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An EMI Estimate for Shielding-Enclosure Evaluation

Min Li, James. L. DrewniakMember, IEEESergiu Radu, Joe Nuebel, Todd H. Huhiggnior Member, IEEE
Richard E. DuBroff Senior Member, IEEEand Thomas P. Van DoreBenior Member, IEEE

Abstract—A relatively simple, closed-form expression has been and number to the shielding effectiveness of a shielding enclo-
developed to estimate the EMI from shielding enclosures due sure. But the analysis was not concentrated on the shielding ef-
to °°”||°““9 from .'“te”og Soufes thro“bgrl‘ slots a”‘ﬂ] %peg”rﬁs fectiveness at cavity-mode resonances. Much of the work done
at enclosure cavity modes. A power-balance method, Bethe’s . : AR
small-hole theory, and empirically developed formulas for the t_o date employs S'mlljlat'ons that require S|gr1|f|cant cqmputa-
relation between radiation, and slot length and number of slots, tional resources and time, and may only be suitable for simple or
were employed to estimate an upper bound on the radiated EMI ideal cases. This paper presents a relatively simple closed-form
from shielding enclosures. Comparisons between measurementsexpression for estimating the radiated EMI from shielding en-
and estimated field strengths suitably agree within engineering closures as a worst-case envelope, instead of each individual
aceuracy. cavity-mode resonance. Both analytical and empirical analyses

Index Terms—Apertures, cavities, diffraction, electrical equip-  are used. The application is for over-moded shielding enclosures
ment enclosures, shielding. at high frequencies. Many digital products, e.g., computers, are

in this catagory.
|. INTRODUCTION An ideal rectangular cavity is first analyzed using a power
. . balance method. The interior electronics are treated as a factor

TS DIFF'.CULT o me.et EMC reqwrements for many hlgh'af'fecting the@?s of the shielding enclosure. Then, the slots are

speed digital electronic products without a shielding enclcrzn

X . . X . nodeled as radiation sources using Bethe’s small hole theory
sure. The integrity of shielding enclosures is compromised Pgr slots less thad /3\. Though the EMI estimate is based on
slots and apertures for heat dissipation, cable penetration,

. X . B%imple model, the comparison between the measurements and
ripherals and displays. Radiation from slots and apertures

. . L . dHiculations is acceptable for engineering development.
conducting enclosures, excited by interior sources, is of great

concern in meeting radiated EMI requirements. In order to an-

ticipate EMI problems with a shielded product, it is important to II. DEVELOPMENT OF ANEMI ESTIMATE

be able to estimate the effectiveness of the shielding enclosure, . . L
Previous studies have found that cavity-mode resonances ca s_h|eld|ng enclqsure has resonances gss_omated with its (.j"

result in significant radiation through electromagnetically Shﬁensmns. In practice, the exten_or Of Sh.'eldmg enclosures_ IS

slots [1]. Radiation from conducting cavities at frequenci ten rectangular. Howe_ver, the interior is broI_<en up by cir-

below cavity-mode resonances has been investigated exp‘éﬁ’i'—t_board planes, plug-in modules, large heatsinks, sub-enclo-

mentally and numerically [2]-[5]. Recent work determined th ures fqlrl p?fwer supplies, afnd other'metaldsurfa.cef/\./-'l;}hese sur-
tangential electric fields from simulations and measuremen ces will affect resonance frequencies and caigisy With so

then applied equivalence principles to estimate the radiatiHPY'Ch complexity in the enclosure interior, these frequencies

from apertures [6]. The effect of aperture area on shieldi | shift in the_course of the many c_hang_es that are a natural
effectiveness has also been studied [7]. A power baland rt of any design cycle. From an engineering perspective, how-

method to estimat&s of resonances associated with shieldef'®" predicting a specific resonance frequency is not necessary.
enclosures has also been reported [8] An estimate of the envelope or upper bound of the radiation due

