freq‘ucnlcit‘:s above fhe\ir respective cut-off f;equencies.Field patterns for

the higher order modes in the TEM .ﬁell have been reported by many authors and some of

them are given in Fig.33. ‘ | :

It was found that ,depending on the width of the inner conductor and the size of the cell,
the dominant cut-off frequency (lowest cut-off frequency) is either the TEg; or TE)o. mode
s illustrated in Fig.34. Nevertheless,the TEy; mode was found usually to prop#gate first in

practical TEM cells. \

Cut-off frequeﬁcies of rectangular coaxial waveguides or equivalently TEM cells ,have been
investigated and presented by many workers .Modal equations for the first nine higher order

modes were summarized by Wilsondz MA [1] . Since the cut-off frequency of T E;q mode is the

lowest cut-off frequency of all higher order modes ,it therefore represents the cut-off frequency

of the TEM cell.

. Propagation of higher-order modes does not cause serious field disturbance in a TEM cell
until the resonances of the corresponding modes occur .It has been shown that significant per-

turbation of internal fields within the structure exists primarily at certain discrete frequencies

S
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where resohances of the higher order modes occur ,

~ - The ’prl mode wave propagates through the tapered ends of the cell without significant

alteratlon However, each higher order mode wave is a.lwa}s reflected at some point within .

-

‘the tapered section where it becomes tao small for the wave to propagate . Thc cnergy in

the higher order modes,undergoes fnulti-pa.th reflections within the cell until it is dissipated .

At certain frec_luencies , resoné.nce conditions aré satisfied , in which the ce{ll's‘lpllgtll for the
mode is a multiple integer of half guide wavelength long. At thcsc resonant frequencies, fi,a
TEmnp or TMpnp resonant field pattern exists .For each cut-off fréquency, the;:c exists infinite
set of resonant frequencies , fR(rr;np). The resonant frequencies , f,rg(mﬁp) ,of the cell can be
approximated by using ‘ef:{uiv'a.lent coaxial box modél. The cell is modeled as a transmission
line with flat transverse‘ends instead of tapered ends'.Thé conditions for resonances of TE

thode is that the effective length of the box for that mode L., equal an integer number of

half guide wavelengths for the ch!é} :

e[t

where, L, is related to the actual cell dimensions by

Lmn =L.+ -YanE

where,

Lc is the actual length of the uniform cross section part of the cell

L is the actual length of the tapered end of the cell along the center line
. , = , . -

Xmn is the fraction of the two ends included in the value of L,,,..

Substituting into the relationship for the wavelength in the waveguide

L = i +'_1.__
A2 A1 AL(mn)
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t . ) Lo et —

giving an expression for resonant frequencies o -

- r .
’ ~ 2 . 2 ' PC - 2 . F
S Jhmnp) = S+ (5
where ' ' . .‘ ) . L
. " 1 1 N ’ .
fe(mn) = Ac(mn) N S Lo

L

The upper useful frequency for a cell is thus determined:by the resonahce frequency of the ;.

. dominant higher-order mode ",the T.E:‘m mode as givén by,‘

A

. ¢ : oo c\? g
‘\_-‘ . frcl-.=' fclO'*'(ﬁ) . s

where, {1 'is the equivalent first resonant léngth of TE;¢ mode fero is the cut-off frequency of

the TFp mode \

75 .- 4ab
fero = d\/1+—"-'-a—a

@ wbiby In(E2

Lnn,the effective cell length ,is an adjustgbled parameter which is the sa.meh for all reso-
nances of a given mode. Lyg, the effective cell length seen by the T'E;q mode propagation
is usut;.lly determined expe‘rimentallyl .Itfr usuq.lly exceeds the actual physical length of the
- transmission line due to the prop'agation.' of fringing fields at the line terminations.

5\
L

ferd
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‘ Figﬁre (34) DOMINANT HIGHER ORDER MODES IN ‘I‘Ei‘ﬂ CELLS

#By Motohsia Kanda , reference (12)
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APPENDIX C "

SPECIFICATIONS OF IFI c¢101.5s

-
- P -

e A

S—DC*100 MHz with

- -

MODEL CC-101

square center section_ .

o .}- -‘k

MQDEL CC-103
With special .
screened
access door

MODEL CC-103 MODEL CC-108
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R P R . % 4 CENTER SECTIONfCONN. PLATE
FREQUENCY CELL SIZE ¥ 1SEPTUMI ACCESS THEIGHT-WIDTH  OPENING
RANGE {outer dimensiong}| WIDTH | DOOR SIZElinside dimension) | DIMENSION
* 5C101 [DC- 100 MHz | 142 x 73 x 51 540 F 305w18 47.16x70.7 Ex2.5
*IEC101.5{ DC - 150 MHz | . 104 x 50 x 34 360 | 16x10 31.44 x 47.16 6x25
" [CC102 |{DC- 200 MHz | 77 x38x 28 27.(7!{ 13x8 23.6 x 35.4 ,6x2
C103 |DC- 300MHz | 54x26x 18 178 | B5x65 15.7 x 23.6 45x1.5
E;ﬁo4 DC- 400 MHz || 42x20x 14 13.4 6x5 1.8 17.7 35x1.25 |
[cC108 | DC - 800 MHz 24x11x8 6.5 5x23 | 5.9 x 8.8 15x2
C110 -FDC - 1000 MHzf - .18 x8x5 «f 52 K. 3x2, 47 x7. p . 1.5x 2

rarid

L

The.MQdel IFI c¢cl0l.5s TEM cell is a modified version of the
The major difference between the iwo

model, IFI ccl0l.5 cell

model is that the IFI 101.5s model has,a square center section

instead of rectangular center section as in
]

model TEM cell

-

in the following cross-sectional drawings

£

\

the . regular IFI lol.5

The actual physical dimensions of IFI 101.5s TEM cell are given

— ——— ~ 1\
T | 23. 5"
o A —
39u 39" }_‘_7. 1 )
“/ L | 23‘ 5"
L
Y Y .
LN

< b7,16m
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