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ABSTRACT

Electromagnetic Compliance is now an essential pértthe specification.
Meeting these complex specifications is now a \@rgllenging task. Most often, EM
radiation behaviour can only be estimated in trs# &ages of back end simulation
followed by EM field solution. In this work, we edtlish a modelling methodology
where we first convert the complex geometry of fhensverse Electromagnetic
Cell(TEM), which is a standard instrument of EM ssidn measurement for compliance
testing. The complex geometry of the TEM cell isngerted to a simple geometry
through the Schwartz-Cristoffel transformation,réiey allowing a closed form solution.
From this closed form expression, we obtain thetetal equivalent circuit of the TEM
cell. We also demonstrate the methodology of camgthe SOC’s geometry and into
an antenna model, which is followed by conversibthe antenna model to an electrical
equivalent. Finally, we unify these two models ai¢d into one electrical model which
is used to predict the Radiated Emission captusethé TEM cell measurement. The
model and the tool developed from it allow prediotof EM radiation from a SoC at an
early stage of designFinally we made an attempt to calculate the charitic
impedance of a GTEM (GIGA HERTZ) cell and computed electric field, flux lines
and magnetic fields of an GTEM cell using FEM(Maiv2®).
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1. INTRODUCTION

Operation of digital integrated circuits (ICs)wdr the electromagnetic emissions
of electronics system, hence ICs like microprocessnd microcontrollers can be
considered as primary source of electromagnetisgoms (EMES). Sharp rise/fall of the
pulsed current flowing through IC package lead®indnd excites IC direct radiations of
interfering electromagnetic fields. Furthermoreepteurrent and voltages glitches on the
IC power supplies which are feeding the input/ot(ifD) pad of the IC and the signals
carried by the 1/0 pad results in the noise sowursieh drives the traces of the PCB as an
antenna resulting in what is called as Conducteds&on. IC radiated and conducted
emissions heavily influence the Electromagnetic @lience (EMC) features of the
electronic apparatus, hence the right selectiortheiCs, from the EME point of view,
implies a reduced number of EMI filters at the P@BJ system level, necessary to
compliant with system level EMC requirements .

Almost any electrical transitions with sharp edgash as clocks, data, address
and control, produce electromagnetic radiation.p@gormance requirements increase,
clock speeds have also increased. The transitiga, ex in engineering terms, the slew
rate, has become faster and faster as the neeahdeting set up and hold time has
become harder to meet. Set up is the time needetidata pulse to be stable before the
rising edge of the clock, and hold time is the timrethe data pulse to remain stable after
the edge of the clock

Clocks are no longer fed to only one or two devigescircuit boards. Rather,
they are being distributed all over the circuit tibaAlso, increased memory
requirements, and other loads on the clock linesjehsignificantly contributed to
electromagnetic radiation. EMI is linearly proportal to current, the area of the current
loop, and with the square of frequency. EMI is dedi as EMI = kIAf where | is the
current, A is the loop area, f is the frequencyd &ris the constant depending on PCB
materials and other factors. There are two typdsh\dff radiation: Differential Mode and
Common Mode . Current loops formed between tranédstlze ground plane on PC add-
in cards and motherboards cause the Differentiadléid@hese loops act as antennas and
radiate EMI that may exceed FCC limits. Localizedumnd noise injected into the PC’s
I/O traces and cable causes Common Mode radighimice these cables and traces are

long, they act as antennas. For this reason iow mandatory specifications for the
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microcontroller and microprocessor designer to danp with the specification laid

down by the system level companies.

The twin standards SAE J1752/3 [14] and IEC 6196[2-2] has recognizes the
importance of the IC emissions and describes theceplures for evaluating the
procedures of Electromagnetic compatibility of theegrated circuits. These procedures
call for the IC to be mounted on 10cm X 10cm onpheted circuit board with IC being
evaluated on one side and other component neexktoige the IC on the other side of
the board. The board is mounted on the openingefltansverse Electromagnetic Cell
(TEM) with the IC facing inside the TEM cell. Thé&M cell is an apparatus as shown in
Fig.3.1 which involves the use of trapezoidal metddox with the center septum as the
test chamber. The TEM cell is designed which allothe propagation of the
transmission-line mode in the region between th& bod the septum. To avoid
reflections, the cell is designed to have the naincharacteristics impedance of &0

In order to interpret the results madehis tell, knowledge of propagating TEM
mode is required. This thesis contains a theomp®fcalculating some basics property of
the TEM model of propagation. In this thesis thartigular analysis was heavily
influenced by [2], [3].[5] Other authors [17], [4R6] have also tried to do the analysis in
their own way. But all the work in [2], [3], [5],.1[/], [26] was not suitable for the
analysis of the complex geometry of today’s IChat ¢arly stage of design or was asking
for some laboratory measurement to be inserteldam &nalysis for the prediction of the
radiation from the IC.

Studies the EMC of various electronic require aamumeasurement techniques
to define their EMI characterstics[27].The primaneasurement techniques include
anechoic chamber , shielded enclosure,Electromiagsensors,mode pertubation ,TEM
cells etc...In general, an anechoic is a large sbielctbom. The anechoic chamber
provides the uniformity of the EM fields and thaedth environment. It is mainly used
for the radiated emission and the immunity measargnin the case of the emission, it
is able to generate the real signals, so there iseed to consider the ambient signals. In
the case of immunity testing, the anechoic chansharprovide the uniform EM fields,
so it will prevent any potential interferences mld distributions. The use of large test
areas for measurements and conducting experiments & an anechoic chamber or
open area test site (OATS) are not efficient whenhiological samples are very small.

For smaller samples a defined area with minimurarfatence and reflection of the EM
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signal area is required and large test chambermotmeet this requirement. On the other
hand, a transverse electromagnetic (TEM) cell, Wwluonsists of a rectangular coaxial
transmission section tapered with coaxial connsaborboth ends, is a better choice and
provides a uniform EM field in a shielded envirommheThe usable area of the TEM cell
is one-third of volume between the inner and theeooonductors. It is used generally
for radiated immunity and emission tests of eleutrodevices, and biological
applications and there are different Numerical mégphies to analysize the Differential
and integral equations with boundaries involved calculating EMI/EMC like
Separation of variables,Conformal mapping[1l] ,Methaf moments[23](4Nec2 tool)
,Finite difference method,Finite element methodyidkwell 2D), etc.. but we have used
conformal mapping to analyise the TEM cell , MoM fmodelling DUT, FEM for
analysing GTEM cell.

In this work we tried to create one single moddiadie for complex geometry of
today’s IC and presently available measuring imsgmnt and adopted this model for easy
computer based simulation. Using this model we @araccurate prediction to certain
level even at very early stage of the design.

This thesis is organised into broadly six sections.

In chapter Il, we have given the basic fundametitabry required to understand
transmission lines and basic knowledge about wadegu How TE or TM waves
develops from TEM wave and TEM waves developed&MTcell.

In chapter Ill, we review the existed literatutmat the TEM cell, the basic properties
like electric and magnetic field distribution inT&M cell, characteristic impedance of a
TEM cell, finally higher order modes in a TEM cell.

In chapter IV, we explained detailed modelling oD&T in different orientations
which contributes or doesn’t contributes in a TEMl.cthe inductance and resistance
equivalence of a loop is computed using MoM(4Nex)t, finally analytical expression
is formed in a simple way to model DUT.

In chapter V , we explained the flow of a tool ahé unified model of a TEM cell
loaded with a DUT including simulation results amfew techniques to reduce radiated
emission.

In chapter VI , we have given a basic idea aboUEK cell and its characteristic

impedance along with the electric and magneticlfiding FEM .
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2. THEORITICAL BACKGROUND

2.1 Transmission Lines
In this study, understanding of the transmissiae theory is required. The TEM

cell is fed through a transmission line and onedee® have an understanding of the
reflection, transmission of the voltage and currgave on the feed line. A transmission

line can be defined in many ways. In general astrassion line is a medium that can be
transfer useful energy from one place to anothlee. ffansmission line, such as a wire, a
coaxial cable, or a waveguide, is used generalthasneaning of the material medium

or the structure path for transmitting the energyych as the EM waves, the cellular
phone signals, or the radio signals. However, ia thesis, we would like to use the

definition of the transmission line, which is re&d from the “Networks and Devices

Using Planar Transmission Lines” by Franco Di Paaloich defines a transmission line

as the distributed-parameter network, where voltagel currents can vary in magnitude
and phase over their length [28] and analysis ofosed micro-strip line [28,ch-2].

i(zt) izt i(z+5z,t)
—_— 5 N
! AAA £
+ + Rz Laz +
viz.t)
vz t) GAZ% Crz viz+az,t)

Figure 2.1 The transmission line schematics; (lef§joltage and current definition, and (right) lumped
element equivalent circuit.

The schematics of a transmission line are showfign2.1. The left schematic in Fig.
2.1 shows a two-wire line as two conductors forTRé wave propagation. This can be
drawn as a lumped-element circuit, as shown irrititeé schematic in Fig 2.1, where R,
whose unit is Ohmc¥)/m, is the series resistance per unit length ol lmonductors, L,
whose unit is Henry (H)/m, is the series inductgoeeunit length of both conductors. G,
whose unit is Siemens (S)/m, is the shunt condaetaer unit length, and C, whose unit

is Farads (F)/m, is the shunt capacitance peremgith.

4|Page



2.2 Waveguides

Since the TEM cell is one kind of waveguides, theoty of the waveguides is
also needed to understand the working of the Wé&lveguides are hollow tubes, such as
metal tubes, coaxial cables, or strand of glassrgibused as a conductor or directional
transmitter for the electromagnetic wavdtey are the EM feed line, and they are
commonly used in microwave communications, broatltgisand radar installations.
There are two main types of the waveguide; a rgectian waveguide and a cylindrical
waveguide.

The dimensions of the waveguides are related to waeelength. If the
dimensions are very large, the operating frequevittydecreased. Therefore, to operate
properly, the waveguides need to have a certainnmim diameter relative to the
wavelength of the signal. If the waveguide is t@row or the frequency is too low,
which means that the wavelength is too long, theftelds are not able to propagate. In
the waveguide, the EM fields are propagating inioter directions. There are two
common modes in the waveguide transverse-magné&i) @nd transverse-electric
(TE).

In TM mode, the magnetic lines of flux are perpentir to the axis of the
waveguide. In TE mode, the electric lines of flue @erpendicular to the axis of the
waveguide. At the frequencies above the cutoffdesy, which is the lowest frequency
at which the waveguide is large enough, the wawkgguwill function well. Since the
TEM cell acts similar to the rectangular waveguiéyrief description of the rectangular
waveguide is described here. The rectangular wadegwhich is one of the earliest
transmission lines, is used to transport the mierasignal for many past decades, and
people still use it today. It is used for many megs, such as couplers, detectors,
isolators, attenuators, and slotted lines. The aipgy frequencies of the rectangular
waveguide are from 1 GHz to over 220 GHz. The reptitar waveguide can be used for
high-power systems, millimeter wave systems, argbme precision test applications.

