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EMI from Airflow Aperture Arrays in Shielding
Enclosures—Experiments, FDTD, and MoM
Modeling
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Abstract—Aperture arrays designed to provide airflow through long-wire feed
shielding enclosures can provide part of the coupling path from in-
terior sources to external electromagnetic interference (EMI). In
this work, radiation through aperture arrays is investigated nu-
merically and experimentally. FDTD modeling is compared with
measurements on aperture arrays in a test enclosure. The method
of moments (MoM) is also utilized to study radiation from aper-
tures and to investigate the mutual coupling between apertures in
an infinite conducting plane. A simple design equation for the rela-
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|. INTRODUCTION i SEssEssmEEsEsEEE

HE integrity of shielding enclosures is compromisec

by slots and apertures for heat dissipation, CD-ROM'’s
input/output (I/O) cable penetration, and plate-covered unused
connector ports, among other possibilities. Radiation froR -
slots can usually be minimized with electromagnetic gasketing.
However, it is more difficult to mitigate the radiation from A rectangular test enclosure with a number of interchange-
intended apertures. Enclosures for high-speed digital desigitsie front faces to accommodate different aperture arrays was
use perforated metal sheets instead of large open aperturesr@sstigated experimentally and with FDTD modeling. MoM
airflow and heat dissipation. Heat dissipation requiremenisodeling was also utilized to study the nature of aperture radi-
place a lower bound on the size of the apertures in the perfaion as a function of mutual coupling between individual aper-
ration pattern. That can lead to electromagnetic interferengges. The modeling results from three aperture arrays were cor-
(EMI) problems at high frequencies. Considerable work hasborated with measurements. A simple design equation is pro-
been done in the study of energy coupling from an enclosysgsed for relating the EMI from aperture arrays to the size and
through one aperture [1]-[6], as well as the diffraction of elegrumbers of the apertures. The design equation agrees well with
tromagnetic waves from perforated aperture arrays [7]-[1}he measurements and the numerical modeling results.
though investigations of coupling between cavity modes and
aperture arrays are limited. Further, a closed-form expressign \1 easUREMENT AND NUMERICAL MODELING PROCEDURES
or empirical approach for airflow aperture array design is
desirable for quick engineering calculations. Proper desi nA shielding enclosure mimicking an actual product enclosure

of airflow aperture arrays is critical in minimizing EMI from T0r @ file server is shown in Fig. 1. The interior Qimensions of
enclosure designs for high-speed digital systems. the enclosure were 40 cm 20 cmx 50 cm. One-inch copper

tape with a conductive adhesive was used as an electromagnetic

. . ) seal along the interior seams. The enclosure was constructed
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Fig. 2. The five aperture array geometries studied.

aperture size, as opposed to a 2 cm aperture size, was chdbersource impedance equaled the characteristic impedance (50
due to restrictions on the geometry in the FDTD modeling. THe) of the coaxial cable connected to Ports 1 and 2. The available
total number of apertures in these three aperture arrays was Zifyer was then 2.5 nW.

112, and 60, respectively. A terminated feed probe at 43 Far-zone electric field measurements were made with a sep-
cm, z = 33 cm was employed as an excitation source. Tharation of 3 m between the enclosure and the receiving antenna.
center conductor of the probe was extended to span the widthe far-zone electric field provides a quantitative measurement
of the cavity with a 0.16-cm-diameter wire and terminated oof the levels of EMI and is related to thfeparameters by [13]

the opposite cavity wall with a 1206 package size surface-mount

(SMT) nominal 472 resistor soldered to a 1.5in1.5 in square Ezm = AFx|Sa|x V1 2

of conductive adhesive copper tape. A layer of LI lossy
material (Milliken) with a thickness of approximately 1 cm wa
placed against the = 50 cm wall to reduce th&) of the en-
closure, which unloaded is artificially high as compared to
enclosure loaded with electronics.