More recent efforts have studied an analytical formulatid interior sources is desirable in engineering design in order to

for the shielding effectiveness of an empty enclosure with ap&gide decisions on the use of EMI gaskets and screws, and the

ize and number of slots and apertures. The approach detailed

tures using an equivalent circuit for the shorted waveguide a &I ds f ol it th ki .
aperture impedance [9], but only up to the fundamental cav OW Proceeds from simple cavity theory, making a;sumptmns
ng the way regarding the modes, source, and cé&yityhich

mode resonance. A calculation of the shielding effectivened based d ical modeli
of rectangular enclosures with apertures by a modal expans?cfﬁ hase P?n mealllsrL:rTmEnts an numerlcr::\ modeling. .
technique has also been reported [10]. Recent work reported N€ Béthe small-hole theory interprets the aperture as a radi-

in [11] investigated the influence of the aperture size, positioffi"d Magnetic dipolé/ along the hole plane, and an electric
dipole P along the direction normal to the hole plane [12]. The

I
)

M andP are related to the short-circuited magnetic field in the
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M. Li was with the University of Missouri, Rolla, MO 65409-0249 USA. She
is currently with Lucent Technologies, Princeton, NJ 08542 USA. as

J. L. Drewniak, T. H. Hubing, R. E. DuBroff, and T. P. Van Doren are with the
Department of Electrical and Computer Engineering, University of Missouri,

—

Rolla, MO 65409-0249 USA. M =P, H, @
S. Radu and J. Nuebel are with Sun Microsystems, Palo Alto, CA 94303 USA. Lo
Publisher Item Identifier S 0018-9375(01)07138-1. P =P.F, (2)

0018-9375/01$10.00 ©2001 IEEE



296 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 43, NO. 3, AUGUST 2001

whereP,, and P, are the magnetic and electric polarizabilitiesin the facez = 0 or » = d, the short-circuited field contributing
respectively. The electric dipole does not contribute to the eldo-the radiation measured in front of the face containing the slot
tric far field at observation points in front of the aperture panels H,, and

Then, the far field is given by 1/2

UJ2 . H. = Arnnpﬁy — 8P0Q (9)
m|M|a () ¥ '

Ho ngpowV (g—é + 1)
wherey is the wave impedance; = 2= f (ffrequency)c is r i . : .
the speed of light, an® is the distance between the source an-(ghe far-field radiation at distance using (6) and (9) is then

|Efar| =n

observation pqint. o _ . 925 —16, 3/273 i
The magnetic polanngmty for aslolt with Ienglhanq width | E g = 5 X 107 w7 L Rl
W can be found in the literature on microwave coupling as [13] In(1+0.660)R |, 10y (‘;—2 + 1)
0.132 5 ' (10)
™ = a1 £ 0.660) (4)  with the number of slot&V included empirically (justified in a

) ] ] _later section) and expressed as a function of frequeficthe
wherec is the ratio of slot lengtlL to slot widthWW. Allunits in - gnproximate far electric field is

this paper are in mks. The magnetic polarizability for a circular e
aperture is [14] B N3'9 x 10-13 L3 f3/2 PO
4 far| —
Pm —_ 5@3 (5) hl(]. + 0660{)R ngNOV (% + 1)
' 11)

whereq is the radius of the circular aperture. According t0 (4Assuming all of the available power is delivered to the enclo-
and (5), the magnetic polarizability of a square aperture is equiyjre j.e.

alent to that of a circular aperture with the same area within )
0.7 dB . Bethe’s expression for the radiated electric field in free P, = s (12)
space can then be augmented for small apertures with léngth 8R;

and widthi" as whereV;, is the noise voltage an8, is the noise source resis-
w?L3|H| tance. Neglecting, and assuming the mode numbgkrsand
In(1 +0.660)R’ (6) B3, are close to each other, an estimate for EMI is

|Etr| = 8.8 x 10717

An arbitrary interior field in an enclosure due to sources can |Erue| ~ 1.2 x 1072NV, L33/ [ Q (13)
be expanded ii"M andZ’E modes for an ideal rectangular en- B T (14 0.660)R RV~

closure of widtha, heightb, and depthd. The distribution of tR—3 ith all t din mk its. th timat
interior fields and currents on the interior walls can be caIcUA- = > M, with all terms expressed in mxs units, the estimate

lated for each cavity mode [8], [15]. The interior fields for aan be expressed in the simplified form of