The rectangular waveguide is able to propagatenitETdM modes, but not TEM
modes as the TEM cell, since only one conductopresent. The geometry of the
rectangular waveguide is shown in Fig. 2.2. We mssthat the waveguide is filled with
a material of permittivityd) and permeabilityy(). It is standard convention to have the
longest side of the waveguide along the x-axighata is greater thab, wherea is the

inside width, and is the inside height.
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Figure 2.2 :Rectangular Wave Guide
The velocity of propagation for a TEM wave (planawe or transmission line
wave) is referred to as tlpdase velocitythe velocity at which a point of constant phase
moves). The phase velocity of a TEM wave is etoahe velocity of energy transport.
The phase velocity of a TEM wave travelling in adiess medium characterized Iy (
g) Is given by
® 1
RN

The phase velocity of TE or TM mode in a wavegugl@efined in the same

(TEM phase velocity)

manner as that of a TEM wave (the velocity at whaghoint of constant phase moves).
We will find, however, that the waveguide phaseou#y is not equal to the velocity of
energy transport along the waveguide. The velatityhich energy is transported down

the length of the waveguide is defined asghmip velocity

The differences between the waveguide phase veland group velocity can be
illustrated using the field equations of the TET® rectangular waveguide modes. It
can be shown that the field components of gendfahiid TM waveguide modes can be
written as sums and differences of TEM waves. @ensthe equation for thg-
component of the TE mode electric field in a regtdar waveguide.

jooua X .
- oK Hysin— e /P07
T a

"'TE]_()
EZV

By applying the trigonometric identity:

sin—=—le'a —e

X 1 TTX _Jn(-l_x]
a 2j

this component of the waveguide electric field barwritten as
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ETR0 = 2EL yle-iBroztn/@) _ g=i(Broz—nx/a)]
y T 0

g (fe)
o=k [1- (L)

The two terms in the TE field equation above regmeSEM waves moving in

the directions shown below.

x AN Bm

N
: wa N —m/a
10
>

z

Figure 2.3: TEM waves directions leads to TE wave
Thus, the TE wave in the rectangular waveguide lsanrepresented as the
superposition of two TEM waves reflecting from tingper and lower waveguide walls

as they travel down the waveguide.

>

Z

Figure 2.4: TE Waves in the rectangular waveguidean be represented as the superposition of two
TEM waves

For the general Tk,of TM n waves, the phase velocity of the TEM component

is given by

w

Yo T g
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Inserting the equation for the waveguide phaseteohg,,, gives

w w up

“omn = Bmn - 2 - 2
) -G

The waveguide phase velocity represents the sgestieh points of constant phase of

the component TEM waves travel down the waveguitie. waveguide phase velocity is
larger than the TEM wave phase velocity given thatsquare root in the denominator of
the waveguide phase velocity equation is less thmaty. The relationship between the
waveguide phase velocity, waveguide group veloatyd the TEM component wave

velocity is shown below.

u, = upmncose

cosf = |1 — (fc}"">

, f )2
u, =u, [1—[(—=2
Imn 14 ( f

2
p

%
n
\
v
>

u
gmr pnm

)i

ugmnupmn =u

The waveguide group velocity (the velocity of enetrgnsport) is always smaller
than the TEM wave phase velocity given the squac term in the numerator of the

group velocity equation.

As TEM cell seems to be two rectangular wave guatesled with an aperture ,
but in rectangular waveguides TEM waves doesn’pagate ,because of the aperture
coupling ,gap is present between septum and outeductor , due to the gap

perturbation TEM waves can propagate in TEM ceWads clearly explained in [11] .
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3. TRANSVERSE ELECTROMAGNETIC CELL

3.1 TEM Cell:

Transverse electromagnetic (TEM) transmission be#s are devices used to
establish standard electromagnetic (EM) fields ishéelded environment. They are
triplet transmission lines with the sides closegtevent radiation of RF energy into the
environment and to provide electrical isolation.eThell consists of a section of
rectangular coaxial transmission line tapered aheand to adapt to standard coaxial
connectors. A uniform TEM field is established desia cell at any frequency of interest
below that for which higher order modes begin topaigate.

 Coxial Load [ Septum (Inner Conductor)

=, Other Shield

1.L' RF Source

Acces Door __— J,-"l r

= Coaxial Connectors

Input/Ourput/Power Leads .
(Feed Thru Cmmecmrs% _ N
quipment Dielectric Equipment

Under Test Support

Figure 3.1: TEM cell
The TEM Cell was designed based on the conceptnokexpanded planar
transmission line operated in a TEM mode to sineukatfree space planar wave for
susceptibility testing. The TEM cell is mainly actgen of a rectangular coaxial
transmission line with a flat and wide center cartdu and tapered ends acting as
transitions to adapt to standardb0oaxial connectors as shown in the figure3.1[26]

In susceptibility tests the power is fed througle amput of the TEM cell .From
there electromagnetic waves propagate spherigallyd tapered part of the cell where in
the main volume of the cell the wavefront changes tplanar one. Therefore in the
middle part where the DUT (Device under Test) Wi situated the field strength is
constant along the longitudinal extension unlessptesence of a DUT alters the field
e.g. with possible conductive or dielectric compuse The electromagnetic waves as
well as the current in the center conductor ammiteated by matched load impedance at
the second input of the cell as shown in figureBi2 advantage over anechoic rooms is

the elimination of antennas for establishing the fitls. In order to reach certain field
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strength at the position of the DUT the necessaputi power is much lower for a TEM

cell than the power of antennas in an anechoic room

LY
b y center
; y EUT T
input i conductor 50 € current
! termination

4 N
S

Figure 3.2: Schematic diagram of the TEM cell withthe center conductor and the tapered ends.

As denotes the difference in length of the conducterwhich limits the usable frequency. The
maximum height of the DUT is typically one third ofdistance h.

To minimize reflections and thus also the standiaye ratio the cell usually has
a characteristic impedance of®Qalong its length. The size of a DUT is typically
restricted to one third of the height h becauseBNefield is sufficiently uniform only
within that region. Furthermore, for larger equipméhe effect of the equipment itself
on the field strength would be too large as torgkable results. The well isolated TEM

cell neither contributes to nor is affected by amrternal interference.

As the TEM cell serves as its own transducer it gary well be used for
emission tests, again the elimination of antensagn advantage over OATSs and
anechoic rooms. When carrying out emission measem&gsmone or both inputs of the
cell are used for monitoring the output power agsult of emissions from the tested
equipment. When using both ends one obtains relgihase information which is useful
if there is directivity in the emissions. As theisgsion measurements are performed by
monitoring the output Voltage across the input(sthe cell and not determining the
radiated fields directly with the help of antennamethods have been set up to correlate
the data obtained from the TEM cell measurementsdstandard OATS measurements

as for meaningfully comparison results.

A clear drawback of the TEM cell is the limited fidgdrequency range due to the
cell consisting of three differently shaped paige to the corners of the transitions the

length of the inner and outer conductor differsAsy(see figure3.2). So along the outer

10| Page



conductor the travel time for a wave is longerAyy= ﬁ—s. These field distortions give
0

rise to higher mode propagation and thus affecuthformity of the field inside the cell
increasingly at higher frequencies. The highegjueacy to use the cell depends mainly
on the angle at the transition from the middle parthe tapered ends and thus on the

openings angle of the two tapered parts.

The size of the cell is another limiting factorthe cell shows cavity effects like
resonances at frequencies at which the dimensidntheo cell are about half the
wavelength. To increase the Upper frequency lirhthe TEM cell with respect to the
cavity effects absorbing material can be placedtlmn walls in order to minimize

resonances and reflections. Thereby the usefuliérecy range can be extended.

The TEM dimensions we have used throughout thisishare shown in the
figure3.3, all the calculations done on the basihis dimensions. (TEM cell in ST Lab:
FCC-TEM-JM1 by Fischer)

Side View
9cm

7.5cm 7.5cm
15cm

1.75cm 1.75cm
Figure 3.3 : TEM cell DimensiongTEM cell in ST Lab: FCC-TEM-JM1 by Fischer)
3.2 TEM MODE ANALYSIS:

The TEM cell is basically a rectangular coaxialngiaission line. In order to
understand how an electromagnetic wave can be djbgethis structure [2], a brief
review of the results from standard transmissiom liheory is presented. Any multi
conductor system, of which the TEM cell is, one) peopagate at least one TEM mode.
This mode has many unique properties, not the &ashich is that it has no lower cut-
off frequency; that is, the TEM mode can propaghateugh the guide at frequencies all
the way down to dc. Another characteristic propertythe TEM mode (as its name
implies) is that the electric and magnetic fieldngmnents of this mode lie totally in the
transverse plane (i.e.,E H, = 0). In the transverse plane, the electric figddisfies

Laplace's equation,>¢ = 0. This means that the transverse field distributbam be
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obtained from the solution of a related static pgob The magnetic field is easily

obtained from the electric field as

)
H
Il

=+

(3.1)

Where HE = # (x, y)e/ @tFr2)

= E(x, y)el @tFy2)

_ [Ho
Mo &

)

Where:
Uo IS the magnetic permeability
& Is the dielectric permittivity
y is the propagation constant
a, is a unit vector in the z direction
Many times, it is desirable to characterize TEM @asn terms of the Voltage
and current on the line instead of the field quasjE andH. The Voltage and current

are given by the following equations 3.2

V(z) = Vm+e_”z + U, e ? (3.2)
f)=1,"e"+ I, e (3.3)
Where: 7, = —fp?—“.(ﬂ and
I, = §HE.dl

Where p is any path connecting the two conductora constant cross-sectional plane
and( is a closed path encircling the inner condudigandr,, are related by a constant

which is called the characteristic impedancgpZthe line, and is given by equation 3.3

+

)

| 3

Zy =+ (3.4)

I+

~

m

~

If one measures the amplitudes of the forward aaukward voltage waveﬁ;ni
then, with a. knowledge of the characteristic ingrex®, using equ. (3.2) determine the

voltage and current anywhere on the line.
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The characteristic impedance,Zcan also be expressed in terms of the

distributed capacitance per unit length of thedraission line, @, as follows:

Zy = — (3.5)

1

vV Hoéo

Where v = is the phase velocity

Thus knowledge of the distributed capacitance;, €Completely determines the

characteristic impedance. In addition to the charatic impedance.
3.3 Electric Field Distribution in a TEM cell:

The distribution of the electric field of the TEMogle becomes important when
one considers source related problems, e.g., the gfoicient excitation of the TEM
mode will occur when the source current is aligatuhg the lines of maximum electric
field. The electric field distribution as well aset characteristic impedance of the TEM
mode can be obtained using the method of confotraakformation to map the cross

section of the TEM cell shown in Fig. 3.4 with arsyetrical x-y coordinate system

superimposed. Y

F | :

A
«— 8 —p le— & —»

2b » X
A B le »| C D

2w

A 4

!< 2a >!

Figure 3.4 Cross section of TEM cell.
into a region for which the solution to Laplacejsiation is known. The center septum of
width 2w is located symmetrically inside the cdlihodth 2a and height 2b, and is
assumed to have negligible thickness. In additioe septum is located a distance g from
each vertical side wall. For convenience, somegdaunts in the cell have been labelled
A through F. The region A-D-E-F may be mapped theoupper half of a complex
t-plane via the Schwarz-Christoffel transformatjdhwhich, due to symmetry, can be

expressed in terms of Jacobian elliptic functi®@fs pp. 7-15 and 1,ch-9]. The
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transformation is given by

(3.6)

S ft dt’
o [(1—t*)(1—k2t?)]

or alternatively by t = sn(mz, k)

where sn is a Jacobian elliptic function of modulys

_K(k)
Ty

And Z=x+iy
with x and y indicating the location of the fieldipt as measured from the center of the
TEM cell in the transverse plane. Here K(k) and'Kéte complete elliptic integrals of
the first kind of moduli k and k', respectively [Ahd

k'=[1—k?]"2 (3.7)
The modulus k can be determined from the requiréner

K(k) a

K(kY b
1/k _|1 | 10 _|a |1 1/k
F A B C D E

Figure 3.5 Complex t-plane
Under the transformation given by (3.6), the regiyD-E-F, in the z-plane is
mapped into the upper half of the t-plane as shioviig. 3.5. Using (3.6), a in Fig.3.5
can be calculated
as a = sn(mw, k). (3.8)
For convenience, we now make an intermediate toamsition from the t-plane to a

complex u-plane defined by
u=t/a (3.9)

The u-plane is shown in Fig.3.6.