S-parameters and radiated EMI measurements were pg s ; )
formed in a 3-m anechoic chamber. Two-péHparameters The finite-difference time-domain (FDTD) method was em-

were measured with a Wiltron 37 247A network analyzer Pol?{oyed to model the test enclosure excited by a terminated feed
' é?be. Two additional aperture arrays, with aperture sizes of 2.5

1 was connected to the interior source in the enclosure un& .
test, and Port 2 was connected to a log-periodic dipole arr x 2.5¢m, and 3cnx 3cm, edge-to-edge aperture spacings of
(200 MHz-5 GHz) receiving antenna. The network analyzer and 2.0 cm_anq aperture numbers_of 4.4 and 28 respectively,
was placed outside the anechoic chamber to measure the YE"® ","ISO studpd in the F[.)TD modeling in addition to the ge-
fecion 5 and e ransmissio|. The powerceivered 13 Consdered experenal. Pt paterns of he e
to the enclosure is related 5, through [12] cmx 2.05 cm apertures, a cell size of x®.5cmx 1.0 cmwas
V2 ) used for all FDTD modeling. For the 2.05 cm2.05 cm aper-
P= 870 (1—1511l%) (1)  ture case, acomputational cell size of 0.5125cM5125 cmx
1.0 cm was used. Based upon the enclosure dimensions shown
whereV; is the source voltage ar, is the source impedancein Fig. 1, the total number of computational cells required for
as well as the characteristic impedance of the coaxial cable thie FDTD modeling is approximately 650 000. Further reducing
this particular case, the source voltage was scaled to 1 mV amdl size to 0.25 cnx 0.25 cmx 1.0 cm will resultin a total cell

gvhereAF is the antenna factor of the receiving antenna, &nd

is the incident voltage at Port 1, which was 0.5 mV for the scaled
mV source with a 50 source impedance. From the relation
etween delivered power and far-zone fields, the coupling of

p{ll from the shielding enclosure can be studied.




LI et al: EMI FROM AIRFLOW APERTURE ARRAYS IN SHIELDING ENCLOSURES—EXPERIMENTS, FDTD AND MoM MODELING 267

number of approximately 1 800 000 [where the space betwegrre combined herein to study the radiation from shielding en-
the enclosure and perfectly matched layers (PML) remained ttlesures through aperture arrays.

same]. Aluminum plates were modeled as perfect electric con-The integral equation formulation for apertures in an infinite
ducting (PEC) surfaces by setting the tangential electric fieldsperfect electric conductor plane= 0 is [21]

zero on the cavity walls. The wire feed-probe was modeled using 1

a thin-wire algorithm [14]. The source was modeled by a simple g=attered o 5 — _H' (7 w) x 2 = —=H*(F,w) x 2 (3)
voltage sourc&;, witha502resistance incorporatedintoasingle 2

cellatthe feed point. The magnetic fields circling the source wefighere /i (7, w) is the incident magnetic field anfi*< (7, w) is
modeledinthe same fashionasathinwire to give the cross sectigg short-circuited magnetic field fer < 0 (assuming there is
of the source a specified physical dimension [15]. The resistgy source at > 0), i.e., the magnetic field over the aperture
was modeled as a lumped element using a subcellular algoritfg’atprim with an entire conducting plane, afftcattered is the
[16]. The width of the SMT resistor is approximately that of thenagnetic field scattered from the apertutés the coordinate in

were modeled with the same diameter as that of the feed wirely expressed as

modifying the magnetic field components circling the SMT in

the same fashion as for the source. The lossy material was simply w7 J R N
modeled by a one-cell layer of conducting material with a con- Jul(rw) + WHOEQ V(v - Frw))| x 2
ductivity of ¢ = 0.0227 S/cm. For the electric field components
inside the conducting layer, a conductivityoft= 0.0227 S/cm
was employed, while a conductivity ef= 0.0227/2 S/cm was
employed for the components on the interface of the conducti
layer and free space [14]. PML absorbing boundary conditio . . : )
wgre employed %rthe[thr]ee-dimensionalg(]3-D) FDT}l; modelin (7, w) and 'S dgtermme_d from the equivalent magnetic surface
[17]. The PML absorbing layers were four cells away from the rrent densityl/, (', w) in the aperture. The equivalent mag-

conducting planeswithouttheaperturesandeightcellsawayfr(ir)]etlc surface current density in the aperture is, in turn, related

the conducting plane containing the apertures. In order to red cmhs eIectnAc f'elgi(“ w) in the p'a’_‘e o_f the aperture through

the computation time, 10 000 time steps are recorded in all t eS(T’w) =% x B(7,w). Further, using image theory [19]