T M_(mnp) mode for an ideal rectangular cavity can be deter- s NV,L3f3/2 Q
mined analytically [15]. The total energy” stored in a partic- | Ear| = 4.0 x 10 (1 +0.660) V BV (14)
ular mode is related to the fields through the magnetic energy _ _ .
W, as At R = 3 m, (14) is an estimate for the envelope of radiated
EMI from an enclosure that includes the frequency dependence,
W =2W, = 9Ho / |H |2dv number of slots or apertures, perforation dimensions, enclosure
4 volume and@}, and the source properties. The location, polar-
po [ [0 14, 2 ization, and dimensions of the source are not specified because
== (H + H ) dxdydz ; i
2 o Jo Lo z y an approximate worst-case envelope independent of these fac-

) Vo, ) tors is sought. Hence, all of the available power from the source
:Amnp”a% (/330 + ﬁy) (") is used. At resonances, this is a reasonable worst-case approxi-
mation [1]. Equation (14) can also be given in terms of shielding
wheref, = mm/a, 3y = nm/bng = 1forp =0,ny = 1/2  effectiveness. Assuming a short linear dipole with curdeas
forp # 0,V = abd is the volume of the enclosure, arld,., 4 noise source in the enclosure, (13) is calculated using the ra-

is the modal coefficient. . _ _ diated power from the short dipole as available power. The re-
The @ of an enclosure is defined as the ratio of time-avegyting shielding effectivenss is then

aged energy stored in the cavity, to the energy dissipated in the

enclosure in one period. The stored enevy)yis related to the ! /% In(1 + 0.66c)
@ through SE=12x10 NI/ (15)
W= il = Af,mpnggL (/32 +/3§) (8) The dependence on the number and dimensions of the
w Ho

slots (or apertures) is demonstrated using measurements and
wherePF, is the power delivered to the enclosure. The constamiethod of moment (MoM) modeling in the next section. A
Amnp can then be determined. For a slot alongthdirection typical range of values for the enclosupewvas also determined
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Source with impedance

/ 50 ohms

22 cm

s S5cm
14 em I
r&——— 15cm —-——-—y
/'\y R R_terminatipn=47.0 ohms
R SMT
X . 0.9%cm ¢ )

| eve— ./ S—]
0.2cm i 5
‘#’ slot: cm x 0.1 [cm
,gcm e . u| C  tt—

30 cm

Fig. 1. Geometry of the small-test enclosure.

using a production populated printed circuit board (PCB) il Ir pae

an enclosure. The noise-source voltadgeand the real part of - L .
the source impedande, depend on the type of source that is H Py
driving the enclosure resonance. An EMI estimate identical 1 Wb :
that in (13) can also be developed e modes.

I1l. CORROBORATING ANDAPPLYING THE EMI ESTIMATE

The factors forV (the number of slots or apertureé), L (the
slot length), and the absence of terms for the source size, pol
ization and location in (13) require further justification. Both z
measurements and numerical modeling were used for this pi et panct
pose. The EMI estimate was then applied to a testbed desigr P
to approximate a SUN S-1000E server that included the mot L
erboard and plug-in modules in the enclosure interior. Swep —— ==
frequency measurements with a known source were made - i coni
demonstrate the utility of this approach.

Two test enclosures were studied. One was a 22 tdncm Fig. 2. Geometry of the test enclosure approximating the S-1000E enclosure.
x 30 cm cavity excited by a feed probe terminated with &47-
resistor, as shown in Fig. 1. The resistor was introduced to pro- . .
vide the necessary loss for FDTD modeling. The otherenclosureT\_NO'port S-parameter measurements made in a semi-ane-

choic chamber, where the source in the enclosure under test

was a a 40 crr20 cm x50 cm enclosure that mimicked the di- .
mensions of a Sun S-1000E server, as shown in Fig. 2. A patéfS connected to Port 1 of a Wiltron 37 247A network analyzer,

source driven against the top of the enclosure was used to ng a horn antenna outside the enclosure was connected to Port
proximate a noise source driving a heatsink in the real produft, Méasurements were made at 3 m, which is effectively the
which was determined to be the primary coupling path for CP r-field at the frequencies of the enclosure resonances. The net-
harmonics [16]. In the functioning S-1000E, the perforations Woék an?Iyzerdwas placed oﬁts'dil the_ seml-af\fne_chmc chgmber
the side panels were small-hole airflow aperture arrays that ga connigures to meﬁ?‘s_“re the 'rl'eh ec'?on <_:ofe_ I'glléhtl" ar|1