-1/a -1 0 1 1/a
| | | ] |
! I 1 ! |

A B C D

Figure 3.6. Complex u-plane.
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Finally, we map the upper-half of the u-plane iatcomplex Z-plane defined by
u=sn(y a) (3.10)

The Z-plane is shown in Fig.3.7 andis defined analogously to k'. In order to cal¢ala

the electric field, we must find the complex potaint=, which is given by

Xi
A

l——— 2K(a) ————>
Figure 3.7.Complexy-plane.

F=¢0)+ip(x) (3.11)

Where
¢(x) is the potential function
y(y) is the stream function
F satisfies the Cauchy-Riemann equations.

In addition, the potentiath (x) ,must satisfy the following boundary conditions
¢(x) =0 on BC and
¢(x) =V on AD.

It is easily verified that the following solutioatssfies all of the above requirements

_ 3.12
V.
Y = ﬁ (3.13)
Where y =y, +iy;.
The electric field, E, is defined by
. . ¢
E:8x+l(€y_—<a¢) a)
= <6 +'alp)— dF* 3.14
B ax¢ Yox) T T ax (3.14)
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The real part of E gives the x component of thetalefield, and the imaginary part of E

gives the y component of the electric field. dRitay be calculated as follows:

dFF  dFdydudt

o " dydudtdz (3.15)
Using (3.7).(3.8) and (3.10) through (3.15), dRftkzy be evaluated as
dF  iVm 316
dy K(a) (3.16)
Z—; = cn(y).dn(y) (3.17)
du 1 318
dt « (3.18)
dt
— = cn(mz).dn(mz) (3.19)
dz
by substituting the above equations
dF ivm 1
o = K@) D anD cn(mz)dn(mz) (3.20)
t =a.sn(y o) (3.21)
From the elliptic integral properties
_osn(y o)
sn(mz, k) = sn(mw, @) (3.22)
dn(y k) = /1 — a2sn2(y, o) 3.23)
cn(y k) =+/1 —sn?(y ) (3.24)
by substituting the equations (3.22),(3.23) and43gin (3.20)
dF dn(mz) (3.25)
dz K(a) _ sn?(mz,k) '
sZ(mw. k) .sn(mw, k)
dF —iVmdn(mz)
— = (3.26)

dz  K(a)[Py(2)]">
Where  B(z) = [srf(mw) - srf(mz)]
and dn is another Jacobian elliptic function allwbfich have mod k. Thus the magnitude

squared of the electric field £ is given by

dn?(mz)

sn?(mw) — sn?(mz)

E? = [K(’;,)] (3.27)
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It is easy to see from (3.27) that for z = +w’ §oes to infinity as expected from
the edge condition. Equation (3.27) was evaluatadarically for a typical TEM cell
geometry shown in figure 3.3 and used to calcutate x and y components of the
electric field, as well as the magnitude and pa&tron angle of the electric field defined

by

Ey
6 = arctan (E_) (3.28)

X

The modulus k for the dimensions showrfigure 3.3 is 0.999741 then the
electric field E has been reduced by applying sitanh(mz) , cn(mz)=sech(mz) ,
dn(mz)=sqrt(1-ksrf(mz)), in final transformation the modulus has also been

computed as 0.99987 thenK (a) = "/2 then the electric field E can be computed by
applying one volt to the empty TEM cell, the elecfield magnitude is plotted in

Fig.3.8
2
- i

\/1 — k?tanh?(mz)
tanh?(mw) — tanh?(mz)

(3.29)

Electric Field Distribution Inside TEM cell

‘electricl.txt"

12

TEM cell in ST Lab:FCC-TEM-JM1 by Fischer

1k

08 [
Electric field(v/m)
06 [

Heigth from Septum to Wall(cm) =
Width of Septum (cm)

Figure 3.8 Electric Field distribution of an empty TEM cell
Since it is well known that capacitance is invatiander a conformal-
transformation, we may use the geometry of Fig 3o7also calculate the capacitance of
the TEM cell. From that figure 3.7, it is evidehat the capacitance is just given by the
ordinary parallel plate capacitor formula, that is

¢ _, k@ (3.30)
& K@) '
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Therefore, the total capacitance;, ©f the TEM cell transmission line per unit lenggh

just twice that given by

C Ko

g K@)

(3.31)

3.4 Magnetic Field Distribution of the TEM cell:

For either the forward or reflected wave the maigrfetld is given by the TEM

requirement from the electric field. If the electfield is normalized Wit|’V/b ,then

actual electric field if(x, y). V/b , and the magnetic field without reflections is

H(x,y) = #V.E(,).Y/, (3.32)
The expression with reflections is

H(x,y) = +Y.E(x, y).ZOI/b (3.33)

whereY is the dyadic wave admittance

(—)_ Y _ 5_0: 1
Y=Y({i—-1j) andY = \/; prrs

the above expression illustrates that without o#iibes the magnetic field is transverse to
the electric field and has the magnitude givenhgydlectric field magnitude divided by

the impedance of free space .
3.5 Characteristic Impedance

Characteristic Impedance is derived that exhilbigsdimensions of the TEM cell
explicitly, thus facilitating the design of a celith given characteristic impedance. The
approximate form is derived in appendix-1 [32]asdiven by

£=4[

w2 g
ekl L (1+ coth —)] (3.34)

b 2b

where g, b, and w are defined in Fig.3.3. Equaf®B4) is a good approximation of the
more complicated but exact expression under thewaig conditions% >1 and% > %
Using (3.5) and (3.31), the characteristic impeeasfche TEM cell is found to be

_noK(a)
°" 4 K(a)

(3.35)
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and the approximate form using (3.34) is then

_ Mo
O 21+ con )] (5:56)

Using the above equation we can calculate the ctearstic Impedance of a TEM cell

Assuming the TEM cell as pure transmission lin@laeing with the inductance and

capacitance. i.e calculated frafy = \/% capacitance is calculated using equ(3.34)

Substituting the Zand C we can get L.

3.6 Mode Excitation

When the electric or magnetic current source, agla monopole antenna, is
inserted in the waveguide, we need to consideretbetric current sourcg ), whose
location is between two transverse planes ang 2, as shown in Fig. 3.5. THE , and
H*+ fields are then generated. As we can see inJHy.theE" , andH"+ fields are
travelling in the +z direction, and tlke , andH ~ fields are travelling in the —z direction.
The E and H fields [5] can be formulated in ternfigh® waveguide modes as given

below \
E,H e~ f \\ \/\/\/\,E’f’ H;
|

Z, Z,

Figure 3.9: E and H fields when a electric currensource located in between transverse

planes z and z .
Et=Y,Cr(e, +e,)e Pr? 72>z

HY* =3,C(h, + h,)e /Bn?  z2>2
E™ = Zn Cn (en - ezn)ejﬁnz z< 1
H™ = Zn Cr?(hn - hzn)ejﬁnz Z<1%

In above equations n is a gensuahimation index and implies a summation

over all possible TE and TM modes .The unknown #&og#s Gmay be determined by
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an application of the Lorentz reciprocity formulaor the volume V ,choose that
bounded by the waveguide walls and cross-sectlaaks located at and zin figure.
Let the field &, H1 to be used in the Lorentz reciprocity formdda,the field radiated by
the current source .This field is given by aboveatipns. For the field £ H, ,choose

the nth waveguide mode, EHy; that is,
E, =E, = (ep + ezn)ejﬁnz
H, =H, =(—h, + hzn)ejﬁnz

From Lorentz reciprocity formula [10]

ff(El X Hy — Ex X Hy) - ndS = fE; - JdV (3.37)
S |4

Since the field k£ ,H;is a source —free solution,€&D) within V. The surface integral is
zero over the waveguide walls by virtue of the ltary conditiomm X E; =n X E,, =

0. since this modes are orthogonal ,i.e.,
fSO EfxHf ndS=0 n+m (3.38)

All the terms except the nth in the expansion gHE vanish when integrated over the

waveguide cross section.Shus we have

sz C7:L|- [(en + ezn) X (_hn + hzn) - (en - ezn) X (hn + hzn)]- azdS - le 67; [(en -
ezm) X (=hy + hzp) — (e — €2n) X (=hy + hyp)]. a,dS = =207 fZZ ep X hy, - a,dS =

J, Ex -Jdv (3.39)
Since the integral over the cross section atanishes identically. Hence, Qs given by
1 1 ,
Ct = ——fE,{ -JdV = ——f (en — €zn) - JeIPnZdV (3.40)
P, )y, P, J,
If E,",H." is chosen for the fieldEH, we obtain
1 1 .
Ch = ——jE; -jav = — —j (en + ) - Je IBnZay (3.41)
P J, P J,

Where

Pn=2j-en><hn-azd5
S

0
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And & is a cross-sectional surface of the waveguidees.nbrmalization constant,P

depends on the choice of expressions used,fane h , the later being arbitrary.

P, = APV (3.42)
27,
where A Is the excitation factor
At = —ZZ%IE; - Jdv’ (3.42.1)
T

V is the voltage between the inner and outer cotwts

Z, is the Characteristic impedance

T is the volume enclosing all sources

EY is the electric field of the negative —z propaggtivave
J is the source current density

considering an electric dipole , the volume inéégn above equation (3.42.1)reduces to
f]. Eqndv' =Ey(xo, Yo, 2o)leppcosf (3.43)
T
where

(%0, Yo, 2o) Is the source point

6 is the angle between the dipole and the eledtid &t the source point
less s the effective dipole length

E, is the magnitude of the electric field at the seypoint

| is the magnitude of the dipole current

Using (3.42) , (3.43) and (3.44)

The power carried by the TEM mode of a transmisdior that is exited by an

elementary electric dipole is given by

Zo EOIcosé 2
Pe == ? leffT (344)

6 places a major role in DUT orientation i.e if thipale is placed horizontal to the
septum then the angle made by the dipole with mtefoeld emitting from the septum is
90°, thencos@ is 0 which means the power carried by the TEM mufde transmission
line is zero. In the same way it carries maximurwg@owhen the dipole is perpendicular

to septum i.e thed=0°
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If instead of an electric dipole , smaiwere a magnetic dipole , then the radiated

power is given by

7 <2nA EOImcosd3>2 (3.45)

mT2\ A 2V

where

Ao Is the wavelength

A = nr? is the area of the loop representing the magoigtiale

I,, is the equivalent magnetic current

¢ is the angle between the loop normal and the miagiied at the source point.

When analysing magnetic logpglaces a role in DUT orientation i.e if the
magnetic loop is placed horizontal to the septuhe ,normal to the loop makes an angle
90” with the magnetic field produced by the septurhefTthe power carried by the TEM
wave is zero. moving towards magnetic loop placetically , there are again two cases
i.e normal of the loop makes D0with the magnetic field and normal of the loom ca
make @ with the magnetic field produced by the septumclégarly explained in DUT

orientation).
3.7 Higher order modes

Ideally a transmission line should subject equipimenler test to an electric field
waveform similar to that it would have experiendadfree space illumination. This
means that the pulse incident on the equipmentruedé should be a pure TEM wave
with a near planar or spherical wavefront, as ieefispace propagation. However,
multiple scattering of the transmission line stauet and equipment under test, and
reflections from the termination, produce featureshe resulting waveform which are

markedly different from the free-space case

Transmission lines with open waveguidee liktructure do not possess a
denumerable infinite set of discrete modes as dsed waveguides. In general, the
normal modes consist of a finite set of bound mddgsther with a continuous modal
spectrum bounded at infinity. When line is operadetbw frequencies, the leaky mode
component is not present and the field consistg ohthe bound and residual waves. So
the TEM mode is predominant in this case. As tleguency is increased, leaky wave

modes contained within the non-physical spectrg gegion are able to make their
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presence felt indirectly by influencing a now musthonger residual wave. At higher
frequencies still, the leaky waves become physutiagctly influencing the behavior of
the line no longer operates as a TEM mode trangmidse . However TEM mode

propagates at all frequencies.