FDTD modeling and an additional 80 000 steps are extrapolated i . o dkIF—7|

using Prony’s method [18]. The accuracy of the extrapolation  F(7\w) =2 x — // MS(F'M)W ds'  (5)

is checked by running one FDTD modeling out to 40 000 time TSI S

steps. The relative deviation between the extrapolation and thieere S, is the aperture area ards the wave number. Equa-

FDTD result is less than 2%. The computation time required @ion (4) can then be discretized and solved using the MoM.

a workstation is then reduced from approximately 160 to 20 ISpecifically, triangle basis functions and a Galerkin's proce-
The far-zone field was obtained by applying equivalenadure were employed herein to solve for the equivalent magnetic

theory to the FDTD modeling results. Specifically, the FDTBurface current densitMS (7) in the apertures [22]. The field

method was used to calculate the electric and magnetic fieldsstrength at a distance of 3 m, using far-field approximations

a virtual surfaceS’ completely surrounding the FDTD model(which is appropriate for the electric field at 3 m fr> 500

of the enclosure. From the calculated values of the electiHz), from the aperture arrays is calculated frdﬁ(ﬁ,w) as

and magnetic fields on this surface, equivalent magnetic aji®]

electric surface current distributions,(7,t) and M,(7,t) . .

were determined. The far-zone electric and magnetic potentials |E3 | 2 [jnwF(r = 3m,w)|. (6)

—

a(r,t) and f(¥,t) were then calculated from these equivaleré

1 -
= SHS(Fw) x 2 @)

whereyo ande, are the permeability and permittivity of free-
n . . L
égace, respectively. The vector electric potential is denoted by

—

current distributions [19], [20]. Finally, the frequency-domai ssutr;:mg_ t:\e fo;t_pr;nt of tk:jeﬂ?perturte array 1 lmuclh smalledr
far-zone electric field components were found from the fa an the distancéx = Jm, and In€ aperiures are closety space
Fourier transformation of the vector potentials. relative to a wavelength (which is generally satisfied), the ex-

A considerable number of cells is required in order to acchression for £ | can be reduced to
rately model an aperture using FDTD, especially for small aper- N . g eIRR - ,
tures, i.e., the apertures considered herein. The FDTD modeling |E3 m(w)| =~ ‘Jﬁw% R // M,(7",w) ds
results from the above discretization of 0.5 &m0.5 cmx 1 S
cm can result in significant inaccuracy for the apertures inVQﬁhereffSn M,(7,w) ds is denoted as],(w) for each aperture

tigated, especially for the 1 cm 1 cm aperture where thereor aperture array. The radiated electric field strength is then
were only four FDTD cells in the aperture. A finer mesh was

not practical due to limitations of available computational re- |Es m(w)| ~ eo | My (w)]. (8)
sources. Therefore, integral equation modeling and the MoM 2nR

were also utilized to study the radiation from apertures and tBénce the equivalent magnetic surface current density vector in
mutual coupling between apertures. To simplify the computtite aperture is directly proportional to radiated EMI, the mag-
tion in the integral equation formulation, apertures in an infiniteitude of]\th(w) can be used to study the effects of aperture
conducting plane were investigated. FDTD modeling and Mokbupling on EMI.

()
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Fig. 4. The comparison between measurements and FDTD modeling of
Fig. 3. The delivered power for the aperture arrays. aperture arrays in the test enclosure.
I1l. COMPARISON OFMEASUREMENTS ANDNUMERICAL the exception of a few frequencies near the cavity mode reso-
MODELING nance at 1.0 GHz and at frequencies approaching the high end

of the measurements (1.2 GHz), agreement between the scaled

I_Expen_mental measurements and FDTD modeling were ug easurements and the modeling results was generally within 3
to investigate the 1.0, 1.5, and 2.05 cm aperture arrays. In a

) . 3 for each of the three aperture sizes considered. The larger
tion, FDTD modeling was conducted for the 2.5 and 3 cm apeéi’screpancies at higher frequencies3(dB) seem to be compa-

ture arrays. The resultmg <_jeI|v_ered power _scaled 10 & SOULLRy|e for all three aperture arrays and may be due to neglecting
voltage of 1 mV is shown in Fig. 3. The thin curves prese

. . ; e frequency dependent characteristic of the lossy material in
the modeling results while the thick curves present the res I8 d y cep y

