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Abstract—A relatively simple, closed-form expression has been
developed to estimate the EMI from shielding enclosures due
to coupling from interior sources through slots and apertures
at enclosure cavity modes. A power-balance method, Bethe’s
small-hole theory, and empirically developed formulas for the
relation between radiation, and slot length and number of slots,
were employed to estimate an upper bound on the radiated EMI
from shielding enclosures. Comparisons between measurements
and estimated field strengths suitably agree within engineering
accuracy.

Index Terms—Apertures, cavities, diffraction, electrical equip-
ment enclosures, shielding.

I. INTRODUCTION

I T IS DIFFICULT to meet EMC requirements for many high-
speed digital electronic products without a shielding enclo-

sure. The integrity of shielding enclosures is compromised by
slots and apertures for heat dissipation, cable penetration, pe-
ripherals and displays. Radiation from slots and apertures in
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
be able to estimate the effectiveness of the shielding enclosure.

Previous studies have found that cavity-mode resonances can
result in significant radiation through electromagnetically short
slots [1]. Radiation from conducting cavities at frequencies
below cavity-mode resonances has been investigated experi-
mentally and numerically [2]–[5]. Recent work determined the
tangential electric fields from simulations and measurements,
then applied equivalence principles to estimate the radiation
from apertures [6]. The effect of aperture area on shielding
effectiveness has also been studied [7]. A power balance
method to estimate of resonances associated with shielded
enclosures has also been reported [8].

More recent efforts have studied an analytical formulation
for the shielding effectiveness of an empty enclosure with aper-
tures using an equivalent circuit for the shorted waveguide and
aperture impedance [9], but only up to the fundamental cavity
mode resonance. A calculation of the shielding effectiveness
of rectangular enclosures with apertures by a modal expansion
technique has also been reported [10]. Recent work reported
in [11] investigated the influence of the aperture size, position,
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and number to the shielding effectiveness of a shielding enclo-
sure. But the analysis was not concentrated on the shielding ef-
fectiveness at cavity-mode resonances. Much of the work done
to date employs simulations that require significant computa-
tional resources and time, and may only be suitable for simple or
ideal cases. This paper presents a relatively simple closed-form
expression for estimating the radiated EMI from shielding en-
closures as a worst-case envelope, instead of each individual
cavity-mode resonance. Both analytical and empirical analyses
are used. The application is for over-moded shielding enclosures
at high frequencies. Many digital products, e.g., computers, are
in this catagory.

An ideal rectangular cavity is first analyzed using a power
balance method. The interior electronics are treated as a factor
affecting the of the shielding enclosure. Then, the slots are
modeled as radiation sources using Bethe’s small hole theory
for slots less than . Though the EMI estimate is based on
a simple model, the comparison between the measurements and
calculations is acceptable for engineering development.

II. DEVELOPMENT OF ANEMI ESTIMATE

A shielding enclosure has resonances associated with its di-
mensions. In practice, the exterior of shielding enclosures is
often rectangular. However, the interior is broken up by cir-
cuit–board planes, plug-in modules, large heatsinks, sub-enclo-
sures for power supplies, and other metal surfaces. These sur-
faces will affect resonance frequencies and cavity. With so
much complexity in the enclosure interior, these frequencies
will shift in the course of the many changes that are a natural
part of any design cycle. From an engineering perspective, how-
ever, predicting a specific resonance frequency is not necessary.
An estimate of the envelope or upper bound of the radiation due
to interior sources is desirable in engineering design in order to
guide decisions on the use of EMI gaskets and screws, and the
size and number of slots and apertures. The approach detailed
below proceeds from simple cavity theory, making assumptions
along the way regarding the modes, source, and cavity, which
are based on measurements and numerical modeling.

The Bethe small-hole theory interprets the aperture as a radi-
ating magnetic dipole along the hole plane, and an electric
dipole along the direction normal to the hole plane [12]. The

and are related to the short-circuited magnetic field in the
hole plane , and the normal short-circuited electric field
as

(1)

(2)
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where and are the magnetic and electric polarizabilities,
respectively. The electric dipole does not contribute to the elec-
tric far field at observation points in front of the aperture panels.
Then, the far field is given by

(3)

where is the wave impedance, ( frequency), is
the speed of light, and is the distance between the source and
observation point.