With increasing frequency, higher ordeodes ( HOM ) can propagate above
their cutoff frequency[24]. These cutoff frequerscidepend on the cross-sectional
geometry of the transmission line. In the case EM cell, both the dimensions of the
outer conductor and the location and dimensionth@fequipment under test determine
HOM propagation. As the cross-sectional geometrgnges along the direction of
propagation, the cutoff frequencies of HOM alsonges. This behavior can be termed

local cutoff frequency .

3.7.1 Propagation Modes

The fundamental of all modes is the TEM mode whicbpagates from zero
frequency, but at higher frequencies higher order(Tor H-modes ) and TM ( or E-
modes ) modes starts appearing. In TE mode &H, # 0 and in TM mode H= O;E #

0 . The lowest order members of these two famdresthe Tl and TMy; modes which

is first to appear depends on the aspect ratibettoss-section. For a > b it will be the
TEp; and for the converse, the TMwhen a = b, both appear together as a degenerate
pair of modes . The transverse inhomogeneity ofttduesmission line causes coupling
between the TE and TM modes such that neither g&st separately. The resultant

hybrid models need at least two scalar variableshir representation.

3.7.2 Higher Order Modes

Higher order modes are excited by changes of thescsection or by the finite
conductivity of realistic transmission line conductThe amplitude of a higher order
modes depends on the excitation as well as on dpabdity for propagation. Modes
which are excited by the TEM modes and inevitablegeometrical reasons are called
essential modes. Others, excited by disturbancéseimgeometry or little discontinuities
and reaching only small amplitudes are called mssential modes .

TEM (Transverse Electro Magnetic ) waves are attarized by the fact that
both the electric vector(E-field) and the magnetctor(H-Field) are perpendicular to
each other and to the direction of propagation. BMTcell will not only propagate a

single TEM mode at all frequencies, but also ao$dtransverse Electric and Transverse
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Magnetic higher order modes Ffand TMy, at frequencies above their respective cut-
off frequencies {mny The TEM mode propagates through the tapered ehtise cell
without significant alteration. Each higher-ordeode, however, is always reflected at
some point within the taper where it becomes toallsto propagate the mode. This is
the point where the cross-section of the tapemaawed to that of a waveguide whose
cut-off frequency is lower than the field frequencyhe propagating energy in the
higher-order mode undergoes multiple reflectioms] #® end, with in the cell, until it is
dissipated.

With TEM cell, higher order modes cannot propagatie tapered region of the
cell. This means that higher order modes can exiltin the working volume range of
transmission line. The higher order modes appeaf &M cell at sharply defined
frequencies. These sharp cutoff frequencies exaii® or more resonant frequencies
which ultimately destroys the uniform field disuiion inside the cells. As the size of
TEM cell is increased to accommodate higher frequeand huge size of equipment
under test the higher order modes starts to apgtelmw frequencies compared to the

frequency range of usage.

Working out the forms of the higher order mode pew structure like ours is
nontrivial task. To obtain the proper boundary dbod we discretised the field
expression that satisfies Helmholtz equation ratten Laplace's equation and take more
number of higher order modes into account. By ddinig we can properly characterize
the wave behavior of the field near the edge witjhér order accuracy and stable
results. Also any spatial derivative of the londital field becomes infinite as a sharp
edge is approached; the accuracy of the field isplutear the edge is very sensitive to

any sources of error .

The 2-D equation governing the transmission linestudy higher order modes, is
Helmholtz equation
(V2 + k?)V(x,y) =0 (3.46)
with Dirichlet boundary condition ( i.e. fixed badary values ) for transverse electric
field component given by Eq. 3.2 and Eq. 3.3,
Vix,b) =V, ; —-a<x<a (3.47)
V(x,0) = 0; —0<x<ow (3.48)

and with Neumann boundary condition for longitudlimagnetic field component given
by Eqg. 3.49,
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av(xy) _ .
== 0; (3.49)

over the cross-section contour. Héfe= w?uye, and V = E or H, for TEy, or TMun
modes respectively..Eand H are the longitudinal components of electric andynedic
fields .

The useful frequency range of the TEM cell for gl@magnetic interference

measurements is limited by the cutoff frequenciethe higher order transverse electric
(TE) and transverse magnetic (TM) modes and theeajppce of resonances due to
reflections at taper sections. The higher orderemadonances appear at sharply defined
frequencies. Resonances of higher order modesndeterthe usable bandwidth of a
TEM cell. Thus, there may exist frequency windovetween resonances where field
variations become predictable and TEM cell usagestié quite valid. The cutoff
frequencies may be used to predict the frequeradieggher order TEM cell resonances
and measures may be selected to suppress resoranicigher order modes and the
bandwidth of the transmission line can be expang#dout affecting the transverse
electromagnetic (TEM) mode. The cutoff frequenaégshe higher order modes of a
TEM cell are derived from the eigenvalufedt the governing equation Eq. 3.46

Knowing normalized cutoff frequency of transmissitine is important in
calculating the resonant length of the transmiséim® However, determining them is
non-trivial since the tapered section affects eligfher order mode differently . The
structure and properties of transmission line matesdetermined by solving the two
dimensional eigenvalue problems formed by Eq. 3®6.each eigenvalue®kand
corresponding eigenfunction represents a diffenendle, the cutoff frequency of which
is given by Eq. 3.50.

_k _ck
2men 2w

fe (3.50)

c is velocity of light in free air.

The variational principle explains the significanoé eigenvalue problem
concerning waveguide or cavity modes, independéits @xplicit or implicit usage. It
allows much more accurate determination of fielgeavalue than field distributions
with the same amount of numerical efforts, owingthe stationary property of the
solutions. In other words, the computed eigenval@enot sensitive to the errors in the
field distributions. On the other hand, even if tegenvalue are calculated with

sufficient accuracy, the field distributions may &te of poor accuracy.
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At certain frequencies a resonance condition issfsad, in which the cell’'s
effective length for the mode is ‘p’ half guide vedengths long (p=1, 2, 3....... ). at these
resonant frequencieggnp)a TEnnp resonant field pattern exists. Thus the,IBnode in
a given TEM cell has one cutoff frequencymfy and an infinite set of resonant
frequencies, dmnp) With p=1,2,3.....The same is true for the fMhigher —order modes,
although these only occur at higher frequencies fé@sonant frequenciegfnp) are

calculated from the values of#fnand the cell’s length and taper dimensions ,

pc \?
frmnpy = Fetmny + <—2 L ) (3.51)
mn

Lyn = Le + XipnLg

L. is the length of the uniform —cross-section cemiart of the cell ,k is the length
(along the center line ) of the two tapered endsd, 4, Is the fraction of the two ends
included in the value of 4, ,fraction X, is empirically determined and is different for
each cell as well as each mode .It can changeo®.8H); mode to 0.5 for the T and
TEj;1 modes The Tk mode in a small gap TEM cell has a strong gainig fields,
while not exhibiting significant fields in the ceal test area, Therefore although the
TEp; causes the first possible resonance , it is usunall exited unless a large test object

or some other perturbation is present .

Figure 3.1a The length of the cell is L=L+Lg
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4. DUT MODELLING

4.1 Introduction
IC emissions affect both the internal workings #meltotal external emissions of

the system in which the device is placed. Intetoa system, the near-field emissions
from the IC, its package, and its immediately-canee traces can couple to nearby,
noise-sensitive circuits, causing degraded systeenfognance or even system
malfunction. External to a system, the total emissireceive contributions from the IC
emissions via several mechanisms, such as radixbon apertures, which are coupled
to the IC via direct or indirect excitation of cgviresonances, and radiation from
external connecting cables, which are coupled ® B via cavity resonances or
unintentional PCB conduction paths. As clock fregues increase and electronic
systems proliferate, the impact of package andei@ll EMC on system-level EMC

performance will rise.

The time-varying signals on the IC, the chip-toksye bond wires, and the
package lead frame are the sources of radiatiortliat stripline section of the TEREII.
The stripline waveguide supports an infinite numifemodes, which can be propagating
or evanescent depending on the frequency. At tbquéncies of interest, only the
dominant TEM mode propagates power, and the caytom the source to the TEM
mode determines how much power exits the TEM cethe measurement equipment.
Since an arbitrary source in this waveguide wiltiexan infinite number of modes, the
signals on the IC and its package are also capdlgleupling to higher order modes. The
coupling from an arbitrary current source to theMIEell's coaxial waveguide modes
can be calculated by combining a field-match.

The contributions of various parts of the IC to tieéal IC emissions can be
calculated using the electromagnetic model of iead path's radiation resistance. First,
the geometry of the signal path is identified. Thibe radiation resistandg calculated.

A SPICE model of the portion of the IC which is und®restigation determines the
time-domain currents on the signal paths, and ai€otransform yields the frequency
domain excitation of the TEM cell. Aan example, the emissions due to the switching of
an output port of a microcontroller is modelled axmpared to the overall measured

emissions of the chip and its package by Andy Efrgeh Motorola [4].
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Figure 4.1: Actual (left) and simplified (right) paths for IC currents caused by switching an output
port.

The figures 4.1 are viewed from above the packigking down at the IC and
the package lead frame. ik the current on the output pin andid the shoot-through
current. When the output driver switches, two auseare introduced to the IC and its
package: the current which is needed to chargesoharge the load capacitance and the
shoot-through current which occurs in the shorerval when the n- and p-channel
device in the driver are simultaneously turnedTme IC and package paths over which
the currents travel are shown in figure 4.1.

The electromagnetic model for the radiation resrsta uses two separate
simplified current paths, also shown in figure 4The output port curreng travels on
VDD and the output pin when the output changes flemto high and the output port
current travels on VSS and the output pin whenaiput changes from high to low.
Since the VDD and VSS pins are adjacent, the phth & simplified by assuming that
the physical path is the same for both types afsiteons. The path of the shoot-through
current } is greatly reduced because the on- chip path ef ¢birent consists of two
opposing currents which are physically very clasgether, and the net contribution of
the on-chip path to the radiation resistance isligiete. The radiation resistance
calculation also takes into account the verticatifefrom the outer shell of the TEM cell.
The vertical height was assumed to be the heighhefpackage legs plus the chip
height; the effects of the bond wires which conrteet lead frame and the chip were

taken into account to some extent by connectingpthekage legs with the shortest
possible distance.

In the TEM cell, the package and IC are placeddmghe TEM cell using a
special PCB (figure 4.2). On the interior side, l@es centered on the PCB. The rest of
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the interior side of the PCB is mostly ground plapneas to preserve the electromagnetic
wave guiding properties of the TEM cell. Via hotesnect the package leads to the bias
and terminating circuitry, which are on the outsoddéhe TEM cell. The view shown in
figure 4.1 is parallel to the center conductor ahdve the outer shell of the TEM cell by
the height of the package legs.