. ) FDTD modeling. The shape of the frequency response for
of_measurement_s. Although there are Se"?f?' _dlfferent thin a2 electric field strength is the same for all the aperture arrays,
thick curves in this figure, the fact that the individual curves arg. . indicating that the power radiated through the aperture ar-
difficult to discern indicates that the measured and modeled l}%s is only a small fraction of the power delivered to the enclo-
sults are in close agreement and also indicates that the power,

. . . ) sure, and that there are no aperture resonances in the frequency
livered at any frequency is relatively independent of the apertyr

array. In short, the power radiated through the aperture array is%ge studied.
small fraction of the power delivered to the enclosure since th
total power delivered to the enclosure includes power dissipate
in the lossy material, the source resistance, and wall losses. This
observation is confirmed further by the fact that the modeled re-Accurate FDTD modeling requires a sufficient number of
sult for a sealed enclosure for which there is no radiated powsails in the aperture to adequately model the field distribution.
agrees well with both the modeled and experimental results fiine number of cells per aperture in the FDTD modeling herein
enclosures having apertures. The few discrepancies in this figuagied from four cells in the 1.0-cm aperture array to 36 for the
resulted in part from an imperfect alignment of the feed prol80-cm aperture array. A compensation procedure, based on a
in the experimental measurements. Misalignment of the feedmparison between FDTD and MoM modeling results was,
probe caused the excitation of additional modes not presenttierefore, developed to compensate for the effect of an inade-
the modeled results. guate number of cells and different cell numbers in the aper-
Radiated measurements were made to corroborate the modes. The MoM modeling approach, as used herein, had over
eling on 1.0, 1.5, and 2.05 cm aperture arrays. A comparisd@0 mesh elements per aperture with a finer sampling near the
between the modeled and radiated electric field measuremepasiphery of the aperture.
is shown in Fig. 4. The effect of a nonzero aluminum plate thick- First, a comparison was made between radiated field mea-
nesst, for the panel containing the aperture array was consisdrements (at 3 m) and FDTD modeling for a 3 &m4 cm
ered by using an empirical estimate3#(¢./d) (dB), whered aperture in a small enclosure with an interior dimension of 22
is the diameter of a circular hole having an area equal to thm x 14 cmx 30 cm, as shown in Fig. 5(a). The FDTD mod-
area of a single square aperture [24]. If the square aperture hatimg was 3 dB below the measurements for a cell size of 0.5
length ofa along each side, the correction factor can be writteam x 0.5 cm (48 cells per aperture), and 10 dB below the mea-
asl6./n x (t./a) (dB). These factors were calculated as 4.7 dBurement for a cell size of 1 cx 1 cm (12 cells per aperture).
for the 1-cm aperture array, 1.9 dB for the 1.5-cm aperture arrétyboth cases, the cell dimension in the directions perpendicular
and 1.4 dB for the 2.05-cm aperture array, and have been adtethe aperture was 1 cm. These results suggest a compensation
only to the measured results shown in Figs. 4, 5, 8, and 12. Witittor of 3 dB for the 0.5 cnx 0.5 cm cell size. The results

. COMPENSATION IN THEFDTD MODELING FOR COARSE
APERTUREDISCRETIZATION
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0.085"" semi-rigid coaxial cable feed A similar equivalence of the ratios @#4;| for the infinite plane

Source with impedance and enclosure cases was observed for all of the other aperture
50 ohms$ . . . . .

' sizes as well (although the ratio was in each case different). This
e suggests that the relation between the relative EMI level and
2cm 5 aperture size does not depend on whether the aperture is in an
' infinite conducting plane or an enclosure face. Therefore, the
L behavior of the apertures was then studied using MoM for aper-

tures in aninfinite conducting plane, where the mesh elementsin
"""""""""""" sén | the aperture were adequate with relatively small computational

14cm

P R_terminatign=47 ohms requirements.

