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A fast multiple mode intermediate level cir cuit model
for the prediction of shielding effectiveness of a
rectangular box containing a rectanqular aperture

T. Konefal J.F Dawson A.C. Marvin M. P. Robinso and S.J Porter

Abstr act

This pape presentsan intermedia¢ levé circuit modd (ILCM) for the predition of the
shielding dfectiveness (SE of a rectangulabox containirg a rectangulaaperture irradiatel by
a plane wave The ILCM takes into accaunt multiple waveguié nodes and is thus sitable for
use a high frequencies and/o relatively large boxes Intermode couplirg ard reradiationfrom
the apertue ae take into acount The aperture mabe po#tioned anywhee in the front face
of the kox, ard the &E & ary point within the box ma be found The modéis presentgin sud
a wgy tha existirg ILCM techngues for moddling elemend sut as moropoles dipoles loops
or transmssian lines mg be seamlesyl incorporaté into the circut model Solution times
using the ILCM techniqe arehundred d times less tha tho® required by tradtional numericé
methods sut as FDTD, TLM or MoM, even when usig a relativey slow interpretel languag
sut s MATLAB. Accuray howeve is nd significanty compromised Comparig the circut
modd with TLM over nine data setfrom 4MHz to 3GHz reslted in an rns diferene o
7.70dB ard mean absolue differernce d 5.55 in the predictd SE values.

Keywords:. Circuit mode|] mutiple modesshieldirg efediveness apertue in box.

1 Introduction

A frequenty occuring problem in electromagneti compaibility (EMC) is the determinatio of
the electromagne fields insice an enclosue containiig apertures In mary case the enclosuz
ard aperture ae rectangulgrard this ha led to a numbe of atemps & solving the problen o
a rectangulabox with a rectangulaaperture irradiatel by a plare wave Fa examplein [1-4]
the electrc field integrd equation (EFIE) is usel to sohe the problen usirg the Methal of
Momens (MoM). Althoudh the treamert of the apertures dficient, this selfconsistehmethal
is stil computational intensive Indeed usirg a variey of standad numerichtechniques sut
as Finte Differene Time Doman (FDTD), Transmssian Line Matrix (TLM) or Mehod o
Momens (MoM), the problen is ready tackled e.g [5-7]. Unfortunate} thee can often be
sone differences in the solutiors in criticd regiors usilg theg tediniques depading on the
dight difference in spatial time a frequeng resolution chosen fothe canpute simulations
ard indeal on the precise simulatiomethod chosenA purely analyic approah is describd in
[6], thoudh even in this cag we are forog to trurcae an infinite seris & sone suitabé poing
ard the methad effedively becoma a MoM solution However the man problen with sud
techniqus is tha they all require significart compute resouces sudt a RAM and/a had disk
space ard can take severbhours days a even weels o read a soldion. This is true despi the
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significart and cortinuing improvemen that ha been maa in canmonly avalable compting
resource in recernt years (Clodk speed d 2-3GHz are typicd of computirg equipmenat the
time o writing).

The slownas d solution usirg theg metlods ha prompte a numbe of investigatos © try ard
find a more rag solution to the problem using variots gproximdions. Ore d the first
sweeessfu techniqus was tha due o Robin®n @ al. [8], who us&l an equivaleh circuit
technige © find a suficiently accurae frequeny doman solution to the problen in jug a few
lines d computer codetaking only a smé#l fradion of a seond The origind solution of [8] is
limited in its scoe in a numbe of ways The inciden plare wawe can ony haw ore
polarizaion and diedion o travel, thoudh fortunatey this is often the wors cae & fa as
shielding dfediveness (SE is concerned In addtion, the rectangulaslot must ke centraly
placal in both heigh ard width in the rectangulafront face o the box However the mos
sevee limitation of the modéin [8] is tha the modé consides only the exatation of the TEjp
mode d the box This limits the accurag of the solution to lov frequencie and/o reldively
smal boxes whee the TE moce is dominant We note here thahe modé has ro difficulty
with dealig with an exponetially decaying (evanescehtmode belov the TR cut off
frequency However a frequencie whee highe orde modes can propagate the nodd
becoms inaccurate Fa reasonalyl large boces of the orde 0.1nT , the scope bthe modéin
[8] is thudlimited toa fev hundrel MHz.

The problen of oblique incidere d irradiation ha be@& addresal in [9], whilst ill retaining
only the TE;o mode The apertue is treatd as a twowire trarsmissian line with no radiatio
losses The treatmenis extendd in [10] to take intbo accoum mutiple modes thoudh only
frequencis belav 1GHz are considered In fact only one d the resits present in [10]
involves a highe orde propagatig mode belov 1GHz ard in this paticular ca® thee is a
featue in the predictd SE jug belov 700MHz caresmnding to the TEy; reonane [11]
which is not observe in experiment (In this particula cag the TEo moce begirs © propaga
above 621MHz). Anothe attemp ata mutimode treatmenof the aperturen a box problen has
bean macek in [12], thoudh curiousy only TEn ard TMi, modes ae cnsidered makirg the
theow totally unsutable for predidion o SE for off-cente podtions in the tox. Indeed, no
dired comparisos with numerich resuls m the same grdp ae given ard an unknown
empiricd loss facto is introducd into the model In al of the mode$ [810] and [12], only
aperturs centrdy placel in heigh and width in the front face d the boc are considered.

In this pape we preseha multimode intermediate lelveircuit model (ILCM) for the problen of
a rectangulaapertue in a rectangula box. The circuit model s presentg in sucha way tha
existing ILCM techniqus [13-15] may be wsdl to furthe modé the presene d sud elemers &
monopoles dipoles, loop a microstrp transnmssim lines insice the box, thoudh for simplicity
we limit ourselves in this pape to an empt box The technige o multimode analogus
transmissia line circuit theoy [16][14] is usel to modé the modé& excitation ard couping of
modes in the aperture In addtion, a simple ad rapd use d the Numerich Electromagnetis
Coce (NEQ [17] is ma@ D edimate the raditon resistane d a simple dipat over the
frequeng range considered The radidion resistane is convertd via Babinets principk [1§ to
an equivalehradiation resistane d the centre bthe aperturern the front face d the box. Usirg
a metha simlar to thd in [9], the ekctric field in the apertue is calculatedbu in the presene



of the radiation resistane The resultah apertue field is usel to give a firg estimaé d the
modd excitation of the box unde the temporay assumptia tha the preseoe d the box does
not affect the apertue field However unike the nmodd of [10], the apertue field is then
alowed to be alterel by enery enterig and exting the box, taking into accouh intermode
coupling ard energ reradiatiom into free space The modé thus acaunts far al the physich
processes present.