Figure 4.2 Placement of a DUT(IC) on PCB for EMC measurement
The PCB kept on TEM cell using side locks of theM'Eell as shown in the

figure 4.3. Facing IC interior to the TEM cell.
locks to hold DUT

Figure 4.3 Mounting DUT in TEM cell

The Picture shown in the figure 4.4 gives the basiacture of an Integrated
Circuit with package. the legs of a package (VDI &SS) i.e forming a loop, along
with boding wires shown seperately. The major eor@tion on analysis of orientation
of loop which formed with the package legs as dised and calculation of loop
Inductance which represents the stored energyarfdim of Magnetic Field , and the
radiated energy in the form of radiation resistahice loop inductance and radiation
resistance are calculated using Method of Momeri®{M and finally analytical

expression for loop inductance is formulated usimgple approach.
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Y(Electric field )

Package cross-section

) leads

~ WireBond
Z(Direction Of Propogation)
X(Magnetic field )

Figure 4.4 Detailed View of DUT

Loop oreintation in TEM cell places a major roleastimating EMI . From the
crowford the radiated fied of a magnetic dipoleaiEM cell is given by

 Z <21TA Eolmcos¢3>2

P_
m= 2\ 2V

(4.1)

where ¢ is the angle between the loop normal and the niagfied at the source point.
From the Lorentz-reciprocity theorem[10 ch-1], toake the analysis on

orientation of loop simpler ,we are applying supfdyseptum instead of DUT. Consider

an empty TEM cell, the electric and magnetic fidltsks like as shown in the figure 4.5

/- E FIELDS

N N H FIELDS

Figure 4.5 Electric and Magnetic fields of an empty TEM cell
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by correlating with the figure 4.4 Detailed view e DUT ,different orientations «

loop in a TEM cell as shown in figu4.6

Y{E—Field Direction )
um

ormal to Surface(®=90°)

z( Direction of propagation)

Normal to Surface(®=0°)
ormalfo Surface(®=90°)

(H-Field Direction ) S-surface

Figure 4.6: Different loop orientations with respect to the Magnetic Fiel Produced in empty TEM
Cell

Consider a loop on -plane i.e. S1 surface in figure 4tBe normal of the loop
in magnetic field (which is produced in an emptyi)cdirection therefore the angl
¢ = 0°,which leads to the maximum power carried by théViT&Eave. coming to th
case surface(S2 figure4.6) on XZplane ,the normal of the surface is perpendidal
the H-field i.e.p = 90° means the power carried by the TEM wave is very bgd is

the same situation with S3 surface which is planexiy -plane.

To model the equivalent circuit of the loop we neguo calculate the loo
inductance and radiation resistance, by neglethie capacitance which is very small 1
loops. Firstly calculation is done by using Meth@idMoments (4Nec?2 tool) and then
analytical expression for computing inductance aesistance of a loop or multig
loops.

The loop shown in Fig 4.7 represents tleads representing vertically(o
supply lead(VDD(dc source)), in EMI point of viewta as a ground and one ground
i.e. return path) ,along with the bonding wiresresents horizontally in which the circ

symbol represents current consumption ends on the circuitry connected to 10y
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Parallel structure of Power/Gnd o e
Loop(Leads/wirebond Of Package),~ s

s s
Z loop Neglected .~ .,
by creating short,” O ~= 90°

Perpendicular Power/Gnd
Loop(Leads Of Package)

o ~=0°
Ground Plane %

Figure 4.7 Simplified structure of a loop in which the effectof bond wires are replaced by shortinc
the two leads.

The normal of vertical loop is making an an0° with the Hfield of the septum
so this loopcontributes mor amount of voltage in the septum; thermal of horizonta
loop i.e. formed by means of bonding wires makesagle 9° to the +-field of the
septum so this loop induces less amount of voltaghe septum. Therefore we he
neglected the horizontal loop by short circuitirige tvertical loop with the shorte
possible path. The problem reduces to a simpleamgciar loo, the calculation o
inductance and resistance is simple. Firstly weehdone using Method of Momer
(4Nec2 tool) ,but using this tool have some restms ,computation time is more whe
feed more number of frequency components ,to eéteithis efect we have used tl

analytical expression.

4.2 Methodof Moments

The task of determining the inductance and resistas computed by estimatil
the current distribution in a loop .The task ofetatining the current distribution on
wire antenna restihg from an arbitrary excitation may be readilgtet in terms of a
integral equationproblem 23]. The formulation begins with the development of
integral expression which defines the elecfield resultingfrom an arbitrary currer
distribution on the wire. This integral expressisil employ a Green'’s function whic
relates the electric field at an arbitrary obseorafpoint to the current at an arbitre
source point. The integral equation problem temploys the integral expression to rel

known electric field boundary conditions to an uokm current distribution on the wi
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The MoM applies orthogonal expansions to transldie integral equation
statement into a system of circuit-like simultanetinear equations. Basis functions are
used to expand the current distribution. Testingcfwns are used to invoke the electric
field boundary conditions. Matrix methods are thesed to solve for the expansion
coefficients associated with the basis functiortge €urrent distribution solution is then
constructed from the expansion coefficients. Thierama’s radiation characteristics and

feed point impedance are then derived from theutatied current distribution.

4.2.1 Pocklington’s Integral Equation
A well-known formulation for simple wire antennas Pocklington’s integral

equation. Figure 4.8 depicts a representative gégmrom which Pocklington’s
equation can be derived. A simple wire antennaasitipned along the axis in a
Cartesian coordinate system. The current is réstrito the centerline of the wire and
directed along the axis. Elemental current segments are located atlcwiez. Field
observation points are located at coordinate& feedgap is positioned at= 0. The
electric field along the surface of the wire andtlwe feedgap, which establishes the
boundary conditions for the problem, is definedalows: E; = 0 on the surface of the
wire, E, =V, /Az at the feedgap/y, the antenna excitation, is normally set to 1.lsvo
for input impedance calculationaz is commonly set equal the diameter of the wire.
However, it is possible to study the impact of fgagal dimensions on antenna input
impedance by varying the value agz. With the conditions presented in Figure 4.8,

Pocklington’s equation may be written as Equatich 4

% 62 —JjkR
N o
f_%l(z) lazz +k l = dz = jweE,(2) (4.2)

whereR = /p2 + (z — z')2

The variableR represents the distance between the current samdefield
observation points. The variable specifies the radius of the wire. The current
distributionZ) is defined along the length of the wire fran=1/2 to Z = /2. The
kernel p?/6z* + K] denotes the wave equation differential operatortiee free space
Green’s functione™®/4zR. The constank specifies the free space wave numi®(z)
represents the electric field generated by theeotron the wire. With a specific
excitation applied, as modeled through the appat@rboundary conditions, radiation
characteristics and feedpoint impedances are detedmfrom knowledge of the
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antenna’s current distributiotf(z). Of the many techniques available to solve such
integral equation problems, the Method of Momerstsone of the industry’s more

popular approaches.

Figure 4.8 Integral equation formulation

4.2.2 The Method of Moments

The fundamental concept behind the MoM employsogtimal expansions and
linear algebra to reduce the integral equation lpralio a system of simultaneous linear
equations. This is accomplished by defining thenamkn current distribution(z) in
terms of an orthogonal set of “basis” functions amwking the boundary conditions—
the values of the electric field on the surfacéhefwire and in the feedgap—through the
use of an inner product formulation. This innerdarct operation employs an orthogonal
set of “testing” functions to enforce the boundaoynditions, in an average sense, along
the surface of the wire and in the feed gap. Movimgcurrent’s expansion coefficients
to the outside of the integro-differential Operafmrmits the evaluation of known
functions, yielding values which are loosely definas impedances. The current’s
expansion coefficients, the orthogonal projectianfs the electric field boundary
conditions, and these so-called impedances aremgathnto a system of simultaneous
linear equations. This system of equations is sbiiee yield the current’s expansion
coefficients. The original current distribution tisen determined by introducing these
coefficients back into the basis function expansibhe solution procedure begins by
defining the unknown current distributidg(z) in terms of an orthogonal set of basis
functions. Two categories of basis functions exiSub-domain basis functions,
significantly more popular in industry, subdividetwire into small segments and model

the current distribution on each segment by a snggometrical construct, such as a
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rectangle, triangle, or sinusoidal arc. The amgeti of these constructs represent the

expansion function coefficients.

These simple constructs, illustrated in Figure 4flen overlap to maintain
continuity of the current distribution along thersvi Entire domain basis functions
employ a more formal orthogonal expansion, such &surier series, to represent the
current distribution along the entire wire. Entdemain basis functions tend to yield
more complicated calculations for the so-called edgnces and, therefore, are less
popular. The introduction of the re-defined currelgtribution reduces the integral
equation to the form.

N
D €@ = E,(2) (43)
Where "~

Gy (2) =

R

% / 62 X e—ij /
E k d
jAmwe f_% "(Z)lazz + l z

C,=current’s expansion coefficient

E,(z")=Dbasis function

rectangular I

triangular M(‘\
. ) ~ 7 AT,
sinusoidal arc /7 m

Figure 4.9 Typical basis function
The boundary conditions are now enforced throughube of an inner product

operator with a set of orthogonal testing functioBach testing function is applied to
both sides of the integral equation, the inner pobdthen enforces the boundary
condition at the location described by the testingetion. This operation may be thought
of as simply enforcing the boundary condition airggle point on the wire. After each

testing function operation, the integral equatial appear as Equations 4.4 and 4.5.
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Xi=1Cn < Hn(2), Gy (2) >=< Hp(2), E,(2) > (4.4)

Where < > represents the inner product operator.

l

< Hp(2), E,(2) > = [* Hn(2) Gy (2) dz

WhereH,,, (z) is a testing function which has a non-zero valueofdy a small segment
of wire located atz = z,. There are two common approaches to formulatirgy th
orthogonal set of testing functions. The first aggoh, the point matching or co-location
technique, defines the testing function in termBiw&c delta functions (Eq. 4.5).
H,(z) =6(z— z,) (4.5)
Wherez,, are specific points on the wire at which the boumdanditions are

enforced. Thez, are usually selected to correspond with the midpofneach basis
function. The second approach, Galerkin's technigiedines the testing function to be
the same as the basis Function. Galerkin’s teclenigithough more complicated from a
computational perspective, enforces the boundangdition more rigorously than the
point matching technique. However, this more riggrapproach is seldom required for
simple wire antenna problems.

The entire boundary condition is enforced by apmythe complete set of testing

functions. This operation yields a set of integ@liations.

[Zmnln] = [Vin] (4.6)
where Zyn = f_éiHm(Z)Gn(Z) dz
L, =0C,

!
Vinn = f_ziHm(Z)En(Z) dz
2

This circuit-like set of simultaneous linear eqaas will yield the value ofC,.
(] = [Znn] ™ [Vin] (4.7)
The validity of the assumptions introduced into Mdlpe formulations are
established through empirical means. The codespocating these formulations are run
for a large number of test cases with the resutapared to experimental observation.
Certain topics have received significant attentiothe literature: the current distribution
on the wire (the “thin wire approximation”), thetlomgonality and completeness of the

basis and testing functions, the modeling of thedf@oint excitation, the numerical
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evaluation of Z,, and the solution technique which yields from the set of
simultaneous linear equations. Although some of desumptions continue to attract
attention from a mathematically rigorous perspegtihe codes incorporating them have
been thoroughly exercised and deemed suitablentenaa engineering applications. The
most well-known of the codes using the MoM is themrical Electromagnetics Code
(NEC), which is widely used to solve problems tteat be defined as sets of one or more
“wires” (linear elements).The procedure to condtthe required geometry are discussed
in appendix-2 and detailed in [7] ,calculate theuctance and resistance.

For a loop with dimensions of 1mm length and 0.5wmidth on the ground plane

I Wiewer [F9) [ ONMXZPLANE.aut |

(a)
Its inductance computed in 4nec2 tool is

R (ohm) a.out * (ohrm)
2e-b - -5

2e-h |
2eb + 14
Te-b b
Teb L 13
Te-b b
fe-7 L q2
fe-7 b
da-7 L 11
2e-7 +
I

. . n . . . . . 1
131 1131 2131 13 4131 5131 6131 7131 8131 9131 hiHz

(b)

Figure 4.10: (a) loop on ground plane with dimensiaes of 1mm length and 0.5mm width and (b) loop
inductance and resistance computed in MoM
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Its inductance computed for two loopgasated at a distance of 5mm , computed
in tool is
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Figure 4.11: (a) two loops on ground plane with diransions of 1mm length and 0.5mm width
separated with 0.5mm and (b) loop inductance andesistance computed in MoM
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4.3 Analytical Expression

Self inductance of a straight cylindrical wire Let AB be a lengtlh of a cylindrical
wire of radiusp transverse by current i distributed uniformly ovéire cross section of

the wire as shown in Figure 4.12 .

y
— D
AT_I_
A0
I 1
! 1
1 1
1 1
| 1
1 BN
! A_Cdy
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Co1 e R
o
1 \ 1
1 \ 1
L ]
v b
RANE a
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1 ! b
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1 1 1 C
\ A (TR 4 X L

Figure 4.12 : A wire of length€ in which dy is a small element ,p is an arbitrarypoint at a distance R
from element to calculate force .

