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Abstract. This report describesa low cost, shieldedenclosurethat wasdevel-
opedto cortain the electromagneticradiation generatedby electronic equipmert
in order to reducethe potential for radio frequency interference (RFI). The en-
closure is made from thin wire mesh screeningthat is attached to a wooden
framework for support. Allowancesare made at both ends of the enclosurefor
large cable bulkheads. A special seamwas developed to maintain a low resistive
current path betweenadjacernt sectionsof screening.Lossy dielectric material is
usedinside to greatly reduceleakageresulting from the cavity resonancee ect.
The physical behavior of the enclosureis modeled and compared with labora-
tory basedmeasuremetts. A plot of shielding e ectiv enessversusfrequency is
preseried.

1. Intro duction

The high degreeof sensitivity and stability required for the statistical detection
of weak, cosmic radio sourcesplacesstrict limits on the emissionsof electro-
magnetic radiation from nearby electronic equipmert that can be tolerated dur-
ing astronomical obsenations. The Green Bank Interference Protection Group
(IPG) has adopted strict new emissionsguidelines for any equipmert located
in closeproximity to the Green Bank Telescog (GBT) (Beaudet et al. 2005).
Compliance with this order requires that all such equipment be subjected to
sensitive, calibrated eld-strength measuremets taken inside the Green Bank
anedoic chamber.

Other radio astronony instruments will alsobenet from the added protec-
tion. For example, it is sometimesuseful to locate signal processingequipmert
relatively closeto sensitive receivers. Modern, high-speed digital electronics,
necessaryfor wide-bandwidth signal processingapplications from spectrome-
ters to correlators, generate an excessof harmonic-rich, pulse-type emissions.
Another example is regenerative feedbak in wide-bandwidth, high-gain, non-
heterodyne receivers that can lead to strong oscillations, gain instabilities, and
uncortrolled correlation bias among array elemers. In both casesthe problem
can be managedthrough the application of proper RF shielding techniquesthat
prevert such emissionsfrom becoming RFI.

The most e ective meansby which to provide a degreeof electromagnetic
compatibility (EMC) amongreceiwer sub-systemsis to encapsulatethe emitting
electronicsin a metallic enclosureto e ectiv ely isolate them from the sensitive
RF componerts. Indeed, the cortrol room housing the badk-end electronics
for the GBT is one such example. Radio frequency shielding techniques are
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quite di erent from those intended for quasi-static electric elds. For example,
an automobile provides its occuparts with a measureof lightning protection,
but doeslittle to shield RF emissions. For electromagnetic radiation, any tiny
hole in the enclosurewill act as an aperture through which a small amount of
radiation will escap. Walls made from solid materials are the most e ective,
but are very costly to manufacture. Easeof accessto the enclosedequipmert,
the feed-through of wires and cables,and the needfor adequate vertilation all
tend to compound the RF shielding challenge and can potertially compromise
the overall e ectiv enessof the structure by introducing unwanted apertures.

One approad to solving this problem is to use metallic mesh screeningfor
the walls of the enclosure. It is relatively inexpensiwe, light weight, easily cut
to required dimensions,readily attached to a framework, and allows for copious
air ow. Sud enclosureshave beenbuilt in the past, but the degreeof shielding
e ectivenesshas varied greatly from one structure to another. Seams,door
gaslets, bulkhead seals,and the screeningmaterial itself have all beensuspect.
It was apparert that the mecanism by which radiation leaks from suc an
enclosurewas poorly understood.

This report presens the results of an investigation gearedtoward the phys-
ical mechanisms of RF leakage through metallic screenedenclosureswith the
aim of applying this knowledgeto dewvelop an inexpensiw, yet highly e ective,
approac to shielding. A suitable enclosurewas fabricated and its shielding
e ectiv enesscharacterized. The basic construction details of this prototype, to-
gether with an electromagnetic analysis of the structure, are preseried in the
following sections. The physical properties of the wire meshand absorbing ma-
terial were characterized by S-parameter measuremets taken at 1.5 GHz and
3.5 GHz. Finally, the overall e ectivenessof the enclosurewas evaluated by
careful spectral measuremets taken in the Green Bank anedoic chamber.

2. Construction Details

A photograph of the enclosureis shavn in Fig. 1. Basic construction notes are
provided in this sectionwith additional details and assenbly instructions given
in the Appendix. The inside dimensionswere chosento be 29 x 29 x 63 inches
(73.7 x 73.7 x 160 cm), which is large enoughto housea variety of electronic
equipmert. Thesespeci ¢ dimensionscan easily be attained from standard stock
material sizeswith minimal waste.