The ILCM modd can cope with rectangula aperturs postioned anywhee in the front face d
the box unlike the modes o [8-10] and [12]. However it is mo$ accurag for ‘slot’ type
aperturs whee the heighof the slat is significanly less tha its lengh (sg less tha 12%)
Any diredion of inciderce and polariséion o the incomirg plare wave mg be deat with in the
theory thoudh we hawe only bean corcernal with y polarzed waves travdling in the +2

direction In addtion, the modé can readily be usel & high frequencis (we hawe sé¢ an uppe
limit of 3GHz for conveniere) without deterioratio in accuracy providing an approprias
numbe of modes ae taken into account.

The circut modd is rapid taking typicdly less tha 30 cond o pracess 7% frequeng dag
points usirg a reldively slow interpretel languag suth aa MATLAB. This contrasts wh a
typicd run time d four ard a haf hours for the numerichtechnigqe d Transmsson Line
Matrix (TLM) modeling. Desjite its simpicity, the ILCM modd is remarkalyl accurate
showirg an overal rms difererce n S values o 7.70B compare with TLM, ard a mea
absolue differerce d 5.55dB Visud examinatiom of the curve in Sectim 6 suppors the
validity of the circut model with the vas majority of the maly feature in the TLM simuldions
reproduced by the circut theory.

Sedions 2 and3 descrile the problen & hand and give a initial solution for the field in the
aperturein the absencefdhe re$ of the box Sectios 4 ard 5 explan how this apertue field is
modified by the presencefahe box, ard devebp an equivalencircuit to modé the intermode
coupling and reradiatio into free spae The circit modd resuts ae compard with the
numercd method o TLM in Section 6with sone conclusins beirg drawn in Sedion 7.

2 Plane wave excitation of a rectanqular box containing a
rectanqular slot

2.1 Experimental Configuration

Figure 1 shavs the experimentaconfiguration tha it is desird to modéusing circut theory, A
rectangulabox d dimensiors a(x) xb(y) xd(2) contairs a rectangula apertue in its front face
(z=0) extendirg from x=x to x=x, ard y=y, to y=y,. The box is irradiatel by an
incidert plare wave E™, polarizel in the ¥ direction and traviiing in the +Z direction The
apertue is assume to be ‘slot like, o tha (y,-vy,)<(X,—X%), bu otherwi® ma be
postioned anywhee a the front panel In addition the sld heigtt (y, —y,) is @nsiderd to be



mud less tha a wavelendt o free smce radidon a the frequeny of irradiation of E‘y“C.
Unde thes caonditions, and paticularly if (y, —y,) <<(X, — %), the sld can be appoximatel

to a sectio of coplanar stp transmssian line tha has be@ shortcircuited a& x, ard x,. When

the apertue a sla is centrly placeal in the frort panej it is possibé o assigna quasistdic
charcterigic impedancea this transmissin line [19] However for the purposs d this pape
we neel the sld transmissia line © hawe the same charactdarssimpedance athe quasiTEM
wawe it supports This is recessar to be consistenwith the generhtheoly of analogus
transmissia lines describd in [14][20], whee the analogaitransmissio line representig a
waveguie mode $ assigne the sane characterisc impedancesathe transvems rdio of E ard H
fields tha the mode supportis The ‘analogous transmssimn line (rathe than the literd
transmssian line) representig the sld is therefoe asignel a characteristi impedance fo
Z., =377Q, the impedane d free space This assignmenis nd only found to improwe tre

qudity of the resuls (e Setion 6) but aloo negate the needto woik out the chaacterisic
impedarce whe the sld is nd placeal & the centréheigtt of the front panel.
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Figure 1 Sla in bax irradiatel by incidert field EI™, showing box

y
dimensons and sld dimersions.

2.2 Plane wave excitation of a two-wire transmission line

The analyss in this sectio is simila to tha given in [9]. Conside a twowire transnssia line
of lengh x, —x, digned in the X direction andwith a verticé separatia g =y, -y, inthe y

direction The line is stuated in the planez =0 ard isilluminated by a plane wag travellirg in
the directim b. The inciden electric ard magnéc fields ae relatel by

ZFSHinC =6innC (1)

where



Emc - (E)i(nc, Eiync’ Eiznc)eXp(—jB |]) (2)
Hmc :(Hinc,H;nc,Hinc)eXp(_ij) (3)

X z

B=(ﬁx,ﬁy,ﬁz)=|ﬂ|6=%6 4)

The transmsson line equatios d the systemincluding the fordng terns d the externhapplied
fields, can be solvel as in [9] to give the vdtage V(x) on the transnssian line i.e.
V(X) = Aexp9+ jng+ BexpB— jng+ H exp jB,X) (5)
o ¢ O 0 ¢ [
where

R‘)Z inc inc
EPT Ey + wuoﬁx H z @Vy )
H = > (By # F) (6)

for B, 20 7)

for B, =

ard A ard B are determind by the bounday condtions d shot circuits terminéing the line n
the plane x = x and x=x, i.e. V(x) =V(x,) =0. Thus

CAD_ [exp(rjex, /©)  exptjax, /)" B H exptjB,x,)C @)
B Bptrian 19 expiiax 19 B-HexpiBx)E

Equatiors 58 defire the solutia to the voltageV (x) on the twowire transnssian line.

The soldion of Equdion 5 can fe use to find the field E;V"e between the two wires d the
transmissialine i.e.

wire V(X \% A . B i H i
gore =~ YO - VO __ AR i98 Byl i 9H Hex- i) )
Yo =Y g g o ¢ og ¢ og

We nav male the asunption tha the field EX**"*(x) in the sld of Figure 1, in the absene d

the res of the box in the regio z> 0, is approximatel a facta (b/g) times large than E)""°, to
accoun for the extendd width of the transmsson line conductors occupyirg the regiors



O<y<y, amd y,<y<b. Providirg b is smal comparel to a wavelengththis shoutl be a

goad assumpion, sine when viewed in tie plare z=0 the two-wire transmissio line gpeas
as a shot dipole whos lengh has keen extendd by the facto (b/g), with a caregpondirg
increag in antena facta of (b/g). This shoull alo sene @& a reasonakl first gpproximation for
the increaseni field whenb is comparald o a wavelength The aperture fiel in Figue 1, in the
absene d the res of the box in the region z> 0, is thus estimatd as

erture b O : : , C
E” e (x) = —? HAexp% J%X% Bexp%— J%X% H exr(— j,BXX)E (20)

Equation 10 dos nd take into accouhthe energ tha entes and exts the box, nar does it take
into accoun (in free spaceary reradiate energy The later aspd is deal with in the nex
section which use the Numerich Electromagnetis Cod (NEQ [17] in conjundion with the
Babing principle [1§ to assign a radiatio resistane b the origind two-wire transmissio line

problem This modifies the solutian for E*""°(x) given by Equaion 10 ard significantly

reduces the Q facta of the undesiral® strom resonace tha would otherwig occu when the
slot lengh (x, —x) corespnds © a haf wavelengh o radiation Note tha Equation 10

permits arbitrary angles d incidene for a plane wavethoudh for the sake bbrevity we hawe
been concernd in this pape only with plare wave for which 8, =0, 3, =0.