The magnetic force at P nhomal to the paper dubaelement of the cylinder of length
dy is calculated using biot-sarvart’'s law

_Idl xR 18
4w R3 (48)
Where R is the distance between element dy amd pbobservation P
d iad
iR—}leinH = Y (4.9)

[@® + (v — B2

It is easy to show that the forcerat point outside a right cylinder is the same
as though the current were concentrated at theofixiee wire . The force at P due to the
whole length of the cylinder carrying unit currestcalculated using integrating through
out the length | as shown in Equ (4.10)

1 (! ia dy 1 I—b b

H=— = — +
4 Jo [a2+(y—b2)]% 4 |a\/a? + (1 - Db)? aVa? + b?

(4.10)
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The voltage in terms of electric field as Equ (4.11

szE.dy =]V><E.d5

f—— dS———deS (4.11)
Voltage across an Inductor is
V—Ldi—d(L') 4.12
~tar T a (4.12)
From (4.11) and (4.12)
Li = fB.ds (4.13)
S
L =E,fH.dS=E,fH.dxdy (4.14)
LJs Ls

Where L is the Inductance and ‘i’ is the currdawing through the inductance

The number of lines of magnetic force dN, with le tstrip CD .of breadth dx , is found
by integrating the expression for H along the strip

Thus,

Zf L ——— = ]dy
a Y0 4m a\/a2+(l )2 ava2+b2

=22 1aZ + IZ — d (4.15)

4T

The Whole number of lines of force N outside theewvhich will collapse upon the wire
when the current ceases is found by integratingwithh respect to x from Xz to

x=c0.Thus Replacing a by x in

| VAT
N = 2f I|dx
4| x
2 VETE 1
= — 2 2y — I —
i l\/x +14—x—1log . l (4.16)
o
2 JpZ+12+1
Or N=E[llong—\/p2+l2+p]
2l [l 2l I tel 4.17
= I og p approximately (4.17)

40| Page



This is the number of lines of force outside theewdue to unit current in the
wire is given by Equ (4.17), and is therefore tbatt of its self-inductance;ldue to the
external-field.

VPP P41
L, = i [ —Jpi+ 1l +p (4.18)

We must now find L. due to the field within wire .
The strength of field at the point P within thhfe/vis%. The number of lines of

force in the length | with in the element dx isrihéore

A 2ilxdx
1} dN = (4.19)

Figure 4.13 cross section of a wire

If we integrate this expression (4.19) from @tave have the whole number of lines of

force within the conductor. Therefore

li (P _
N = —Zf 2xdx = li (4.20)
P~ Jo

Thus there are i lines or tubes per unit of lengithin any cylindrical conductor
carrying a current | , or one tube per cm for gnitrent.

The lines within conductor do not cut the wholessrgection of the conductor, as
do those without. We must weight them, in estintathreir effect on the self-inductance,

in proportion to the area of the section of thedtantor cut by each elementanybe.
=— (4.21)

iLy = ; (4.22)
Thus the | lines or tubes within the conductor dbate only half as much
toward the self inductance of the conductor asqaralenumber of lines outside the
conductor would do .If the permeability of the wisgi the part of the self-inductance

due to the internal field is

Ly=—%— (4.23)
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The field at P is

2ix
The total self inductance of the length | of sthaigire is therefore the sum _A _____ B

ofLiand L, .
L=2L[110g e o +1 (4.25)
am P )
The mutual inductance of two parallel wires of lgmig radiusp and l
distance apart d will be the number of lines oté&due to unit current in
one which cut the other when the current disaggpeahis will be the value

of N given by (2A) when the limits of integratioread andwo instead op

and « as before

Figure 4.14: Two parallel wires separated by d distance

TP mﬂ
—2—f I -1 x—Z—l\/x2+l2—x—llog

d

M= Zﬁ[l log “tH — VAT T2 + d] (4.26)

Equation 4.26 which is an exact expression whemwtines have no appreciable cross
section , is not an exact expression for the mundhlctance of two parallel cylindrical
wires, but is not appreciably in error even whes gbction is large and d is small is

great compared with d .

d
0, 0,
A B

The force in that case due to A at all points @@sA is exactly the same as

though the current were concentrated at the cédteasf A; and the geometrical mean
distance from O1 to the cross section of B is dydhe distance d between O1 and O2.

The mean distance from O1 to all the points insthetion of B is not , however ,quiet the
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same as d , although the mean of the log of thissandes is logd .Hence there is a very
slight difference in the last term of (12) depemdupon the section of the wires and a
still smaller difference in the other terms. ThEhowever , too small to be appreciable in
any ordinary case, being a small quantity of theosd order when | is large compared
with d.

Self Inductance of a Rectangle

The self-inductance of the rectangle of lengtim@ lareadth b as shown in Fig:4.15

T

< a >

Figure 4.15 Rectangular loop with dimensions a and b.

L=2(Lg+L,—M,—M,) (4.27)
whereL, andL, are the self-inductances of the two sides of leragand b taken alone
, M, andM, are the mutual inductances of the two oppositespai length a and b

respectively.

From (4.25) and (4.26) we therefore have ,The Itahae of the Rectangle is computed
by

2t+a*+a a
La=2i alogp——w/p2+a2+p+— (4.28)
4m p 4
Jp?+b%2+b b
Lb=2%[blog%—\/pz+bz+p+z (4.29)
N
M, = z:—n[a log————— b7 +a? + bl (4.30)
W[ NET@E+b
Mb:ZE blogT— b2 +a?+a (4.31)

By substuting (4.28),(4.29),(4.30) and (4.31) ir2@®
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2+a’+a a Vp*+b:+b
L=4i[alogp——\/p2+a2+p+—+ blogp—
4r p 4 p
mm
-+ 2+b2+p+—— (alog \/b2+a2+b>

Vb2 +a?+b
- blogT— b2 +a?+a (4.32)
Inductance on a ground plane
T <C

(o

l<—a—> e

Figure 4.16 Loop located on a ground plane
Now to calculate the inductance on a ground plagch can be done by using
Method Of Images, The Method of Images is closéiy @o the reflection principle
except that here we are concerned with replacisguace within a given boundary by a
system of sources, which are images of the origgnarce in the boundary .replicating

the loop and changing the direction of current, manove the ground. now the problem

has become a simple loop.

®

©
@

Figure 4.17: Equivalent loop by replicating to rem@e ground using image theory
Now the loop vertical length has increased by tinmes by applying method of
images. Using the above stated formulae calcutetenductance and finally reducing to

half gives the equivalent inductance of loop oougd plane.
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Inductance of Multiple Loops:
Considering the multiple loops, in which al, bl dimensions of first loop and

a2,b2 are dimensions of second loop, d is therdisthetween two loops.

«—al—_, a2,
A . A
.‘- 2 .‘- -
bil1 N b2|'s 7
A 4
4 ) 8
) d

Figure 4.18 Multiple loops with distance between loops as d.

1,2,3,4 are the segments of first loop and 5,6are8the segments of second loop, then
the inductance of loopl is inductance of segmerit;1= (Ly; — My3 + M35 — My;)

where l;; is the self inductance of segment 1;3N6 the mutual inductance between
segment 1 and 3 , the current direction in bothmeeds are opposite that is why, the
mutual inductance is deducted fromy |- Ms5 is the mutual inductance between segment
1 and 5 , the current direction in both segments same that is why the mutual
inductance is added ta 1in the same way all the segments are calculated.

inductance of segment 4, = (L,, — My,)

inductance of segment 3.; = (L33 — M3y — M35 + M37)

inductance of segment 4L, = (L4 — M,,)

Total inductance of first loop i€1 = Ly + L, + L3 + L,

The inductance of the second loop is

inductance of segment 5lig = (Lss — M5, — M3 + Ms,)

inductance of segment 6lig = (Lgg — Mgg)

inductance of segment 7lig = (L;7 — M5 + M55 — M)

inductance of segment 8Lg = (Lgg — Mge)

Total inductance of second loopli2 = L5 + Lg + L; + Lg

Total inductance is L1+L2.
This procedure can be used to calculate the indoetaf multiple loops.
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The inductance of a loop computed using analyggaression for one loop shown in the

figure 4.19, the plot shown is by eliminating tledf snductance due to internal field .

Induced Voltage
4.5 T

"inducance.out’' ——

Vol tage(dbuV)

0,5 [Fessmsermvenses

0 k
1e+007 1 e+008 1e+009
Frequency(Hz)

(@)

For two loops :

Induced Voltage

4.5 T — -
inducance.out PU——

Voltage(dbuV)

o i
1e4+007 1e+008 1e+009
Frequency(Hz)

(b)

Figure 4.19 (a) inductance of one loop computed ugj analytical expression (b) inductance of two
loops computed using analytical expression.

Radiation Resistance :
The radiation resistance of a loop is a well kn@xpression (4.33) []

SZ
R=320m* <F> (4.33)
Where S is a surface area i.e. S=axb

L is a wave length
The loop on ground is calculated by applying imdggory as done for inductance

Then the area S is 2axb, finally the R is made thaif
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R =1607n* <M>

2e-006

I‘r6$i$lénce,0u1:
1.8e-006 |-

1.6e-006 |-
1.4e-006 -
1.2e-006 |-
-006 -

8e-007 |-

Resistance (ohm)
o

6e-007 |-

4e-007 -

2e-007 |-

0 L 1 i 1 L 1 1
0 1e+008 2e+008 3e+008 4e+008 5e+008 6e+008 7Te+0D08 8e+008 9e+008 1e+00

Freauencvy(Hz)

Figure 4.20 : resistance of the loop computed usirthe analytical expression.

The above results are in good correlation withrdsilts computed using MoM(4Nec2

tool).

47 |Page



5. UNIFIED ELECTROMAGNETIC MODEL

5.1 Unified Model of a TEM Cell with Loaded DUT :

Using (3.36), 8.5), (Z, = \/%), the TEM cell can be equivalently replaced v

the circuit parameter. Fi5.1 is illustrating the TEM cell equivalent circuit mel
terminated with the characteristic impedance alaitg the DUT as excitation sour:
the excitation source of the TEM cell is the ICa&ckage pins andonding wire. Using
chapter 4 the excitation source which is the package pind bond wire, can b
modelled and coupled to the TEM c

/ \ L/2 \ /ﬁ

c/2

CT [out Zo/2 Z,

K DUT model / K TEM cell model / Termination

Figure 5.1: Complete model of TEM cell terminated with the chaacteristic impedance couled with
the DUT model as excitation source.

Where by is the current profile either in Time Domeor Frequencypomain , %is the
loop impedance simulated using M or analytical expression , L and C are inducte
and Capacitance resp. of the TEM cell calculatadgu€onformal Mapping multipl
times the effective length of the TEM cell is the Terminating impedance of a TE
cell. Zp is made half because as tTEM cell is terminated on both sides with
characteristic impedance, i.e. one side is dirdetijminated and other with a coaxial lii
so half the voltage induced flows to the termimatiand only half is measured

Spectrum analyser .
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5.2 Tool Flow:

Load the Current profile Ipy,
Consuming by the circuit
connected to IOPad in time

or frequency domain

|

equivalent circuit of DUT
by computing £ by
using MoM or analytical

Equivalent circuit of TEM
Cell by computing Land C
in equivalence with the

expression effective length of TEM

A 4 A 4
Coupled together ang
terminated with the
terminating

imnedanc

A 4

Evaluate the circuit and
calculate the induced
voltage in DBmicroVolts
,plot on semi log

Figure 5.2Complete flow of the tool.