The magnetic polarizability for a slot with lengthand width
can be found in the literature on microwave coupling as [13]

(4)

where is the ratio of slot length to slot width . All units in
this paper are in mks. The magnetic polarizability for a circular
aperture is [14]

(5)

where is the radius of the circular aperture. According to (4)
and (5), the magnetic polarizability of a square aperture is equiv-
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
space can then be augmented for small apertures with length
and width as

(6)

An arbitrary interior field in an enclosure due to sources can
be expanded in and modes for an ideal rectangular en-
closure of width , height , and depth . The distribution of
interior fields and currents on the interior walls can be calcu-
lated for each cavity mode [8], [15]. The interior fields for a

mode for an ideal rectangular cavity can be deter-
mined analytically [15]. The total energy stored in a partic-
ular mode is related to the fields through the magnetic energy

as

(7)

where , , for ,
for , is the volume of the enclosure, and
is the modal coefficient.

The of an enclosure is defined as the ratio of time-aver-
aged energy stored in the cavity, to the energy dissipated in the
enclosure in one period. The stored energyis related to the

through

(8)

where is the power delivered to the enclosure. The constant
can then be determined. For a slot along thedirection

in the face or , the short-circuited field contributing
to the radiation measured in front of the face containing the slot
is , and

(9)

The far-field radiation at distance using (6) and (9) is then

(10)
With the number of slots included empirically (justified in a
later section) and expressed as a function of frequency,, the
approximate far electric field is

(11)
Assuming all of the available power is delivered to the enclo-
sure, i.e.,

(12)

where is the noise voltage and is the noise source resis-
tance. Neglecting and assuming the mode numbersand

are close to each other, an estimate for EMI is

(13)

At m, with all terms expressed in mks units, the estimate
can be expressed in the simplified form of

(14)

At m, (14) is an estimate for the envelope of radiated
EMI from an enclosure that includes the frequency dependence,
number of slots or apertures, perforation dimensions, enclosure
volume and , and the source properties. The location, polar-
ization, and dimensions of the source are not specified because
an approximate worst-case envelope independent of these fac-
tors is sought. Hence, all of the available power from the source
is used. At resonances, this is a reasonable worst-case approxi-
mation [1]. Equation (14) can also be given in terms of shielding
effectiveness. Assuming a short linear dipole with currentas
a noise source in the enclosure, (13) is calculated using the ra-
diated power from the short dipole as available power. The re-
sulting shielding effectivenss is then

(15)

The dependence on the number and dimensions of the
slots (or apertures) is demonstrated using measurements and
method of moment (MoM) modeling in the next section. A
typical range of values for the enclosurewas also determined
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Fig. 1. Geometry of the small-test enclosure.

using a production populated printed circuit board (PCB) in
an enclosure. The noise-source voltageand the real part of
the source impedance depend on the type of source that is
driving the enclosure resonance. An EMI estimate identical to
that in (13) can also be developed forTE modes.

III. CORROBORATING ANDAPPLYING THEEMI ESTIMATE

The factors for (the number of slots or apertures),, (the
slot length), and the absence of terms for the source size, polar-
ization and location in (13) require further justification. Both
measurements and numerical modeling were used for this pur-
pose. The EMI estimate was then applied to a testbed designed
to approximate a SUN S-1000E server that included the moth-
erboard and plug-in modules in the enclosure interior. Swept-
frequency measurements with a known source were made to
demonstrate the utility of this approach.

Two test enclosures were studied. One was a 22 cm14 cm
30 cm cavity excited by a feed probe terminated with a 47-

resistor, as shown in Fig. 1. The resistor was introduced to pro-
vide the necessary loss for FDTD modeling. The other enclosure
was a a 40 cm20 cm 50 cm enclosure that mimicked the di-
mensions of a Sun S-1000E server, as shown in Fig. 2. A patch
source driven against the top of the enclosure was used to ap-
proximate a noise source driving a heatsink in the real product,
which was determined to be the primary coupling path for CPU
harmonics [16]. In the functioning S-1000E, the perforations in
the side panels were small-hole airflow aperture arrays that did
not contribute appreciably to the radiated EMI, and the top and
bottom had no perforations. Front- and back-panels were con-
structed for the S-1000E type test enclosure, as shown in Fig. 3,
to study various aspects of the EMI estimate (13). Radiated EMI
measurements were then made broadside to the front and back
faces.

Fig. 2. Geometry of the test enclosure approximating the S-1000E enclosure.