3 Modification of the aperture field in free space by incluson of
radiation resistance

3.1 Useof NEC tofind radiation resistance

(Metd extend © infinity)

Zyy Zgp

€Y (b)
Figure 2 Complementarstructuresillustrating the Babiné principle.



Figure 2 shovs two complementar structurs whee metéis repaceal by free spae ard vice
versa Fram Babinets principk [1§ the impedancg d the two structurs & the poins showm
are relatel by

2
ZyowLgp = ﬁ (11)
4

where Z_ is the impedance fdree space Z., =377Q). In orde to find the impedane Z,
therefore we simulate te impedane d the plana dipole d Figure 2(B using the Numercd
Electromagnetis Coe (NEQ [17]. This is vey rapid ard typically will take less tha a secad
for 750 dah points In pradice if the width w ard the lengh | of the plana strip ae
W=y, -y, | =X, —X%, a reasoable appoximdaion o the impedane Z;, can be found by
simulatirg the impedane & the centre ba wire dpole d length | ard radits r where T = w.
From Equatio 11, the carespnding impedane Z,, of Figure 2(§ may be found Note tha
the NEC simulation will generag a value b Z;, which ha a red component representig the
radiation loss mechania into free space Similarly, Z,, will have ared compment alo
representig the radidion los mechanis into free space It is this resistarewhid is usel to
modify the soldions for V(x) ard E**"**(x) given by Equatiors 5 and 10 resgttively, in the

absene o reradiaton from the slot Note thd we do nd in fad hawe a infinite sheeof metd
surroundig ou slat in Figure 2 s tha this treatmenhis gproximate.

3.2 Calculation of parallel radiation resistance of dot

From simuldion usirg NEC, the impedane d the dipole & Figure 2(b is given by
Zgp = Ry + )Xy (12)

From the transmssn line poirt of view, Z,, in Figue 2 can be considere & two shot

circuited sdions d transmssion line conrectel in parallé (a pue reactancgin pardiel with a
radiatin resistane R,. Manipulatig Equatiors 11 and 12 vyield the parallé radiatin

resistace R, in terns d the dipole resistarcR; simulatel in NEC &

2
— ZFS

p 4R, (13)

Thus from NEC simulation of the dipole n Figure 2(b) it is possibé¢ via Equatios 12 ard 13 o
find the equivalehradiation resistane R, strappel acros the cente d the sld in Figue 2(a)

The nex sectio explairs how to calculaé the aperture fidl E;""(x) in the presege d this
radiatian resistance.



3.3 Solution for aperturefield E*"“"°(x)_in the presence of R,

Figure 3 illustrates a twowire transmissio line, irradiatel externaly by a plane wave travighg
in the b direction In the absencefaany reradidgion from the line, the soldion for the electrc
field between tb wires is given by the aperture fiel EFP°(x) in Equation 10 \th

b:yh_y| =g.

inc

| inc
LHS I ans

< <
yh g I rad b

Y .

X, X

Figure 3 Transmssia line with radiation resistare R, irradiatel by plare wave.

We wish to calculae the fietl on tre line in the presene d R, the radidion resistane thd

enabls enegy to be log from the line ty the proces d reradiation Following the methal in
Sedion 2.2 we can write the soldion for the vdtages an the let hard sice (LHS ard the right
hand sice (RHS of R as

. . .
Vins () = —x[O+B —x[J+ H exp(- 14
Lhs (X) ALengH CX§+ Lexng-J CX%F expjB,X) (14)

o) ) .
V,.<(X) = A ex j—XH+B ex J—XH+H€X — 1B X (15)
RHS()ARF%"CDRF%_CD ol )
with caregpondirg soldions far the LHS ard RHS curents given by

LW LW , .
Zogl us(¥) = A exp§+ J zxg"' B, eng- J zXE"' ZyH'expEjB,X) (16)

LW A , .
Zol s (X) = —Ag exp% J zXE"' B exdé_ J EX%" Zo H'expjB,X) (17)



Here Z, is the characterisc impedane d the transnmssia line (which we will eventually take
tobe Z., =377Q) and

w Einc +w2 H inc -I-
Hr — [ Bx y wz IJO z kl y (BX £ %) (18)
CT - :sz

Here C, is the capaitance pe unit lengh o theline. Infad H' is irrelevan in the analyss tha
follows, s0 tha we do nd neel to know the value 6 C, explicitly. H is given by Equdion 6 &

before The codficients A, B, A; andB; neal to be determind by four independen
bounday conditiors far the circut in Figue 3 The® fou bounday condtions ae & follows:

Vius (%) =0 (19)
Vaus(%) =0 (20)
Vins (Xm) = Vs (%) (21)
s (Xin) = Trus (X)) = Virus (X)) TR, (22)

where the md poirt of the line is & x, =(x +x,)/2. Combinirg the® bowndar conditions
with Equatios 1417 yields the fdlowing matrk equaion:

Bexp%jgxha epo—jgth 0 0

g O c¢'0 0 ¢'D

B 0 0 ex@jgxﬂ epo-jQXIH
0 o ¢ g 0o ¢ 0
Bexp%j%xm@ expg—j%xm —exp%j%xmg —expg—j%xmg

O
S exd | Ox, 0 exptd 9, 2 +amexd | ©Ox, B2 areitt 9,
E O ¢ [ o ¢ O §H O ¢ OFR § 0O ¢c

O

B onono

0 -HexpEjBx,) O

AD g - 0
%LD 0 ~HexpCiBx) g
X E:D 0 0
Pw3 0z, N
BB T == HexpeiBx.)0
RE 0O M 0

(23)