5.2 Simulation Results :
Computed using MoM: Here MoM is used for analydislifferent structures, in
order to reduce the radiated emission. using MoMhaee started the frequency from

10MHz because of the limitation of 4Nec2 tool .
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first loop of dimension 1mm length ,2mm width walseparation between them 0.5mm

(normal dimensions of IC package)

TEM cell Transfer Function
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(C) Current profile in frequency domain @li)) of ratio of current through termination to irtpcurrent
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(e) Induced voltage of loop 1mm-0.5mm-1mm
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Voltage(dbuv)

Induced Voltage
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(f) Induced voltage of loop Imm -1mm-1mm

Figure 5.3:Analysis of loop having dimensions 1mnehgth ,2mm width with a separation between
them 0.5mm using MoM

Secondly it is done by reducing the ground planesib

Voltage(dbuv)

(a) loop formed by re

ducing length of ground tof hal

Induced Voltage

| N ~
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R T el T i

I
\ hl.l w“'...,llll'llﬂII I|| Iﬁnﬁlﬁ

-20

Iﬂl 'l

-35
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I

' T? 9#053%%3@ 7388, cmimiysaM.out
koa'M
‘31||"'“M\‘ r

1le+007

le+ 008 le+009

Frequency(Hz)

(b) induced voltage of loo

p formed by reducing grdlength

Figure 5.4: Analysis of loop in which ground leg iseduced to half ,in which DUT is modelled using

MoM

If two loops are present in same direction

0.5mm
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Voltaga(dbuv)

“«---»>

Imm

0.5mm

**j

(a)Two loops separated with 0.5mm

Induced Voltage
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(b) induced voltage formed for two loops separatéd 0.5mm

le+ 008
FreauencwiHzY
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Figure 5.5: Analysis of Two loop separated with Orfim ,DUT modelled using MoM
By using Analytical Expression : First to correlatgh the above results inductance is

computed by excluding the self-inductance causedainternal field.(all loops are of

dimensions 1mm length , separated by 0.5mm width)

Voltage(dbuy)

Induced voltage

r’“]

iy ’ l.-"' |
AVA 1, rm '|'r| ;"‘u“ L“H

T — T T
'PictusiM.out’

<40
100000

le+ 006 le+ 007 le+ 008
Frequency(Hz)

le+ 009

le+010

(a) Induced voltage computed by excluding the self-atdnce caused due to

internal field.

induced voltage computed by including the self-otdnce caused by internal field:
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(b) Induced voltage computed by including the sadactance caused due to internal
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(d) Induced voltage of two loops separated witlatise 0.3mm

Figure 5.6: Induced Voltage computed by modelling DT using analytical expression.
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In silicon results the maximum induced voltage 2DBuV but using these tool we got

10DBuV .

It is very evident that the peak current playsitalwole in the radiated emission.
Clock gating is one of the known techniques to cedihe peak current demand of the IC.

Some EMI reduction techniques are proposed in, [2&$ed on the simulation results

we laid down the following design guideline for vethg the radiated emission of the IC.

1) Reduce the Peak current
a. Clock Gating
b. Skew
2) Lower value of the pulsed current from the packgigs
a. On-Chip Decoupling capacitor
3) Closest possible placement of the powpply pair
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6. GTEM CELL

6.1 GTEM Cell:

The development of the GTEM cell in 1987 made EM€asurements possible
at frequencies from dc up to several GHz which w#asrge progress against the limited
usable frequency range of the TEM cell[21]. The né®a behind the GTEM cell was to
avoid the corners that are the main reason folirthigation of the frequency range of the
TEM cell .Therefore the main volume of the GTEMI ¢glonly one section of a flattered
rectangular transmission line. That means the femdtinner and outer conductor is
equal and thus the travel time along each condustaqual. This property is also

important factor for pulse type measurements, as dispersion of the pulse is

minimized.
50 Q current _ RF absorbers  center conducter
caitar termination foii-waie \_\
conductor termination \
input \ e

section

|
cross section A cross section A

Figure 6.1 Schematic diagram of a GTEM cell .

Usually resonances arise in a closed cavity. Dubddlared shape this is not the
case in a GTEM cell. The GTEM cell is like a formBEM cell well isolated and
therefore neither contributes to nor is affectedany external interference. The cell
typically has detachable input section, a so caleek. In the tip a standard®3@oaxial
connector is mounted .In the input section thentthasition from the standard Q0
coaxial connector to the asymmetric rectangularegaide with a flat center conductor

is done.

The cell opens with an angle of%i@ the vertical plane and 3th the horizontal
plane respectively. Hence, the cross-sectional nsmoes of the rectangular waveguide
are a height to width ratio 2 to 3. The center cmbor is vertically offset to increase the
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usable test volume as opposed to a symmetric aoafign .1t is typically situated at
three quarters of the cell height. The effect a$ tisymmetry an the field uniformity
inside the volume below the center conductor idigide against the advantage from

the increased test volume.

For susceptibility testing an electronic devicelsced in the testing volume and
a CW to pulse generator is connected to the inguthe cell according to the
requirements. The propagation mode is TEM agairthmitvaves are in the case slightly
spherical. Due to the small opening angle thewarg close to free space planar waves.
Therefore the measurement procedure with a GTEMaalbe very well compared with
the standard measurements like in anechoic roorhs. field uniformity inside the
testing volume depends much on a low level refbectifrom the rare end of the cell. In
order to absorb most of the energy that reachesrdhe end a wideband matched

termination is assembled at the rear wall.

For emission measurements the input of the GTEM isetonnected to the
measuring equipment to monitor the output voltageaaesult of emissions from the
tested equipment inside the cell. It can be assubmdonly the power directed towards
the input along the longitudinal axis of the ceillvbe measured at the input. In any
other direction than the input the waves arisirggrfrthe DUT cannot propagate or are
terminated by the hybrid termination in the read.ernn the reference environment for
radiated emission measurements, which is typidedlg space or an OATS,. The actual
electric and magnetic field strength in every dimtis obtained through antennas at a
certain direction. The results from a GTEM emissw@asurement consisting of output
voltage data can be correlated with these enviromsne

Hence the GTEM cell can be used for susceptibiégting as well as for
emission measurements for frequencies from dc geveral gigahertz due to broadband
hybrid termination and the fact that there are regdency limitations from mechanical

dimensions as for the conventional TEM cell.

6.2 Characteristic Impedance
The exact determination of the capacitance by thethod of conformal

transformation involves hyper geometric functiomsl gour variable parameters; the
process of obtaining numerical results would belawmorious that it has not been

attempted. If the sides of the conductors are lagapared with their spacing’s, the
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distorted fields at the two ends along the same gfdhe inner conductor do not interact,
and only one quarter of the cross section need tvansformed. The inter-conductor
capacitance can then be calculated as a combinatiparallel-plate condensers formed
by the walls of the conductors, plus excess capaoi caused by the disturbances of
flux lines close to the corners. In fact, this neeths valid whenever the short side of the
inner conductor exceeds the spacing distancesjidsneed by the negligible amount of

flux distortion at points not far away from the blen

When the sides of the conductors are large compaitbdthe spacing’s between
them, one quarter of the cross section is to besidered. This portion of the cross-
section then contributes a right-angled bend asvsha the figure 6.2. and forms the
polygon in the z-plane bounded by the lines AB@ &&kF, which are maintained at
potential V and zero, respectively. It can be asslithat t==c at a distant point on AB ,
t=-a at B, t=0 at a distant point on BC , and ttEaThe internal angles of the polygon
aret/2 at B , zero at C andr® at E. The quantity a has to be determined frben t
geometry of the system . The Schwarz-Christoffangformation which turns the

boundary of the polygon into real axis in the trq@ahown in the figure 6.3 is

dz
== A (t —DY2(t = 0)"'(t — a)V/? (6.1)
A F
t=-o00 t=+o00
- 2>
t=0
sz\( Et=1 Potential D
AN i
N '
B Potential C
t=0
Figure 6.2 Z-plane
s
—
/\ 7\ /\ t
t=—co t=—a t=0 t=1 t=+oo

Figure 6.3 t-plane
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The diagram in the w plane, shown in Fig.6.4 , ®iaof the real axis and a line parallel
to it. The internal angle of the polygon is at t0s and is equal to zero. The

transformation which turns this diagram into thal iis of the t plane is

dw
== Bi(t—1D°(t—-0)"1(t—a)° (6.2)
t=+oo tv 0 t=0
—> u
t=—oco V t=0

Figure 6.4 w-plane
which, upon integration and use of the boundarydgmms, becomes

V
w=u+iv= ;logt (6.3)
To integrate let

X=0t-1"2(t-a) 7 (6.4)
And obtain

1+X
z= —2A1(1/a)1/2arc tan(a/?X) + Aylog il iX

In which point E is chosen as the origin In thelanp Consideration of the values of t

(6.5)

and X at point B leads to the relations

g=am,h=am ()" (M) = (6.6)

Let P be a remote point on the line EF. The tdtarge on the strip EP per unit length in
the direction normal to the plane of the papelivemgby

v 1/2 EP
Qgp = (;) € [log(a +1) + 2(1/a) / arctana'/? — 2log2 + A—l (6.7)
1

If the flux lines were not disturbed, the chargetiom strip EP would be&Pe V /g which
the last term in the preceding expression is. s three terms represent the excess
charge caused by the flux disturbances. When thessxcharge is divided bydnd the

relations in (38) are used, the fringing capacika@g is obtained
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g2+h2

El +2(h> t g 6.8
09 =13 garc an’ (6.8)

Crp=—
1= 5

Similarly, the fringing capacitance associated wifie horizontal side & may be

obtained from (39) by interchanging g and h.

gz + hz
4g?

€

Cr, =—|log

+2 (g) arc tan El (6.9

T
6.2.1 Line Capacitance
One corner of the line cross section assumes #yaestf a right-angle bend; two
successive transformations are necessary in thes @sdiscussed in Appendix 1.3 d The
first process transforms the z-plane polygon ih®real axis of the t plane, and another
transformation from the w plane to the t planetssdhe potentials of the two conductors

to values of t. The capacitance between the condi evaluated by letting z as well as

it take critical values which depend on the patéicproblem.