not contribute appreciably to the radiated EMI, and the top a érafmsmlgsmn cge thlemS21|. fe eoigr'cf 'ﬁ was calcu-
bottom had no perforations. Front- and back-panels were ¢ gled from|S2 | and the antenna fact of the antenna at
structed for the S-1000E type test enclosure, as shown in Fig: gnas

to study various aspects of the EMI estimate (13). Radiated EMI

measurements were then made broadside to the front and back _, 1
faces |E|fa_r = ‘/in X |521| X AF = 5‘/5 X |521| X AF (16)
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slot length: 4 em  slot width: 0.16 cm -40 e T L T
small patch
;cm T =50 | oo medium patch|
L 10em v iz 6cm - - - - - large patch
R h leg Zem 8 60f
front panel e 2 ci H HH DU 20em ;
P 2
2.5 cm Lem ;c: -80
F T D O Do o D
-90
40 cm —_— 4002
i 4clm ~ L
fem % 50
8cm = = = = %cm @ -60
T3em H ~ 8
rear panel H g -1 1‘
2.5cm H -80 ¢
P > == 9 1 s 1 /3 90 N ) . )
1.6 1.8 2.0 2.2 24 2.6 28 30
Fig._ 3. The panels used in the S-1000E test enclosure with 4-cm slots Frequency (GHz)
radiators.
Fig. 5. The effect of patch size di$..| (EMI) for the empty S-1000E test
: —— x . ‘ ‘ enclosure.
empty chassis
loaded with populated board
= ~ — loaded with Al board covered by I« terial . . . . .
5 S MY SO This demonstrates that loss due to circuitry inside the enclo-
= sure has a much greater effect@rhan the radiation loss. The
g authors’ experience with other shielded products suggests that
' values of(} in the 10-50 range are typical.
The case of a shielding enclosure loaded with populated
boards is assumed in this application. The impactjobn
the estimate in (13) is not as significant as the aperture and
_ slot factors due to the square root. Teranging from 10 to
g 50 results in a difference of only 7 dB in the estimation. It
§ can approximately be selected by how dense the boards are
o populated, and the board filling in the enclosure. For densely

populated boards and a relatively full enclosure, a number close
_ to ten should be used. For less populated boards, a number
Frequency (GHz) close to 50 is more reasonable.
A conductive lossy material (Milliken-11® /), 0.25-in
Fig. 4. The power delivered to the S-1000 test enclosure and EMI from thgick. on an aluminum plane with the same size as the moth-
enclosure for different loading. ’ . o . .
erboard was utilized to mimic a PCB with electronics. The
_ o o loading effect of the board covered with lossy material in the

whereV}, is the incident voltage at Port 1, which is half of thes-1000 test enclosure is similar to that of the populated S-1000

voltage sourcé’;, with a 50£2 source impedance. motherboard, as shown in Fig. 4. The lossy-material covered
_ board is useful to mimic a populated PCB in enclosure evalu-
A. Quality Factor ation before any electronics are available. This can be useful

TheQ of the enclosure is an important factor in (13). The cafor numerical modeling, as well as experimental enclosure
culated field strength is proportional to the square rospodnd ~ evaluation.
an estimate of th€) for enclosures with interior electronics is
needed in order to apply (13). Measurements of the S-1000E f8s
enclosure were made both with and without a populated mother-The EMI estimate (13), is independent of the interior source
board. An array of fifteen 4-cm long slots was located on the esize, polarization, and location. This assumption was tested
closure front and back faces as the radiators, as shown in Figegperimentally. An arbitrary interior field can be expanded
The measured value ¢f-; | corresponding to the electric fieldin terms of a complete set of enclosure modes, if the modes
at 3 mis shown in Fig. 4. Th€ was calculated from the radi- are known [14]. The modal coefficients of the expansion are
ated measurements as the ratio of a resonance frequency taltermined by the inner product of the particular mode and
half-power bandwidth of that resonance. That enclosure res- the Maxwellian sources [14]. Consequently, the location, size,
onances for the empty test enclosure was as high as 1000. &hd polarization of the effective interior noise source driving
@ for the test enclosure loaded with a populated motherboate enclosure, or the “EMI antenna”, will have a significant
ranged from 10 to 50 at resonances up to approximately 2 Glitapact on the amplitude at any given resonance frequency.

tSource Characterization
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m 1/2 power delivered

small
= medium

Fig. 6. The effect of patch size on input impedance for the empty S-1000E test enclosure.