< e GMD Finally, a comparison between the MoM and FDTD modeling
/ for single apertures in an infinite plane was used to correct the
z FDTD modeling inaccuracy due to inadequate cell numbers in
the apertures, relative to the 3-cm aperture. For example, the
(a) MoM modeling for a single 1-cm aperture compared with a
3-cm aperture yields

-
>
N
Q
=]

M,
measurement 20 log, 1M1 em apertuve
...... FDTD modeling with 48 cells |Mt | 3 CM aperture
300 | == FDTD modeling with 12 cells

=-29dB.  (10)
MoM

The FDTD modeling for the same case yields

|Mt|1 CM aperture
|Mt|3 CM aperture

200 - FDTD

|El at 3m (dBuV/m)

Thus, a compensation factor for the FDTD modeling (applicable
to | M;| as well as the far-zone fields) was29 dB—( 38 dB)

= 9 dB for the 1-cm aperture relative to the 3-cm aperture. The
same rule was applied to the other aperture sizes. Overall, the
compensation factors were 1.0, 2.5, 5.0, and 9.0 dB for the 2.5-,
. , 2.05-, 1.5-, and 1.0-cm apertures as compared to the 3.0-cm

08 09 10 11 12 13 14 15 16 aperture. Referring again to the additional 3 dB factor for the

Frequency (GHz) 3-cm aperture [shown in Fig. 5(b)], the overall compensation

(b) factors were 3.0, 4.0, 5.5, 8.0, and 12.0 dB for the 3.0-, 2.5-,

2.05-, 1.5-, and 1.0-cm apertures, respectively. The FDTD ra-

Fig. 5. Compensating FDTD results for an inadequate cell number in a 3 dr#\ated field modeling results as shown in Fig. 4 have already
x 4 cm aperture in a small cavity. (a) Geometry of the cavity. (b) Comparisi?ﬁ‘en corrected by these factors. The FDTD results for delivered
between measurements and FDTD modeling. power were not corrected since the power radiated through the
electrically small apertures was small compared to the power

Lzés_t in the feed probe resistance and in the lossy material in the

100 -

also suggest that the compensation factor is approximately fi |
quency independent. A factor of 3 dB was then employed fgpciosure.

the 3 cm aperture in all the FDTD modeling results in this papngE‘Ia compensation factors_ qptellined ab(_)ve vk\;ere based on a
(2 0.5 cmx 0.5 cm cell size was employed). ouble-step comparison. An initial comparison between FDTD

Second, FDTD modeling was used to calculate the equi\}g_odeling and experimental measurements established a 3-dB

lent magnetic surface current density/;|) for a single aper- compensation factor specifically for the case of the 3-cm

ture in an infinite perfectly conducting plane at= 0 with a 2Perure discretized with a 0.5-cm 0.5-cm FDTD cell in
10-cm-long dipole excitation source at= —20 cm. Results the directions parallel to the aperture edges. A secondary

were obtained for all five aperture sizes (1, 1.5, 2.05, 2.5 aﬁamparison between modeling results from the FDTD and MoM
3.0 cm). These FDTD results were subsequ,ently,/ comfaare(,j roaches was used to establish additive decibel compensation

FDTD results for the same set of single apertures located in RGtors for ZDSTDZ roe;,ulisSfromdezicg of the four s_mallller s:ze_d
middle of the front facéx = 0) of an enclosure. The enclosure?Perures (2.5, 2.05, 1.5, and 1.0 cm, respectively) relative

dimensions were identical to the dimensions shown in Fig. tf.Sthe 3f—crr;] aperturkt)a. ) fth ion f
A comparison between these two sets of FDTD results for the ome further corroboration of these compensation factors can

smallest and largest apertures, for example, showed that € obtained through a single-step comparison between FDTD
’ ’ modeling and MoM modeling of small apertures in an infinite

conducting plane excited by an incident plane wave [23]. The

[ M]3 cm aperture ~ [ M]3 cm aperture results shown in Fig. 6 compare the frequency independent com-

|My|1 cm aperture [infinite plane | M]3 cm apesture | enclosure pensation factors previously obtained with the single-step com-
~77. (9) pensation factors obtained at 0.3 and 1.2 GHz. The single-step
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Fig. 6. Compensation factors based on single-step and double-step comparison.
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Fig. 7. MoM modeling of radiation from a single apeture in an infinite conductor plane with varying aperture size.

compensation factor is frequency independent and the dispafay each aperture should be the same, resulting in the same
between the single-step and double-step compensation factmspensation factors for the aperture array. The significance
is approximately 1 dB or less over the entire range of apertuww&émutual coupling for aperture arrays of various sizes will be
sizes. discussed in the next section.