In the L-shaped bend, the excess or fringing cémacé caused by the
disturbance of flux lines emanating at the vertgide is expressed by

€

g* + h? h g
log +2 <§> arc tan—| farads per meter (6.10)

Cp1 = 4h? h

T
where g is the lateral spacing and h the vertipalcsmg. Similarly, the equation for
fringing capacitance produced by flux disturbanoag half of the horizontal side is

gz + hz

g h
[log 152 +2 (E) arc tan El (6.11)

€

Crp=—
f2 = o

The capacitance between the vertical walls is

¢, =¢(%) (6.12)

b

Ch=e(2) (6.13)

g

On the supposition that the conductor sides age)ahe fringing capacitance depends
only on the spacing’s and not on the conductor dsmns. The total capacitance
between the conductors is
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Figure 6.5: cross section of GTEM with finite thickness b indicating the capacitances in the half

section
C (W+W+2b>+2€l g2+h12+2<h1) tan 8
=€|l—+—+—|+—|log——— — |arc tan —
h; h; L 8 4h12 g h,
2¢[ g?+h,” h
+— logg—z2 +2 <—2> arc tanil
T | 4h, g h,
2¢[ g%+h? g hy
+ g _log4—g2 +2 (h—1> arc tang
2¢[ g% +h,’
Nog>——2
+ - _og e
g h,
+2 (h—> arc tan E] farads per meter (6.14)
2

6.2.2 Inductance:

The method of conformal transformation demonstréites the fringing effect
caused by charge concentration close to the edfjdheoinner conductor may be
accounted for by the addition of correction lengiihghe conductor sides. In Fig. 6.5,

half of the vertical side of inner conductor shob&lincreased by the amount

1 2 2

X = ; g-+h
1—7T909 A2

C
+ 2harc tan% = g% (6.15)

The extension in half of the horizontal side, = g% can be obtained from (8)
by interchanging g and h. When the effective leagththe sides are used in the formula
for calculating the inductance of parallel-platansmission lines, the inductance of the
rectangular line L is given by

L _ LyLy

=i, henries per meter (6.16)
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In this expression, Land L, are the inductances corresponding to the vertical
and horizontal parallel-plate systems and are e@sgely, given by

L, = £ // £ (6.17)

2 2 2
2 g%+hy g] 2[ g%+hy g]
b+—[ log=———+20l] arc tan-= b+=|glog=——=—+2l] arc tan->
|99 4h? hq |99 4hy? h

and
_ uhy uh,
Ln = 2 g2+hy” hq /7 2 g2 +hy? hy (6.18)
b+;[glog 292 +2g arc tan;] b+;[glog 292 +2g arc tan;]

The capacitance and Inductance of the GTEM witHigiete thickness can be computed
by CO = hmb_,o C

After computing the Inductance and Capacitance amecompute characteristic

Zo = Lo 6.20

or characteristic impedance can be computed frencdipacitance , we know TEM wave

impedance by

propagates with a velocity of light , GTEM allow&M (till higher order modes start
propagation) by using the formula

1

=— 6.21
0= 50 (621)

The characteristic impedance is computed and tdstesbmputing for the TEM
cell dimensions as shown in the figure 3.3 it Mgy 49.6506. The dimensions used for

computation of Fields are taken from [34] .
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6.3 Electric Field and Magnetic Field Distributionin a GTEM cell:

The electric field distribution of GTEM cell is dgaized using FEM in Maxwell 2D
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Flle Edit View Coordinates Geometry Daka

Options Window  Help
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2ks. [weters] gtem EEXE

¥ % [-z.17z8024462727 E[¥/m]

¥ ¥ |-2.9765622615814 -

Pz 'D— - Z.6114=+000
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Rad |3.68523093469768 Z.0891e+000

ang [533.671660042208 1820024000
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Maxwell 2D Versiom 9.0.5735V  Copyright 1984-2004 Ansoft Corporabion

Figure 6.6:Electric Field distribution in a GTEM cell.
Flux Distribution :
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Figure 6.7:Flux lines in a GTEM cell
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Magnetic Field Distribution:

The magnetic field distribution looks like

Ammp oz ¥ Wagtas F. AR Lm0
& arud daher. .. .1 18 S0

DUT height is
nearly 1/3" of
e height of

v PR Waywins 00 TTEEY Seaprsgee UERS=TE dneade et

Figure 6.8:Magnetic Field in a GTEM cell.
From the above electric and magnetic field distidns, the placement of DUT
in GTEM cell is at a height of one third from thettom to the septum, because of

uniformity of flux line and fields.
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CONCLUSION:

In this project a new unified model has been sheviaich is suitable for the
computer simulation. A rigorous and detailed analgé the TEM cell and TEM mode
of propagation is derived and based on these, maeamof the TEM cell is obtained.
Based on the analysis of the excitation of the TEMdde of propagation the DUT is
modelled as the excitation source of the TEM madeexcellent correlation is found
between the simulation results and silicon resultsgether with the coupled TEM cell
and DUT model one can estimate the radiated emissiohe IC at very early stage of
the design . We further demonstrate how the varidesign parameter effects the
radiated emission of the design. We laid down aertaucial design guideline which
directly affects the radiated emission most. Siheemodel is very fast user can tune the
various design parameter to obtain within the spadgmted emission. These new design
specs can then be used further in the design tiyeteto have a under the specification
radiated emission of the IC. As already we haveedahe analysis on GTEM cell, the
formulae for characteristic impedance has been domkesome analysis on Fields are
done by using FEM (Maxwell 2D).

FUTURE WORK:

We plan to take this work further and extending riegults to GTEM cell which
IS new apparatus for measuring the radiated emmissidhe IC, and to model the same
for different packages presently using for redudtdgjl.
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APPENDIX-1

A cross-sectional view of a rectangular-coaxialstransmission line is shown
in figure 3.4 with an x-y coordinate system sup@ased.The strip of width 2w is
located symmetrically inside a shielded enclosurdie@ght 2b and width 2a and is
assumed to have negligible thickness. In additioa strip is located at a distance g from
each vertical side wall and is embedded in a homeges dielectric of permittivitg.
The reason for choosing an asymmetrically locateordinate system is to facilitate
obtaining approximate formulae for the capacitarfiae.determine the capacitance, the
method of conformal transformation can be used,ralhethe structure in figure 3.4 is
transformed into a simpler configuration whose cépace is already known. Since it is
well known that the capacitance is invariant undeconformal transformation, the
formulae obtained will also be applicable to theekled stripline configuration of
fig.3.4. Since we have symmetry with respect toxfaxis ,we will calculate capacitance
between the upper plate , A-F-E-D and the strip IB-C. the total capacitance is then
twice this figure 3.4. Since we have effectivelyteapacitors in parallel. The region A-
D-E-F may be mapped into the upper half of a complglane via the Schwartz-
Christoffel transformation which due to symmetryndae used in terms of Jacobian

elliptic functions The transformation is given by

t dt'
mz =f - Al1.1
o [4t'(1 —t)(1 - k2t)] /2

Or alternatively given by
t = sn?(mz, k) Al.2

Where sn is a Jacobian elliptic function of modkus

K(k'
m =L Al.3
b
and
z=x+1iy Al.4

here K(k) and (k") are complete elliptic integrals of the first kiabimodulli k and k’

,respectively and

67 |Page



k'=[1- k?]V/? Al.5
The modulus k can be determined from the requiréner

M) =2 Al.6
k(k) b
Where the value ofis tabulated for a given rat%% .Under the transformation given

by the region A-D-E-F in the z-plane is mapped itlte upper half of the t-plane as
shown in the figure Al1.1.

/K

0 a 1
| L L
A B C D E

Figure Al.1: t-plane

Using (Al1.2) and elliptic functions identitiest and3 can be calculated as

a = sn’mg = sn?¢ Al.7
2
And B =sn*mQ2a—g) = ZZ;; A1.
Where
E=mg A19

And cn and dn are also jacobian elliptic functieash of which has modulus k .From
convience we now make an intermediate transformdtam the t-plane to a complex u

plane defined by

u=ﬁ<t_“) A1.10

The u-plane is shown in fig A1.3 can be found udigand substituting t=1 .Thus

TS

0 oo
| |
B C D A

FigureAl.2:u-plane
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! _ <l_a) A1.11
2 "\p-a '

And substituting forx andp3 from (A1.7) and (A1.8),we obtain

_ cn®¢ —sn*&dn?é

A% = Al1.12
cn?é(1 — sn?é)
Using elliptic functions identities (A1.12) can keuces to
2 _ 1,2 ﬂ 4
A2=1-k (Cnf) A1.13

And defining a complementary modulus’ as
A =[1-2%]Y2 Al.14
We have from equ. (A1.13) and equ(Al.14)

A = k'(ﬁ)2 A1.15

cné

In the final transformation, we map the upper lodlthe u-pale into a rectangular region

in a complexx plane .The transformation is given by

Xi A
A D
K(a)
B L Xr
< K(a) » B

Figure Al1.3: x- plane
u =sn?(x, 1) Al.16
And the x plane is shown in figure Al.4 .from figure Al.4, li evident that the

capacitance is just given by the ordinary pargllate capacitor formulae . That is

C K
gL K (1)

Therefore, the total capacitanced® the rectangular —coaxial-strip transmission [yee

A1.17

unit length L is just that given by equ.(A1.17)
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c 5 K(A)
gl TKQ)
Since equ(Al.6) and equ(Al.18) both involve rabbsomplete elliptic integrals ,the

A1.18

following approximation is particularly useful

K(©) 1 < 1+ x/§> 1
———F—=~—In|( 2 , (62 >—) A1.19
K@) m \"1-+8 2
Using(A1.19) we can write expressions for (A1.60l #A1.18) respectively as follows:
2 1 1++Vk 1
222 vk , (kz > —) A1.20
b m 1-k 2
c 2 1+V2 21
SO_L = ;ln (2 m), (ﬂ. > E) Al.21
Equations (A1.20) and (A1.21) may be written alatinrely as
4a 2 2 2
= I _ 1,2
~="ln 2(1+Vk) (1 + k) ~In(1 - k?) A1.22
C 2 2 2
2 ~2In [2(1+\/I) (1+,1)] ~2In(1-22) A1.23

subtracting (A1.22) from (A1.23) we obtain
2
Co 4a 2 [(k*\ 2 14+V2\ /142
o _* s ()5 ( ) A1.24
&L b nn<,1'2>+nn{<1+\/§> 1+k}

and substituting form (A1.15)

Co

soafein@eIn{ED G mes

in (A1.20) the restriction that’k>1/2 is equivalent to requiring (b/2a) < 1, siveleen
k?=1/2, K(k)=K(K).If we make the somewhat more stfamt requirement that (b/a) <1 ,
which is equivalent to%>0.97, then (A1.25) may be further simplified kting that fro
k=1
cné = seché ,sné =~ tanhé andé = (rwg/2b) thus

£~ g8 2y (sinhZ2)} - 22 A1.26

SoL - b SoL

where
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2= an{() () AL27

An alternative form of (A1.26) may be obtainedusyng the following identity

oy o™ /2p)
sinh (5) = [1+ coth (32)]
With the result
%:4{%+%1n(1+coth%)}—i—i A1.28

In this form it is easy to identify the first term (Al.29) as the plate capacitance
between the stripline and the horizontal walls, &nel second term as the fringing

capacitance between the edges of the striplinetlaadide walls. For large gaps , the

fringing approache68/n) In 2.

APPENDIX-2
The Numerical Electromagnetics Code (NEC-2) isex-asiented computer code

for analysis of the electromagnetic response ofrards and other metal structures. It is
built around the numerical solution of integral atjons for the currents induced on the
structure by sources or incident fields. The codenlmnes an integral equation for

smooth surfaces with one specialized for wires rtavide for convenient and accurate

modeling of a wide range of structures.

A wire segment is defined by the coordinates ofvits end points and its radius.
Modeling a wire structure with segments involvesghbgeometrical and electrical
factors. Geometrically, the segments should foltbes paths of conductors as closely as
possible, using a piece-wise linear fit on curves.

Example loop construction :
4Nec? is written using Fortran it executes in thwrf of cards ,
the below example is based on Fig 4.10.

CM
CE
GW
GW
GW
GE
GN

10 0 0 0 0 10.e-4 1l.e-4
0 10.e-4 5.e-4 O 10e-4 1l.e-4
0

10e-4 5e-4 O 0 le-4

)
[ N eNe)

10 .e-4

PR WN R

71| Page



EK

EX 6 2 3 0 1 0 0

FR 0 0 0 0 1000 O

RP 0 10 4 1001 O. 0. 10. 30.
XQ

EN

CM card is used as a comment card and CE is fonwrhend.i.e. both CM and CE are

used for comment lines

GW is used to construct geometry wire with ‘1’ regents the tag number, ‘10’
represents the number of segments , three congedigids “0 0 0” represents the first
coordinate of the wire, followed by “0 0 10e-4” repents the second end of the wire.

le-4 represents the radius of the wire.

GE indicates the end of construction of geometry

GN is used to represent the existance of grountkepla

EX for exictation in which ‘6’ represents thehich identifies the position of the segment in a
set of equal tag numbers, uniquely defines theceosegment following ‘2’ reprsents the tag
number in which ‘3’ the segment in that tag ,'Opresents the option number ,then ‘1’ represents
the real value and followed ‘O’ represents thegmary value.

FR reprsents the frequency i.e 1000MHz in thiggXa

RP reprsents the Radiation pattern
XQ for intimating the execute command
EN for end of run

For more information refer to the reference mamdidnec?2 tool
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