Further, the location of the EMI antenna, e.g., a heatsir — wpfed | ‘
is a boundary condition that affects the modal resonan 50 [ side feed _
frequencies. However, it is not practical to attempt to predi -~~~ back feed '

the amplitude of the radiated field at each resonance frequer@,
Instead, an estimate of maximum possible field as a function g
frequency is desired. -
Several source geometries—including a protrudin
monopole, circuit-board traces, and various size patches—w
studied experimentally at numerous locations on three ¢
thogonal enclosure walls. Three patch sizes—5xxmM cm,
9 cm x7 cm, and 15 cmx 10 cm,—were used as sources t
determine the effect of patch size. The patches were intencg
to mimic heatsink sources, similar to those in the functionir =
S-1000E product. First, the patches were located op the20 &
cm surface, at location (43, 20, and 33 cm), where the orig
is specified as the left front corner, as depicted in Fig. 2. Ea
patch source was measured individually, and driven against
enclosure wall by a 3-cm long extension of a coaxial-cable fe
probe connected to the patch. The enclosure was loaded witn
a populated motherboard, and the slot configuration was thg. 7. The effect of different source positions || (EMI) for a9 cm x
same as shown in Fig. 3. The resultiftty; | measurements for 7 cm patch source exciting the S-1000E test enclosure.
the S-1000E test enclosure are shown in Fig. 5. The first few
dominant resonance frequencies are relatively unaffectedtliirere were always a few enclosure resonances at which more
frequency or amplitude by the patch size. When the patches #iven half of the power was delivered. Therefore, it is reasonable
of significant dimensions relative to the wavelength, individuab assume that all of the available power is delivered to the
resonance frequencies and amplitudes change. Howewesclosure when making a worst-case estimate.
overall, the EMI envelope for the different patch sizes is not The effect of different source positions and polarizations was
appreciably different. Input-impedance measurements werso measured. Some of these results are shown in Fig. 7. The
also performed and are shown on the Smith Chart in Fig. €nfiguration is the same as above, except the &% &mcm
The thick gray circle indicates the half-power points. Apatch source was located alternately on the top, side, and back
frequencies where the impedance data fall inside the circle, thalls (with respect to Fig. 2). For these measurements, a 25 cm
power delivered to the enclosure is more than half of the powe20 cm one-sided unpopulated board was placed in the cavity
available from the source. For each of the measured patch siZesm from they = 0 wall. In all cases, the EMI envelope is

1.6 1.8 2.0 22 2.4 2.6 2.8 3.0
Frequency (GHz)
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+ = = side

Fig. 8. The effect of different source positions on input impedance focra x 7 cm patch source exciting the S-1000E test enclosure.

100 ohms

20 cm

[ ]

== 10cm U*”’

Fig. 9. Geometry for the transmission line, protruding wire, and patch used to excite cavity mode resonances in the small test enclosure.