The codficients A, B, A; andB; can nov be fourd by a simpk matrk inversion ard the
solution for the vdtage an the two wire line in Figure 3 is defingl by Equdions 14 and 15 The
field E*"*(x) in the twowire line is given by =V .5 (X)/(y, —Y,). As before this field is

multiplied by a facte b/(y, —y,) to acaunt for the extendd veticd height b of the bo in

Figure 1 The field in the aperturgin the absene d the res of the box in the regon z>0, is
thus given by

- —by_| 2 EA“ exp§+ j%x% B, expgr j%x% H exp(—jﬁxx)E (24)

for x, < x< X,
and

E;tperture(x) - _Lz Eﬁt exrﬂ+ JQXH+ B, expﬂ— JQXH"' H exp(—j,BXX)[ (25)
(Yo =¥) O c O O ¢ O E

for x,, < x< x,

This apertue field is d course modified by the readion d enegy tha entes ard exits the res$ of
the box in the regin z>0 in Figue 1 Sectios 4 and 5 explan how this is dealwith in terns
of modd analogos transmissin line theory ard how this lead © the entire fietl problen beirg
expressal in terns d an equivalehcircuit problem.

4 Excitation of modesin infinitely long waveguide by aperture field.
Equivalent circuit representation and the principle of reciprocity

4.1 Excitation of modes by aperturefield

For an infinitely long waveguideor dternatively an absorbig wal in the plare z=d in Figue
1, the fields E, and E, inside the waveguide aabe expresel s a sun of forward travdling

TE ard TM modses i.e.

E, ()= i > Cim expl-y,. 2™ EﬁmEnﬂ BZOS%E

=140 Oa O a [

+i iCTN‘ exp-y,..2) : bngslnﬁl—m @:o%@

m=1 n=1

(26)
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(27)

where y, .. is given by
ymn = VUogo (ws _wz) (28)

T T
WZ HoE = HZ ] HZ (29)
D af 0Ob(

The individud codficients C are @& yd urknown, bu as we sh#l see below with sone
appoximations the/ can ultimatey be expresseal in terns o the aperture field

If we evaluateE (r) = Ey|Z: from Equation 26 n the plare z=0, mutiply by cosaJ—E

where u = 012,.... ard integraé with respettoy from y =0 to y =b we obtain
co%’%@y = ZCI&UMESMEMEE(“%J
+ZC BJ—EslnEm—EQ 1+9,,

b
J:) Ey z=0

(30)

where J,, is the Kroneckerdelta symbo] equédto unity for u =0 ard zeo for u>1.

We now requie E to equazeml for 0O<sy<y ard y, < y<b (zemw tangetial electric field
Ylz=0 ! h

a a meth suface) We furthe assune tha Ey|Z=0 in the apertue is in fad independent foy.

This will be a vey goal approximé&éon if the sld is narow, or & leag if the width g =y, -,

of the sld is sm#l comparel to a wavelendt of radigion. Unde the®e assumptionswe can
evaluae tre left hard side d Equaion 30 to give

E -l (x)J’y“ cos ¥ty = E,-*= () x N, (31)
Y ] b ]
where
% u=0
=0b DSmB%B—smBJ—% ux1 2

'@:'

11



Combinirg Equaions 3L and 3Qwe obtain
N,EF- 09 = 5 o I B et B s T D v, (33)

Equation 33 holds for each valle o u. Herce puttirg u =0 resuts in

EP-2al (x) = N C;ﬁoE’%BsmEm—E (34)

0 M=

Puting u=n=>1 into Equation 3 resuts in

SO g;fmnm&c EP_EES.nEm_E (35)
2N 0a

n m=1

Clearly the apertue field

E;‘p—”‘“‘“a' (X) has a uniqwe Fourier series expansio involving only sine

functions o tha we can equag the codficients o sianﬂE in Equatios 34 and 35 Thus for
a L[

m=123,...adn=123....

CI,EOB“—H——E% "@w w VT (36)

No OaQd 2N, g Oa Ob @M

This provide ore linear relaionshp between tl codficients C. A secorl linearly independen
relaionshp can le found by considerig the sld as a transnssian line, supportig transvers
electromagngc (TEM) waves One again this isa goa assumption providmthe g g is
smal compare toa wavelength In this case we can approximae the fietl E, in the apertured

be zerqg sine@ it becoms a longitudind componert of field as fa as the sloftransmssbon line is
concerned Combinel with the lounday condtion d zerw tangentibfield E, everywhee ele

on the planez =0 (due © the presencefadhe met& box), we can requie tre field E, to equé
zero everywhee in the plare z=0. This is only possibé in Equatim 27 if we sé eath

codficient of cosg? %in@?% equato zero Thus we obtainfor m=0,

iciﬁn T Hin 2 H= 37)
Ob O Ob O
Requiring

Ci, =0 forn=123,.... (38)
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(This is al® an intutive resit for a sld illuminated by a field E‘y“c). Fo m=123,.... ad
n=123,.... we mus$ al hawe

e A e AL )

Equatiors 3 and 36 a two linearly independenrelationshiig which dlow eah o Ci., ard
CTM

fmn

to be expressel in terns d C;, i.e.

Oomrmt nnD

hlhd N, m C
mTED O a % EC mo [ (40)
53?”5 o m"D NoD & U

O b aQd 0 0 C

Findly, given the actua apertue field E"- @ (%), the codficients CI-, may be fourd from
Equation 34 by multiplying by sin@%E ard integraing with respetto x from x=0to x=a.

The resul is (on rephcing the dumny intege u by m),

b e me J‘ EX- ""Ct“a](x)smﬁm—le (41)

No

Equatiors 41 ard 40 allow al coefficients C{-, C{¥ to be deduced Thee ma then be
insertel into Equatiors 2 and 27to yield the entire fiedl structue for E, and E, insice the

waveguieg d Figure 1, in the presene o an absorbig wdl at z=d. It remairs © find a
method for estimatirg the field Ej‘p—a‘:‘“a” (X) in the aperture.

4.2 Equivalent circuit representation and the principle of reciprocity

It is temping & this poirt to se the unknown apertue field Ej“’*"’maJ (X) in Equation 4 to the
previousy calculatel E;*""*(x) of Equaions 24 ard 25. However, 8 will not yield cared

resuls sirce the fietl E****°(x) is calculatel on the bass tha the front panel h Figue 1 is in

free space In the presencefaan enclosue in the regon z>0 in Figue 1 (even an infinitely
long enclosure)some energ will enter the enclosure ahbe reflectel out agan via the aperturg

thus dtering the field EX*"'*(x) from its free spae value This is trie even for an infinitely

long waveguide sice may modes will be evanescdn(particulary a low frequencies)
eventualy reflectirg ther energy badk towards the aperture.