Two-port -parameter measurements made in a semi-ane-
choic chamber, where the source in the enclosure under test
was connected to Port 1 of a Wiltron 37 247A network analyzer,
and a horn antenna outside the enclosure was connected to Port
2. Measurements were made at 3 m, which is effectively the
far-field at the frequencies of the enclosure resonances. The net-
work analyzer was placed outside the semi-anechoic chamber
and configured to measure the reflection coefficient , and
the transmission coefficient . The electric field was calcu-
lated from and the antenna factor of the antenna at
3 m as

(16)
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Fig. 3. The panels used in the S-1000E test enclosure with 4-cm slots as
radiators.

Fig. 4. The power delivered to the S-1000 test enclosure and EMI from the
enclosure for different loading.

where is the incident voltage at Port 1, which is half of the
voltage source , with a 50 source impedance.

A. Quality Factor

The of the enclosure is an important factor in (13). The cal-
culated field strength is proportional to the square root of, and
an estimate of the for enclosures with interior electronics is
needed in order to apply (13). Measurements of the S-1000E test
enclosure were made both with and without a populated mother-
board. An array of fifteen 4-cm long slots was located on the en-
closure front and back faces as the radiators, as shown in Fig. 3.
The measured value of corresponding to the electric field
at 3 m is shown in Fig. 4. The was calculated from the radi-
ated measurements as the ratio of a resonance frequency to the
half-power bandwidth of that resonance. Theat enclosure res-
onances for the empty test enclosure was as high as 1000. The

for the test enclosure loaded with a populated motherboard
ranged from 10 to 50 at resonances up to approximately 2 GHz.

Fig. 5. The effect of patch size onjS j (EMI) for the empty S-1000E test
enclosure.

This demonstrates that loss due to circuitry inside the enclo-
sure has a much greater effect onthan the radiation loss. The
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 impact ofon
the estimate in (13) is not as significant as the aperture and
slot factors due to the square root. Theranging from 10 to
50 results in a difference of only 7 dB in the estimation. It
can approximately be selected by how dense the boards are
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
close to 50 is more reasonable.

A conductive lossy material (Milliken-110 ), 0.25-in
thick, on an aluminum plane with the same size as the moth-
erboard was utilized to mimic a PCB with electronics. The
loading effect of the board covered with lossy material in the
S-1000 test enclosure is similar to that of the populated S-1000
motherboard, as shown in Fig. 4. The lossy-material covered
board is useful to mimic a populated PCB in enclosure evalu-
ation before any electronics are available. This can be useful
for numerical modeling, as well as experimental enclosure
evaluation.

B. Source Characterization

The EMI estimate (13), is independent of the interior source
size, polarization, and location. This assumption was tested
experimentally. An arbitrary interior field can be expanded
in terms of a complete set of enclosure modes, if the modes
are known [14]. The modal coefficients of the expansion are
determined by the inner product of the particular mode and
the Maxwellian sources [14]. Consequently, the location, size,
and polarization of the effective interior noise source driving
the enclosure, or the “EMI antenna”, will have a significant
impact on the amplitude at any given resonance frequency.
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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 heatsink,
is a boundary condition that affects the modal resonance
frequencies. However, it is not practical to attempt to predict
the amplitude of the radiated field at each resonance frequency.
Instead, an estimate of maximum possible field as a function of
frequency is desired.

Several source geometries—including a protruding
monopole, circuit-board traces, and various size patches—were
studied experimentally at numerous locations on three or-
thogonal enclosure walls. Three patch sizes—5 cm4 cm,
9 cm 7 cm, and 15 cm 10 cm,—were used as sources to
determine the effect of patch size. The patches were intended
to mimic heatsink sources, similar to those in the functioning
S-1000E product. First, the patches were located on the20
cm surface, at location (43, 20, and 33 cm), where the origin
is specified as the left front corner, as depicted in Fig. 2. Each
patch source was measured individually, and driven against the
enclosure wall by a 3-cm long extension of a coaxial-cable feed
probe connected to the patch. The enclosure was loaded with
a populated motherboard, and the slot configuration was the
same as shown in Fig. 3. The resulting measurements for
the S-1000E test enclosure are shown in Fig. 5. The first few
dominant resonance frequencies are relatively unaffected in
frequency or amplitude by the patch size. When the patches are
of significant dimensions relative to the wavelength, individual
resonance frequencies and amplitudes change. However,
overall, the EMI envelope for the different patch sizes is not
appreciably different. Input-impedance measurements were
also performed and are shown on the Smith Chart in Fig. 6.
The thick gray circle indicates the half-power points. At
frequencies where the impedance data fall inside the circle, the
power delivered to the enclosure is more than half of the power
available from the source. For each of the measured patch sizes,

Fig. 7. The effect of different source positions onjS j (EMI) for a 9 cm�
7 cm patch source exciting the S-1000E test enclosure.

there were always a few enclosure resonances at which more
than half of the power was delivered. Therefore, it is reasonable
to assume that all of the available power is delivered to the
enclosure when making a worst-case estimate.