approximately the same, though specific resonances may shifthie enclosure wall to establish a connection to the chassis wall.
frequency and amplitude. The input-impedance measuremehie patch EMI antenna was a 3 ¢4 cm copper rectangle
are shown in Fig. 8. Again, there were always a few resonanatached to the 2-cm protruding wire. The trace on the board
at which more than half of the power was delivered for the threeas a 12-cm long transmission line with a 1QGharacteristic
different patch positions. impedance. The results of the radiated emissions measurements
Another source-related issue is the structure of the noigee shown in Fig. 10. The high- resonances are due to the
source. A transmission line (PCB trace), a protruding wirenloaded empty chassis. The transmission line source is the
and a protruding patch source, as shown in Fig. 9, were udedst effective at driving the cavity, especially at frequencies
individually to study the types of sources that may excite cavibyelow 1 GHz. In general, above 1 GHz, the radiated emissions
mode resonances of an enclosure. The three different structuaees 50-20 dB below emissions due to the other two source
were driven against a 10 cxrd5 cm circuit board located 2 cm structures. The 2-cm extended wire is as effective as the patch
above they = 0 face in an otherwise empty test enclosure, ad frequencies above 1 GHz.
shown in Fig. 1. The wire EMI antenna was a monopole-type A conclusion of this study is that for practical EMC design,
structure that extended 2 cm above the board’s ground platiee amplitude of any given resonance is a strong function of the
The outer shield of the semi-rigid coaxial feed cable that peseurce shape, size, and location. However, once a potential noise
etrated the enclosure wall was soldered to the board’s growsalirce extends 1-2 cm above a circuit board, and has dimen-
plane, and was also soldered to a copper tape square placedions greater than approximatdly10J, it may be an effective
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-30 T T T T T T g
-40 | [—— trace excitation ] 3 :/ 40
s b T 2 om wire protrusion 2
=) S0 F 1o—- 2 emwire and a 3cm X 4cm patch protrusion \ i E ©»
= ; g 30
= o
I
a2 R
s 20 - ——
£ o—e
% 10
[
-40 = C‘
2 50 2
g _
= 60 @-7<
<28 -70 §
-80 2'8<
-90 ! if 1 I .1 L 1 l::
1.5 1.6 -1.7 1.8 1.9 20 21 22 23 24 25 - "
o 295 i 4 '
Frequency (GHz) °708 09 1 11 12 13 14 15 1.6 17 L
~
<28

Frequency (GHz)
Fig. 10. The EMI resulting from the enclosure excitation by a transmission
line, protruding wire, and patch in the small test enclosure.

Fig. 11. The radiation from a single slot with varying slot length.

source for driving the enclosure. At that point, the envelope =~ 30 ; ,
the radiation peaks does not shift up or down appreciably a:
function of source geometr_y even though indi\_/idu_al peaks d . B---WFDTD modeling
Consequently, source location, size, and polarization are not g ¥ - ¥ varying as L3
cluded in the EMI estimate. This is fortuitous for practicalag§ [ .z
plications, since the enclosure design is developed concurrerz 20
or prior to the interior electronics, and, further, the complexit'dI

of the interior irregularities makes predicting resonances dift g
cult at best.

@—® mcasurements

10 -
C. Slots and Apertures

diation Relative to

The relation of (13) to the length and number of slots or ape
tures was studied experimentally, and modeled numerically.
single slot with varying slot length on the small test enclosul
shown in Fig. 1 was investigated to demonstrateltheelation %o 4.0 S0 50 70 3.0
between EMI and slot length. Measurements, as well as FD" Slot Length (cm) ’
modeling, were employed, and the agreement was good, with a
maximum difference of 2 dB for the far fields up to 2.2 GHzFig. 12. The relation of EMI to slot length for a single slot.

The FDTD results are omitted in the following for clarity. The

delivered power for slot lengths of 3.5, 4, 5, 6, 7, and 8 cin the small test enclosure in Fig. 1 showed that the radiation
was measured up to 1.8 GHz, and was not affected by the sfatm two slots was 6 dB (two times) greater than the radiation
except for the 8-cm slot, which is/3\ long at 1.2 GHz. The from a single slot. The radiation from three short parallel
cavity modes are the coupling paths. The presence of an el@siele-by-side) slots was approximately 8.5 dB (approximately
trically short slot did not appreciably change the cavity-modaree times) greater than the radiation from a single slot, as
resonances. Th$.; | measurements normalized to the 3.5-crehown in Fig. 13. Measurements of the S-1000E test enclosure
slot, as well as thgS,, | of the 3.5-cm slot, are shown in Fig. 11 for increasing numbers of 1 cl cm apertures in an aperture
The shape of the radiation spectrum did not change appreciaatyay (28 to 252 apertures) on one face also showed that the
with slot length. The increase in emissions at the first few resadiation was directly proportional to the number of apertures
onances]'M, 101, M, 111, and?’M,,201 was approximately [17].

the same, which is summarized in Fig. 12 as a function of slotMoM modeling was also applied to investigate the mutual
length. The curve foL? is normalized to the radiation from thecoupling between apertures and slots. The results indicate that
slot with length 3.5 cm. The agreement is good, with the largesie mutual coupling between apertures is generally insignificant
deviation being 2 dB for the 8-cm slot. if the spacing between apertures is not small compared to the

Equation (13) indicates that the EMI is directly proportionahperture size [18]. The coupling between slots is also generally
to the number of slotsV. The application of thisV-scale not important, for widely-spaced slots, e.g., the coupling be-
factor was investigated with measurements and numeritaken the three parallel slots in Fig. 13 results in only a 0.8-dB
modeling. Measurements and FDTD modeling of two 5-cmlecrease from thév-factor application, and the coupling be-
slots end-to-end, and of two or three 6-cm slots side-by-sitigeen the three serial slots results in a 0.3-dB increase.