These compensation factors, obtained from the study of
single apertures, were also applied to FDTD modeling of
aperture arrays in a shielding enclosure. Again compensation
factors for FDTD modeling were necessary due to inadequate
sampling in the apertures. The rationale for using the sameA simple equation for the relation between EMI, aperture
set of compensation factors was that the incident wave usside, and the number of apertures is useful in shielding enclo-
herein approximates a normal incidence plane wave on eathe design. First, the radiation as a function of aperture size
of the electrically small apertures. If mutual coupling betweefior a single aperture was studied. Square apertures with a very
apertures can be neglected, then the compensation fadtoe triangular mesh on the periphery were investigated using

V. DESIGN APPROXIMATION FOREMI FROM AIRFLOW
APERTUREARRAYS
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Fig. 8. The radiation from multiple apertures for 1-cm apertures in the test enclosure.
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Fig. 9. The FDTD modeling radiation from aperture arrays compared to a single aperture for different aperture sizes

the MoM. The results for a single aperture, varying in size from Next, the variation in the radiation as a function of the
1to 3 cm, are shown in Fig. 7. The three solid curves with symumber of apertures was studied. Radiation measurements for
bols are the MoM results at frequencies of 0.5, 1, and 1.5 GHan increasing number of 1 cm apertures in an aperture array (9
The vertical scale represemiﬁﬂ in decibels with the reference to 252 apertures) on one face in the test enclosure are shown in
being the value ofJ\Z/t| for a single 1-cm aperture at the fre-Fig. 8, for the frequency range from 0.3 to 1.2 GHz. The results
guency of 0.5 GHz. The three dotted curves mark the propandicate that the radiation is directly proportional to the number
tionality to the cube of the aperture sizé. Each dotted curve of aperturesV. The aperture size was 1 cm and the aperture
is chosen to match the value of the corresponding solid curvesgacing was 0.5 cm. The number of apertures was varied
an aperture size of 1 cm. These results indicate that a relatlpn masking a portion of the total aperture arrgy = 252)

of |J\th| ~ a2 is plausible. Since the far-field radiation is profootprint with copper tape. The aperture configurations tested
portional to|]\7[t|, the far-field radiation is also proportional toalways had the array located symmetrically about the center in
a?. This result is consistent with Bethe’s small-hole theory fdhe front panel. The apertures were oriented along a constant
electrically small apertures [1]. grid pattern from row-to-row as opposed to being offset by
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Fig. 10. The MoM modeling for (a) two apertures along thdirection and (b) the corresponding coupling coefficient and (c) two apertures alonglttestion
and (d) the corresponding coupling coefficient, wilic along thex direction.

one-half the spatial periodicity. Offset aperture arrays wesxcitation in the modeled frequency range is a maximum at the
also investigated with FDTD modeling and the results farenter of the panel. However, for the aperture array, radiation
the delivered power and EMI were the same as those foame from apertures distributed over the panel with a resulting
the aperture arrays with no offset, to within 0.5 dB. Thé&averaging” effect.

frequency range of the measurements was 0.3 to 1.2 GHzThe aperture mutual coupling was also studied with MoM to
The variation in the radiation a4, the number of aperturesunderstand the variation in the radiated field with the number
was found to be uniform over the entire frequency rangef aperturesV and the aperture spacing. Here, plane wave inci-
(Recall that the apertures are electrically small.) dence was used and several cases were investigated. A coupling

The variation of EMI withV was further studied for different coefficientC;,, for each aperture is defined as

aperture sizes using FDTD modeling. The five aperture arrays
(from 1 to 3 cm) described above were studied. The radiated

field from the aperture arrays in the test enclosure of Fig. 1 rela- ‘th“mple — | Myt
tive to the field from a single aperture in the middle of the panel Cn = single (12)
for the frequency range from 0.3 to 1.2 GHz, are shown in Fig. 9. ‘Mt