13



We can howeve use the fiedl EJ"""°(x) of Equaions 24 and 3 as a stating pdnt to edimate

the exdtation o the different modes by a plare wave incidenon the box from free space We
can then ue the principle & reciprogty to estimag the reactio of the mods ba& on b free
space ard & the sane time ge sorme measure fothe extem of mode couplirg tha would take
place if a paticular moce i were inciden on the apertue from within the tox, resdting in a
multitude d modes beirg reflected back into tle ox. The procedus is implementd by an
equivalen circuit whee ead wavegui@ node is representéhby an analogos transmissio line
with a characterisc impedance eqli#o the impedane d the transvers ratb of E and H fields
for the mode The conneton between the mode ampiude ard the amplitude b the
voltage/currenwaves a the analogos transmissio line is mae quatitative by insiding tha
the powe flow down the analogos transmissio line is equato the powe flow down the
waveguide.

I
> FS | V(VJ;
+ »
+ Ll
source 1
N Vi 7% tanhg®d) = z®
c®
loop —
+
e® 377Q
loop
oo 1@
1
1
| N
1
+ \VAS ZC(Z) tanh(y(z)d) = ZT(Z)

wg
(N)
Eloop Q

Figure 4 Equivalemcircut for experimatd set p in Figue 1.

Figure 4 shows the equivalencircuit model representinthe physicaproblen of Figure 1 Fa
simgicity, only two waveguié nodes ae shown The inciden electrc field in Figue 1 is
representé by V... which is responsild for the man pat of the curernt | ¢ flowing throudh

the 377Q resisto (representig the impedanceZ of free space) Each of the voltage souree
Vvﬁg) at the stat of the analogos transmissio lines is ma@ © deped on the curert |, suh

tha in the absencefaany readion from the boc (i.e. for an infinitely long transmssian line),
only forward travdling waves ae inducal on theanalogos transmissio lines The precig

amplitudes d these voltage wave ae derival in Sedion 4.3 The dependencef O/VSS) on I is

14



viaa transimpedare Z{7 . sud tha V) = Z{) 1. The value 6 this transimpedarcis al

Trans

derivad in Section 4.3 This type o couding can also e describd in terns d a mutuh
inductarce M sudh tha jeM =Z" | ard is the magnéc analogue belectric field couplirg in

Trans ?
terms d a mutd capacitane C [14]. The problen is formulate in terns d contolled voltage
souces (as oppogkto contrdled curent souceg becau® in the absencefany mode caipling,
the sld or apertue appea & a dort circuit to ary modes a voltage wave incidert on the sld
from within the waveguide This isa reasonable apmximation to male if the sld is narow. If
contrdled curen souces wee usedthe sld would appeaas an open circut, which is not wha
the physicaproblem lookslike (exceppossibly for vely large apertures).

The principle & reciprogty can be taken into accoun by including reactive e.m.fs £,(Or2p in the

‘fr ee spacecircuit, whee each e.m.f represerst the reation of a paticular moce ino free space
Thus if V,§ =Z8 1.5, we can tale the principé o reciprodty into acmurt by seting

Trans” FS !

E50 = Zioms| o, Whee 1§ is the curert throudh VY. Note tha this mechanis guarantee

tha mode couping will take place m the aperture An incidert moce i from within the cavty
will excite €% | causim curert to flow throuch the 377Q resisto ard excting dl other

oop !

forward traveling mode (includirg mocki itsdf).

The following sectiois ouline the derivatiom of the exprssiors for Z{" (TE end T™M mode$
and V., ard descrile how the fields intern&to the box may be derivel from knowledg d the

i (n)
termind voltages V. .

and Vv

source

4.3 Derivation of z{"
4.3.1 TE modes

From Equatiom 26 the contribdion of the forwad traveling TEm moce © the electre field E,
in the planez = 0 of Figure 1 is given by

= cTE VTSV od VY [ (42)
0 OaQd Oa@d ObC

E

.

By equding the powe transferrd by the TE,, mode with the powe transferrd down its
analogos transmissio line, the individud forward ard reverg fields can be relatel to the

individud forward (V) ard revere (V.°) voltages an the analogos transmissio line by

0
Efor - _ Vf le'lo

TE
g Z mn

s, exptym2) (43)

mn
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0
£ =—;’;E 19  explry ) (44)
wher [14]

Vim Eynn ElsmErnnx Eco& E (45)

G g
mal ObOp
s%iig (46)
a. = " JOHVm ﬁzb%'g g(l 5,0 )L+ 3., +D”§1+5 nO)E(55)
g

Equatirg (42 and (43 in the plare z=0 resuts in

ZTE O
V0 =-CTE, fm_ %’“—ET EP—ET (48)
JWH,S T a
Here Z= is the charactertsc impedancez(" (see Figue 4) of the analogos transmisgin line

ard is given by

z7e = 19% (49)

mn

We first separag ou the forwad and revems wave by assumirg tha the planez=d in Figue
1 is pefedly absorbingor dternatively tha the waveguide dimenanad is infinite. This resuls
in forward travéing waves only, and for the case ban infinitely long wavegui@ dfedively
mears thd we hae terminatd ead o the analogos transmissio lines in its characteristi
impedarce Z". Late we shal reintrodice the shdrcircuit in the plare z=d ard let the

circuit we hawe derivel ded naturally with ary refledions tha occur from the ba& wall. The
advantag d this apprad is thd the rectanglar cavity can then indeed be treatd a a
superposion of analogows transmissio lines dlowing existirg ILCM techniqus b modé the
presene d a moropole a loop insice the caity (e.g [13][14]).

For the experimentaset p in Figue 1 3, = 3, =0. From Equatios 47, 2325, 32 40 and 4
it is evidem that C{f, ard C{; can utimately be relatel to tre incider field EJ*, if we male

fmn
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the initidl assumpion tha E-*“?(x) = EX""*(x), in the absence foany box in the regon
z>0 in Figue 1 We note hex thd for an inciden plare waw travdling in a given diredion b
with a given polarizdion, the field H!™ in Equaion 6 is directy propotiond to E;”C with a
known constar of propotionality. We can therefoe write

CTE - k EInC (50)

fron

CTM - k EInC (51)

frmn
where k; ard k, are known constants.