&
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Fig. 13. The EMI from side-by-side multiple slots.
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Fig. 15. Comparison of measurements and the EMI estimate for the small-test
enclosure of Fig. 1 excited by a terminated source.

[E| (dBuV/m) at 3m

Fig. 14. Radiation from the S-1000E test enclosure excited by a patch sou

and loaded with the populated S-1000E motherboard.
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Fig. 16. Comparison of measurements and the EMI estimate for the S-1000E
test enclosure excited by a patch source, with a populated motherboard in the

The N L? factor was also tested for the S-1000 test enclaerior.

and seven 5-cm slots were successively measured. The englgsqwidth. The source in this case is well-known, with a nor-

sure was excited by a patch source, and a populated S-1000KizedV. = 1 mV. andR

s = 50 (2 for the network analyzer.

motherboard was placed in the interior. The meas|{fed with - 1o comparison between the esimate and measurement for the

the receiving antenna facing the front panel is shown in Fig.
The increments in radiation from short slots to long slots WelSihin 3 dB. Os
generally uniform at all frequencies, with an average value Ofe%sil
dB between the 2.5-cm slots and the 3.5-cm slots, 2 dB betw

and 5-cm slots. The increments varying/d£.? would be 5.8,
1.5, and 4.6 dB. Again, the agreement is generally good.

D. Application

kst three resonances is shown in Fig. 15. The agreementis good
for the first three cavity-mode resonances are
y calculated from thgs;| measurements by the ratio of

&bk frequency to half-power frequency bandwidth. So an indi-
the 3.5-cm slots and 4-cm slots, and 4 dB between the 4-cm Sl\ﬂ%al O for each mode is used in the equation.

The S-1000E test enclosure excited with a patch source

and loaded with the populated S-1000E motherboard was also
tested. A comparison between measurements and the estimated
field is shown in Fig. 16. Again, the source in this case was

In order to test the applicability of the new EMI estimate, (13)ormalized toV;, = 1 mV, andR, = 50 € for the network

was used to estimate the electric field at 3 m from the smalhalyzer. The&? used to calculate the EMI estimate curve was
enclosure shown in Fig. 1. The cavity was excited by a fedd. Here, a global) is used since the cavity-mode resonances
probe terminated with a 4@-resistor. Th&? of the cavity res- are much more complicated than the case in Fig. 15. All factors
onances could be calculated for this simple case from the de{13) were determined prior to plotting the EMI estimate, and
livered power as the ratio of peak frequency to the half-powtrere are no fitted parameters. The system was then measured
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in a 3-m semi-anechoic chamber. The simple heuristically[9]
developed closed-form expression sufficiently predicted the
envelope of the radiated field strength at enclosure resonances.
Numerically modeling the complicated enclosure geometry10]
including the populated motherboard in this situation, would
not have been practical. However, the EMI estimate in (13) can
be used to provide useful guidance for enclosure design. [11]

IV. SUMMARY AND CONCLUSIONS [12]

EMI from electrically short slots and small apertures resultd13]
from the coupling of interior sources through enclosure cavity
modes. Radiation from shielding enclosures through slots ang4)
apertures has been estimated using a simple heuristically de-
termined closed-form expression, based on Bethe’s small-hof&®
coupling theory. The estimate explicitly accounts for the funcq1sj
tional variation of EMI with frequency, number of apertures,
size of apertures, enclosure volume, cavily and the noise
source voltage and resistance. Measurements and FDTD mop7]
eling were applied to develop and corroborate aspects of the es-
timate. Agreement between measurements (with a well-defined
source) and the estimate was sufficient for application in engipig]
neering design.

The estimate has been developed based on electrically short
slots, though it works reasonably well fbr< /3. The demon-
strated EMI variation with. can be used in design to reduce slot
length to achieve a desired reduction in radiated EMI.
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