A comparison curve for EMI proportional t& is also shown

and consists of the single aperture EMI level multiplied®y where ;""" refers to the magnetic current integrated over
The general 3-dB deviation is due to an “averaging” factor dfie aperture for one aperture in an aperture array]%f;ﬁ’d&'gle
1/4/2 due to the span of the total area on the front panel for thefers to a single isolated aperture. The incident magnetic field
aperture array. That is, radiation from the single aperture caseén thex direction. The apertures are in an infinite conducting
came from an aperture located in the center of the panel. Tflane at: = 0. The aperture size is 2 cm 2 cm and the fre-
field over the aperture for the modes excited by the long wiggiency is 1 GHz. In the first case, shown in Fig. 10(a), two
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apertures are oriented along théirection. The corresponding spacing

mutual coupling coefficient is positive and varies with aperture

spacing as shown in Fig. 10(b). In this case, the direction of in-  ______V L _____  _______
duced electrical surface currept,) is perpendicular to the ori-
entation of the apertures. In this orientation, the two apertures
present the largest disturbance to the induced electrical surface ~ *=""""~ spacing
current. In the second case, shown in Fig. 10(c), the apertures peeeT ; gt ;T
are oriented along the direction and the mutual coupling co- ! : : :
efficient, as shown in Fig. 10(d), is negative. In this case, the o o
induced electric current in the conductor plane was parallelto ... ... ...

the orientation of the aperture array. Hence, the disturbance to
the electrical surface current was less than the disturbance in the
previous case.

A 3 x 3 aperture array, as shown in Fig. 11(a), was also in- @)
vestigated to ascertain the coupling effect on the center ap
ture. The result is comparable to one aperture in a larger ap
ture array (largetV) since the mutual coupling effects will be
dominated (for EMI purposes) by the eight apertures immec 0.50
ately adjacent to the center aperture. The coupling coefficient
a function of aperture spacing is shown in Fig. 11(b). As in tt
cases illustrated in Fig. 10, the mutual coupling from an apertt
with a spacing greater than the size of the aperture (but sign
cantly less than a wavelength) was negligible.

The mutual coupling between apertures is generally neg
gible if the spacing between apertures is not small compar
to the aperture size. For the cases studied above, the spacin [
half of the aperture size for an aperture array yielded a mutt 0.10 |
coupling coefficient of 0.11. For example, the array of 252 ape
tures will generate an EMI of 252 1.11 x ¢; (e; is the field 0.00 , \ ‘
from an individual aperture when the fringe aperture effect 0.0 0.5 1.0 15 2.0 2.5 3.0
neglected) compared to the summation of EMI from 252 ind Aperture Spacing (cm)
vidual apertures, or 258 ¢;. The difference is only 1 dB. This
explains the scaling witkv for the EMI from aperture arrays
in the shielding enclosure investigated above and also indica (b)
the limitations of this relationship.

As a conclusion, a design approximation for the radiation
from aperture arrays in a shielding enclosurQEE ~ Ng2 Fig.11. The coupling fpr the apqrture in the middle of a nine aperture array.
for arrays where the aperture spacing is at least a significé?‘?teeome”y' (b) Coupling coefficient
fraction of the aperture size. Additional results, have suggested
that aperture arrays with a spacing of one tenth (or more) of ttiee amount of power delivered to the enclosure, as most of
aperture size fit the design approximation to within 3 dB [24the delivered power is still consumed by losses rather than
Fig. 12 shows a final comparison between this design approradiation.
mation, the results of FDTD modeling (including the previously Small apertures can present some difficulties in numerical
described compensation factors) for five different aperture anodeling, particularly for those numerical modeling methods
rays, and experimental measurements for three different apghich use a computational cell of uniform size. Results based
ture arrays. on comparisons between experimental measurements, FDTD
modeling, and MoM modeling for electrically small apertures
have suggested that there is an error in the far-zone radiated
field computed with FDTD modeling with inadequate numbers

In summary, measurements and numerical modeling weykcomputational cells in the aperture. However, at frequen-
utilized to study the radiated fields from aperture arrays in@es well below the aperture resonances, this error appears to
shielding enclosure. The results show that electrically smak nearly frequency independent. Within this frequency range,
apertures do not change the cavity mode resonances of tifien, simple additive compensation factors for the radiated field
enclosure, especially when the enclosure is loaded with circiitdecibels seem sufficient to bring the FDTD results into gen-
boards, as is usually the case in design applications, and¢aal agreement with the measurements.
when the enclosure is loaded with other lossy materials. InFinally, the design approximatid#| ~ Na® whereN refers
addition, for loaded enclosures, the presence of these eledtrithe number of apertures aadefers to the length of each edge
cally small apertures does not have a significant impact ofia square aperture, seems to preclude any mutual coupling ef-

0.40
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0.20 |

Mututal Coupling Coefficent

L

VI. SUMMARY AND CONCLUSION
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