Combinirg Equaions 48 and 50 we obtain

vo = Zm HviE R (52)
jopSEl a O D als

It remairs © relae E;”C to |, in the absencefaarny reaction from the analogos transmissio

lines in free spae (i.e we sé dl the e.m.fs sl(jgp =0 in Figue 4) In this casethe pe& powe

in the inciden wavwe tha impinges an the tox for a y polarisel wawe travdling in the Z
direction is given by

( InC)
P =" x(ab) = (53)

FS

or

—_ ;’nc ( 5 4)

FS

Clearly this requires urce voltage (in the absene d any reactive e.m.f.s)
Vauee = Ey* Xv/ab (55)

Findly, from Equatios 5 ard 52 we can write ou forward traveling voltage wawe in an
infinitely long waveguide/analogsuransmissio line as

o ZTE N ZF
Vi qu&%hang%Hzglx/il (°9
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V! is d cours equhto ore d the vdtage surces Vvsg) in Figure 4, ard represerst the exdtation
of the forwad travdling TE,,, mode.

Equation 56 defines ou transimpedare Z{"” _ for TE modeslt is given by

Trans

200 = 77 = Zm (il R Zes 57)

The value 6 V.

source

is given by Equation 55.

4.3.2 TM modes

A similar treatmenhfor TM modes resits in a transimpedance

1 T mgd z
ZMW =z Mm = _ FS 58
Trans Trans u,yrm %g + %%gg(z \/% ( )
where
=1 (59)
(2ot z )
a' - wso J ymn ﬁ (60)
08
L PTE
ma 0 ObOg
zm = Ym (61)
JwéE,

Ym and k, are define in Equdions 28 and 51 respdively. The forwad traveling voltage for
a TM mode in the presencefan infinitely long waveguie@ is therefoe given by

Vi = Z il s (62)

where ZM

Trans

Vvsg) in Figue 4 ard represenstthe exdtation of the forwad traveling TM,, mode.

is given by Equation 58 V? is d coure sé& equal b ore d the voltage source
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5 Completion of the circuit and the reintroduction of the reflecting
back wall. Reconstruction of field in cavity.

5.1 Reintroduction of reflecting back wall

Having obtaine our values d Z("

Trans

for TE modes (Equadion 57) ard TM modes (Equatian 58),
and knowing whé value © assigy to V., for a given E‘ynC (Equatian 55) we can comple¢ ou
circuit so as o modd the origind problem o Figure 1 As indicatel in Sedion 4.2 the principke
of reciprogty is taken into acourt by including a reactio e.mf. s,ggp in the ‘free sm@ace circuit

of Figure 4 for evely mode exdtation voltage V.o’ , sud that

Vm(/g) = Z {0l es (63)
Eiaop = Zians| v (64)

The conduting wal in the plare z=d can eadly be reintraluced All that is requirel is © dter
the ‘absorbingterminaing characteristi impedance Z" for the analogos transmissio lines
(which hawe be@& implicitly assume in the derivdions o Sectbn 4.]) to the impedance d the
short-circuitel sectiols d transmissia line een by the variows Vvsg). The® impedance ae
given by Z” =7” tanh§/"d), as indicate in Figue 4 The dfect of this is © refle¢ curert
into the dependenvoltage source V., causily addtiond excitatin of the e.m.fs £, via
Equation 64 This in tum altes |, ard cause Vvsg) itself to chang via EHuation 63 The
circuit solution of Figure 4 dfedively describe whda happes unde steag stat caditions,
once dl these transieheffects hawe died down Note thd the resuling actua field E';’pf‘”‘“aJ (X)
in the apertures ro longe equa to the initid field E**"*(x) of Equatiors 24 ard 25 sine the
modes hae be& dlowed to coupé ard therefoe influence edtother.

5.2 Reconstruction of thefield inside the cavity

The circut of Figure 4 may be solvel for the vdtages Vvﬁg) usirg modified nod& analyss [21]

noting tha simplke nodd analyss is inadequat because fathe presence fodependen voltage
souces Alterndively, a simpk algebrai manipuléion d the circut equatiors far Figure 4 with
N modes yieldsthe result,

VO =20 n=l.N (65)

where
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I Fs — source (66)

In the presene d a canduding wal in the planez=d, it isa simpk madter to decompos the
termind voltages V.’ into forward (V) ard revers (V,°) traveling waves:

\Vj (n)
= o (67)
1-exp2y™d)
V (n)
;= (68)

1- exp(+2y(”)d)

For TE mode theg valus o V? ard V° may be usedn conjunction vith Equatios 43 ard 44
to reconstructhe totad field E, a ary poirt inside the boc due o TE mode only. For TM
modes the field E, at ary point inside the box can be fourd from

E,/" =-V{u'g, expty,2) (69)

E)¥ =-V°u'g, expity,,m2) (70)

_ Vim Bs.nB“—B:oE‘—E (71)
SEGNTER

mad ObD

DHJDD

(The quanity u' is definel in Equaions 5361). By sunming the tota fields dwe © forwad ard
revere wave for TE ard TM modes the overal total field E;"‘ (r) a ary poirt inside the ox

may be calculated The shieldiry dfediveness & a that poirt is then given by

ETOt r
oy OF 72)
HE" b

(N.B. Othe definitions for SE may be usel sirce we ae totdly ignoring E, ard E,, thoudn
this defintion will suffi ce fa comparisa with experimehard TLM).

SE(r) = -20log,,
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6 Results

In this sectio the resuls o the ILCM modd presentd in Sectios 25 ae compard with resuls
of numercd modelling using tle transmssian line matrk (TLM) metrod. The TLM simulatiors
were peformed usirg a Gmm grid Variouws case d aperturs in boxes ae consideredard the
appeain Tabke 1 The am was 10 conside a reasonallvaried assortmeinof box sizes apertue
sizes and pogtions and field observaon points withou producing an excessive amouh of data
In dl case the inciden field consiss d a § polarzed wawe travellirg in the Z direction as in

Figure 1.