The effect of different source positions and polarizations was
also measured. Some of these results are shown in Fig. 7. The
configuration is the same as above, except the 9 cm7 cm
patch source was located alternately on the top, side, and back
walls (with respect to Fig. 2). For these measurements, a 25 cm

20 cm one-sided unpopulated board was placed in the cavity
3 cm from the wall. In all cases, the EMI envelope is
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Fig. 8. The effect of different source positions on input impedance for a9 cm� 7 cm patch source exciting the S-1000E test enclosure.

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 shift in
frequency and amplitude. The input-impedance measurements
are shown in Fig. 8. Again, there were always a few resonances
at which more than half of the power was delivered for the three
different patch positions.

Another source-related issue is the structure of the noise
source. A transmission line (PCB trace), a protruding wire,
and a protruding patch source, as shown in Fig. 9, were used
individually to study the types of sources that may excite cavity
mode resonances of an enclosure. The three different structures
were driven against a 10 cm15 cm circuit board located 2 cm
above the face in an otherwise empty test enclosure, as
shown in Fig. 1. The wire EMI antenna was a monopole-type
structure that extended 2 cm above the board’s ground plane.
The outer shield of the semi-rigid coaxial feed cable that pen-
etrated the enclosure wall was soldered to the board’s ground
plane, and was also soldered to a copper tape square placed on

the enclosure wall to establish a connection to the chassis wall.
The patch EMI antenna was a 3 cm4 cm copper rectangle
attached to the 2-cm protruding wire. The trace on the board
was a 12-cm long transmission line with a 100-characteristic
impedance. The results of the radiated emissions measurements
are shown in Fig. 10. The high- resonances are due to the
unloaded empty chassis. The transmission line source is the
least effective at driving the cavity, especially at frequencies
below 1 GHz. In general, above 1 GHz, the radiated emissions
are 50–20 dB below emissions due to the other two source
structures. The 2-cm extended wire is as effective as the patch
at frequencies above 1 GHz.

A conclusion of this study is that for practical EMC design,
the amplitude of any given resonance is a strong function of the
source shape, size, and location. However, once a potential noise
source extends 1–2 cm above a circuit board, and has dimen-
sions greater than approximately , it may be an effective
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Fig. 10. The EMI resulting from the enclosure excitation by a transmission
line, protruding wire, and patch in the small test enclosure.

source for driving the enclosure. At that point, the envelope of
the radiation peaks does not shift up or down appreciably as a
function of source geometry even though individual peaks do.
Consequently, source location, size, and polarization are not in-
cluded in the EMI estimate. This is fortuitous for practical ap-
plications, since the enclosure design is developed concurrently
or prior to the interior electronics, and, further, the complexity
of the interior irregularities makes predicting resonances diffi-
cult at best.

C. Slots and Apertures

The relation of (13) to the length and number of slots or aper-
tures was studied experimentally, and modeled numerically. A
single slot with varying slot length on the small test enclosure
shown in Fig. 1 was investigated to demonstrate therelation
between EMI and slot length. Measurements, as well as FDTD
modeling, were employed, and the agreement was good, with a
maximum difference of 2 dB for the far fields up to 2.2 GHz.
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 cm
was measured up to 1.8 GHz, and was not affected by the slot,
except for the 8-cm slot, which is long at 1.2 GHz. The
cavity modes are the coupling paths. The presence of an elec-
trically short slot did not appreciably change the cavity-mode
resonances. The measurements normalized to the 3.5-cm
slot, as well as the of the 3.5-cm slot, are shown in Fig. 11.
The shape of the radiation spectrum did not change appreciably
with slot length. The increase in emissions at the first few res-
onances, , , and was approximately
the same, which is summarized in Fig. 12 as a function of slot
length. The curve for is normalized to the radiation from the
slot with length 3.5 cm. The agreement is good, with the largest
deviation being 2 dB for the 8-cm slot.