Caz| a b d X Y, Slot Slot I (X Y,2) (cm) | Commens
No. | (cm) | (cm) | (cm) cm) | (cm) lengh | heigh slot
Xp =X | Yo=Y
(cm) | (cm)
1 48.5| 12.0| 485| 1.5 | 10.0| 455 1.0 (24.25,1175,42.25) Nea lid
2 |300|120| 30.0| 0.0 | 5.75| 30.0 0.5 (15.012.0,14.75) Full width
3 |30.0] 120| 30.0| 0.0 | 11.5| 30.0 0.5 (15.012.0,15.25) Nea lid
4 |30.0| 12.0| 30.0| 10.0| 6.0 | 10.0 0.5 | (14.75,1175,15.25) Central
5 |30.0] 120|300 0.0 | 6.0 | 15.0 0.5 | (14.75,1175,15.25)| Off centre
6 |20.0|10.0| 30.0| 20 | 1.0 8.0 1.0 (4.75,4.75,22.25) Off centre
7 |20.0| 16.0| 20.0| 10.0| 4.0 8.0 8.0 (4.75,8.25,14.75) Square
8 |20.0| 16.0| 20.0| 10.0| 4.0 8.0 1.0 (4.75,8.25,14.75) Off centre
9 |300(|120| 30.0| 10.0| 6.0 | 10.0 0.5 (22.25,6.75,28.25)| Centra (as 4)
10 | 30.0| 12.0| 30.0| 10.0| 6.0 | 10.0 0.5 (22.25,6.75,15.25)| Centra (as 4)

Table 1 The variows case considere for comparisa o the ILCM circuit mode with TLM.
a, b ard d are the ba dimensionswhile the aperture dimensios ard postion are determind by
X, %, Y, and y, (see Figure 1) r . (X, Y, 2) is the pogtion insice the ba whee the fiell E,

is sampld in bot the circut model anl TLM.

The circut model anl TLM values far SE & defingl in Equatio 72 ale compard for the ten
differert cass in Figures 514. With the exceptio o ca 7 in Figue 11 the agreemenis
generdly sea to be excellentboth quditatively and quantitéively. The uppe frequenyg range
considerd is 3GHz whee mary highe orde modes ae present Simpk TE, modet sud as
[8] and [9 would be totdly inadequat & sud frequencie (se far exampé the resilt of the
modé in [8] plotted in Figue 8) In contrastthee is sea to be little deterioréion in accuray
even & sud highfrequencis far the curredh model Moreover, the modéis abk o cope with
significartly off cente slots somethiig na possibe with othe models.

It is sea in Figue 11 (ca® 7) tha the agreemeanwith TLM is reldively poa (thoudh curiousy
this isnat true & high frequencies) This migh be expectel for this paticular apertue sirce tre
apertue is in faad square and cannad therefoe ke considere ‘slot like. The concep of the
apertue formirg a transnmssian line is likely to brek down in this case ard the initial
assumpion o zeo E, field in the aperture (see Figure) is unlikey to be a god

appoximation.
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In Figures 614 al modes Y to m=5, n=5 are consideredh totd of 55 modes (ignoring TEo,,
modes whee C{5 =0 from Equdion 38) Mary of the highe orde modes will be evanesert

for mudh of the frequeny range belav 3GHz ard this is refectel by the fad tha y,, is real

This does nbhoweve caug ary difficulties with the theory which can eadily acconmodaé
evanesert modes The choi@ & m=5, n=5 for the uppe limit on modes ensurse tha al
propagéing mode belav 3GHz are incuded in the ILCM modd in Figures 614. Fa large
boxes and/o highe frequencis it is recessay to increas the limis on m ard n, ard this is
easiy implementd in the ILCM modd presentd here Fa example for the large box in cag 1
of Figure 5 all propagatig modes belav 3GHz (ard a lat of extra evanescemmode$ are taken
into accaunt by sdting an uppe limit of m=9, n=9. Asa generbrule, it is bes to & lead
include dl propagatigy mode p to the highesfrequeng of intereg (in ou cae 3GHz), thoud
the inclusion o sonme highe order evaneert modes can improwe the reslis furthe (see fa
exampe [14).

Table 2 summariss the staistics far the agreemenbetween the circut modd and TLM in
Figures 514. The norméised crass corelation codficient p (0) is definel hee as

S, (@)S, (0 w,)dw
g_* ’s? (w)dwf:sg (w)dow|

(73)

Pas (@) =
|

ard is alway less tha or equato unity. S ard S, are the &E respnse in dB. If S (w)ard
S,(w) are identicathen p,;(0)=1. (Indeed p,(0) =1 even if S (w)=C,S,(w) for sone
arbitrary constan C,, s0 thd p,;(0) gives sone measue d the similaity of the shaps d the

response S (w)ard S,(w) in dB). Excluding ca® 7, the overdl rms differene betwea the
curves in Figures 514 is 7.70dB with a mea absolu¢ erra of 5.55dB amd a carelation
codficient p,; (0) =0.944C. On an intutive visud examinatian of the curvesit is clea tha the

agreanert is vely good It is notel from Sectim 21 tha the agreemenin evey single ca in
Table 2 is maeé wore by assumiry the quasistaic impedance fo[19] for the transngsian line
‘slot.” The overdl rms differene in the latte ca® is 9.59dB with a mea absolu¢ differene d
7.08dB.

Figure 15 illustrates the levé of accurag tha cen reasonalyl be expectd from the TLM
technige when compared to experimehtameasurements The experimenhcaried ou here was
for the scenan illustrated in cag 1 of Table 1 Irradiation was via a hon antena inside a
arechot chamber with a moropole d length 2.5en ard diamete 1mm actig as a detecto
inside the box The shieldig efediveness d the bo a the locaion describd in Tabke 1 was
deduced from two measuremest d s,,, with the netwok analyse outpu feedirg the hon

anten@a ard the monopole feedgthe analyseinput The first (no shieldingg measuremerwas
mack with only the lid o the bax presehto ad as a gourd pane for the monopolewhile the
seond (shielde)l measuremearwas mae with the res of the box ard apertue present A third
noise floor measuremenenablel an appropriae cu off point of abou 500MHz to be chosen
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below which SE oould nat be rdiably measurd (i.e the shieldd measuremenvas belav the
noise floa). The rs differerce betwer the experimentaresuls and TLM in Figue 15 is
7.84dB, with a mea absolu¢ eror of 5.988 and a carelation codficient p,; (0) =0.5772.

Thus the aggreemen with experimenh exhibited by TLM is d a simila (or worse) leveto the
agreemen of TLM with the ILCM modd in Tabke 2 (The agreemenof the ILCM modéd with
this particula experimenis a little worse beirg chaacterise by an rms differerce of 10.10dB,
mean absolug¢ differene o 7.91dB ard a correlatio codficient of just p,, (0) =0.2197). Due

to the highly resonahnatue d the curves ard the sendivity of the measuremestio postion, an
rms aror of 7 a 8dB is nd unreasondly high Two resonanh curves which are slighly
displacad will exhibit a large rms eror whilst beirg bot quditatively ard quartitatively in good
agreement.

The time taken for the circut model b reach a soldion is mud smdler than tha taken by the
numercd method of TLM. The datam each of Figures 514 consis$ of 750 frequeng points
separaté by appoximatey 4MHz, with TLM taking four hours ard tweny minutes © reach
solution (Pernium 1lI, 750MHz) In contraston the sane computethe circut modd running in
MATLA B (a reldively slow interpretel languaggtook jug 30 secands o reach soluion (excep
for Figure 5 with the exta nodes) a facta of 500 times faster Indeed when compled in C++
the circut model povides the same datani goproximately 2 seconds Combinal with the 2
seonds a o requirel to run the subsidiay NEC simuldion, this representa sped o solution
3900 times faste than TLM.
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Figure 5 Comparisa o the shieldirg &f ediveness predictd by the ILCM circuit modd with
the numerichpredidion of TLM for the box apertue size ad postion indicated in Cag 1 of
Table 1.

23



100 T T T

Circuit Model

LM

Shielding Effectiveness (dB)

0 500 1000 1500 2000 2500 3000
Frequency (MHz)

Figure & Comparisa o the shieldirg &f ediveness predictd by the ILCM circuit modd with
the numerichpredidion o TLM for the box goertue size ad postion indicatal in Cag 2 of
Table 1.
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Figure 7. Comparisa d the shieldig efediveness predictd by the ILCM circuit modd with
the numerichpredidion o TLM for the box apertue size ad postion indicatal in Cag 3 of
Table 1
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Figure 8 Comparisa o the shieldirg &fediveness predictd by the ILCM circuit modd with
the numerichpredidion o TLM for the box apertue size ad postion indicatal in Cag 4 o
Table 1 The predictim of the simpk TE;o modé of [8] is al® shown this is cleay seen to ke
inadequa & frequencis d&ove 1GHz.
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Figure 9 Comparisa o the shieldiy ef ediveness predictd by the ILCM circuit modd with
the numerichpredidion o TLM for the box apertue size ad postion indicatal in Cage 5 o
Table 1.
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Figure 10 Comparisa of the shieldimg dfectiveness predictd by the ILCM circuit model wit
the numerichpredidion of TLM for the box apertue size ad postion indicatal in Cag 6 of
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Figure 11 Comparisa of the shiéding efediveness predictd by the ILCM circuit modd with
the numerichpredidion o TLM for the box apertue size ad postion indicatal in Cag 7 o
Table 1.
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Figure 12 Comparisa of the shieldimg dfectiveness predictd by the ILCM circuit modelwith
the numerichpredidion o TLM for the box apertue size ad postion indicatal in Cag 8 of
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Figure 13 Comparisa of the shieldimg efectiveness predictd by the ILCM circuit model wih
the numerichpredidion o TLM for the box apeture size ad postion indicated in Cas9 o
Table 1.
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Figure 14 Comparisa of the shieldimg dfectiveness predictd by the ILCM circuit model wit
the numerichpredidion o TLM for the box apertue size ad postion indicatal in Cag 10 of

Table 1.

Cas No. Rms difference (dB) Mean absolug Pus(0)
difference (dB)

1 8.10 5.84 0.8599

2 6.62 4.59 0.275

3 7.58 5.36 0.9161

4 8.49 6.41 0.9455

5 7.69 5.61 0.9499

6 7.70 4.85 0.9831

7 1152 8.90 0.9763

8 7.08 5.12 0.9821

9 7.63 5.80 0.9781

10 8.24 6.38 0.9536
Overal (Excluding 7.70 5.55 0.9440

ca® 7)

Table 2 Sunmay of agreemenm of circuit modd with TLM. The tabé shove the rns
difference mean absolug difference aml carelation coefficien for the shielding ef ediveness
curve preditions d the circut modd and TLM betwe& 4MHz ard 3GHz for the ten differert
case considere (e Tablel and Figurs 514).
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Figure 15 Comparisa o the shieldiy efediveness predictd by TLM with experimentia
resuls for the box, apertue size ad position ad observédon poirt indicatal in Cag 1
of Table 1.

7 Conclusons

An intermedia¢ leve circuit modé (ILCM) has keen developed to modlgahe plare wawe
exdtation of a rectangulabox containiig a rectangulaaperture The modé has keen devebpa
in suth a way tha existing ILCM techniqus for modelirg the presence foelemens sud as
dipoles monopoles, loop ard transmgson lines insice the ba can easly be incorporaté into
the circut (thoudh for simgdicity we hawe been concerned oglwith an empy box here) The
ILCM modd can incorpora¢ @& maly highe orde modes as a& necessgrto adequatgl
descrile the box exdtation & the highesfrequeng of interest Both propagéng and evanesert
modes ae permited Althoudh the modéis bes suted to ‘slot type apertureswhee the slo
height is a small fradion dof the sld lengh (e.g less than 12%) the apertue ma/ be posiioned
anywhee in the front face d the lox, and is nd limited to the centr& position in heigh and
width. The modétakes into accounboth intermode caupling ard reradigion intofree space.

Soluion times for the ILCM modd are significanly less tha thoe exhibited by tradtiond
numercd techniques with significantly less compute resource beirg required At the sane
time, accuray of the solutiom is nd greaty affected even & high frequencies In ou
simulations coverirg a variey of box and apertue sizes ard postions, the ILCM modd codel
in MATLAB was ove 500 times fasta than TLM at providing a soldion & 750 frequeng points
up to 3GHz, whilst exhibiting an rms differene d 7.70dB ard mean absolu¢ differene d
5.5%5dB ove nine data sets When codel in C++ the ILCM modd was found to run 390 times
faste than TLM. Visud examination of the curves in Sectimm 6 shows thd the circut modd
sweeessfully predics the vas majority of the featurs in the TLM simulatiors d shieldirg
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effectiveness Indeed it is known thd the latte features can be highly sengtive to postion ard
therefoe 0 the spaial resolution usal in the TLM simulations An rms diference d 7 or 8 dB
betwea the ILCM modd and TLM is therefoe nd unreasonalylhigh. Indeed this is the leve
of agreemem tha can be expectd betwea a numercd TLM simulation and an experimenta
measurementss illustrated in Figue 15 The man problen lies in the fad tha two resonan
peals thd are slighly displacel can lead toa larg rms difference, when in redity there is gad
guditative ard quanitative agreemenbetween the two curves which is evidem from visud
inspedion.
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