Equation (13) indicates that the EMI is directly proportional
to the number of slots . The application of this -scale
factor was investigated with measurements and numerical
modeling. Measurements and FDTD modeling of two 5-cm
slots end-to-end, and of two or three 6-cm slots side-by-side

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

Fig. 12. The relation of EMI to slot length for a single slot.

in the small test enclosure in Fig. 1 showed that the radiation
from two slots was 6 dB (two times) greater than the radiation
from a single slot. The radiation from three short parallel
(side-by-side) slots was approximately 8.5 dB (approximately
three times) greater than the radiation from a single slot, as
shown in Fig. 13. Measurements of the S-1000E test enclosure
for increasing numbers of 1 cm1 cm apertures in an aperture
array (28 to 252 apertures) on one face also showed that the
radiation was directly proportional to the number of apertures
[17].

MoM modeling was also applied to investigate the mutual
coupling between apertures and slots. The results indicate that
the mutual coupling between apertures is generally insignificant
if the spacing between apertures is not small compared to the
aperture size [18]. The coupling between slots is also generally
not important, for widely-spaced slots, e.g., the coupling be-
tween the three parallel slots in Fig. 13 results in only a 0.8-dB
decrease from the -factor application, and the coupling be-
tween 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.

Fig. 14. Radiation from the S-1000E test enclosure excited by a patch source
and loaded with the populated S-1000E motherboard.

The factor was also tested for the S-1000 test enclo-
sure. Fourteen 2.5-cm slots, ten 3.5-cm slots, eight 4-cm slots,
and seven 5-cm slots were successively measured. The enclo-
sure was excited by a patch source, and a populated S-1000E
motherboard was placed in the interior. The measured with
the receiving antenna facing the front panel is shown in Fig. 14.
The increments in radiation from short slots to long slots were
generally uniform at all frequencies, with an average value of 5
dB between the 2.5-cm slots and the 3.5-cm slots, 2 dB between
the 3.5-cm slots and 4-cm slots, and 4 dB between the 4-cm slots
and 5-cm slots. The increments varying as would be 5.8,
1.5, and 4.6 dB. Again, the agreement is generally good.

D. Application

In order to test the applicability of the new EMI estimate, (13)
was used to estimate the electric field at 3 m from the small
enclosure shown in Fig. 1. The cavity was excited by a feed
probe terminated with a 47-resistor. The of the cavity res-
onances could be calculated for this simple case from the de-
livered power as the ratio of peak frequency to the half-power

Fig. 15. Comparison of measurements and the EMI estimate for the small-test
enclosure of Fig. 1 excited by a terminated source.

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
interior.

bandwidth. The source in this case is well-known, with a nor-
malized mV, and 50 for the network analyzer.
The comparison between the esimate and measurement for the
first three resonances is shown in Fig. 15. The agreement is good
within 3 dB. for the first three cavity-mode resonances are
easily calculated from the measurements by the ratio of
peak frequency to half-power frequency bandwidth. So an indi-
vidual 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
normalized to 1 mV, and 50 for the network
analyzer. The used to calculate the EMI estimate curve was
15. Here, a global is used since the cavity-mode resonances
are much more complicated than the case in Fig. 15. All factors
in (13) were determined prior to plotting the EMI estimate, and
there are no fitted parameters. The system was then measured
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in a 3-m semi-anechoic chamber. The simple heuristically
developed closed-form expression sufficiently predicted the
envelope of the radiated field strength at enclosure resonances.
Numerically modeling the complicated enclosure geometry
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.

IV. SUMMARY AND CONCLUSIONS

EMI from electrically short slots and small apertures results
from the coupling of interior sources through enclosure cavity
modes. Radiation from shielding enclosures through slots and
apertures has been estimated using a simple heuristically de-
termined closed-form expression, based on Bethe’s small-hole
coupling theory. The estimate explicitly accounts for the func-
tional variation of EMI with frequency, number of apertures,
size of apertures, enclosure volume, cavity, and the noise
source voltage and resistance. Measurements and FDTD mod-
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 engi-
neering design.

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

Although this estimate is a useful tool for designing and eval-
uating shielding enclosures, a shortcoming of this approach is
the current lack of knowledge regarding the source properties
and for the estimate. A common source that derives shielded
enclosure resonances is an active IC that couples to a larger
structure such as a heat sink. Models that can be used to esti-
mate and for this type of source, and other coupling paths
must be developed.
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