The fundamental shielding material is insect screeningmade from 0.011"
(0.28 mm) diameter bronze wire woven into a rectangular mesh having a nom-
inal 18 x 14 holes per inch (see Fig. 2). The largest aperture dimension is
approximately 1.55 mm of % at 2 GHz, where is the wavelength of the
electromagnetic radiation. This screeningshould provide signi cant RF con-
tainment, yet be porousenoughto allow adequateconvective cooling. Note that
the wires are physically touching one another at the cross-wer points in the
weave, but are not bondedin any way.

The screenwire that is attached to the inside of the framework, constructed
from piecesof white pine having a 1.5 inch square,through stapling. Each side
of the enclosurewas assenbled separately using bonded, double-lap joints with
dowels to add strength and maintain squarenessduring fabrication. The sides
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Figure 1.  Photograph of the shieldedenclosure. The top cover is remavable.
The wooden framework for one of the bulkheadsis visible on the end.

were fastenedtogether using No. 8 wood screwsspacedalong the framework on
approximately 2 inch certers as shown in Fig. 1.

A low resistanceconnection is neededwhere two piecesof wire screening
cometogether. Soldering and brazing techniques were not considereddue pri-
marily to the large amourt of labor required. As an alternative, a special com-
pressionjoint was designedfor that purpose. Copper gauzeis usedas an elec-
tromagnetic gaslet becauseit is pliable and can easily mold to Il small voids.
Copper is adjacert to brassin the galvanic series(Van Vlack 1980) so that
corrosion causedby composition cells is mitigated. Wood screwswere used to
pressthe copper gauzeand screenstogether. A gertle, distributed compression
of the metals along the ertire length of the interface is ensuredby incorporat-
ing b erglassrope sealinto the joint to eliminate gaping that may result from
non-uniform wood surfacesor variations in the amournt of force provided by the
screws. Care should be taken to removeall loose fragmentsof the copper gauze
before electronic equipmentis placad inside the enclosue to preventunintentional
electrical shorts.

Two large bulkheads, ead having an e ective area of 9 x 21 inches (22.9
x 53.3 cm), were included in the designto accommalate cabling. Large feed-
throughs with 1 F of shunt capacitance are used to pass AC power. It is
important for safety reasonsthat a ground strap be connected between the metal
screen of the enclosue and the ac power ground to preventelectrical shack caused
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by thesecapacitors. The capacitive reactana at 60 Hz is only approximately 2600
ohms. RF is passedusing standard coaxial feed-through connectors. Digital
LAN accesssvia b erlinesthat passthrough a 10inch long sectionof 1/2 inch
diameter copper tubing that is solderedto the bulkhead. It should be noted
that thesetechniques are all quite common and have well-proven performance.
The measuremets described in this report were performed with no bulkheads
in placein order to con ne the study to the screenmaterial and the interfaces.

3. Electromagnetic Behavior of Screen Wire

It may be shawvn that a small aperture in a thin metallic sheetthat is placed
along a plane perpendicular to the energy ow inside a metallic waveguide or
coaxial cable will appear as an equivalert shunt inductance in a transmission
line model (Marcuvitz 1951). That model may be usedto analyze the amourt
of coupling between adjacert sectionsof liner. Extending this basic conceptto
determinethe shielding e ectiv enessf a metallic screen,howewer, is complicated
by the geometrical periodicity of the meshwhich producesa grid work of small
apertures. Modern electromagnetic simulation software is not well-suited for
that type of problem, and thus a more fundamertal approad is necessary In
this section, the transmission lossthrough the screenas a function of frequency
is calculated and comparedwith measuremets at 1.5 and 3.5 GHz.

3.1. Fundamen tals

The basic scattering problem formulation is showvn in Fig. 2. A Cartesian
coordinate system de nes the orientation of the mesh cells while the incident
electric eld orientation is expressedn cylindrical coordinates. Two simplifying
assumptionsare employed in the following analysis: 1) the meshis planar, and
2) the wire cross-@er junctions are in electrical contact.

Figure 2.  Close-upphotograph of the wire meshwith Cartesian and cylin-
drical coordinate systemssuperimposed.
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The electric eld vector of the arbitrarily polarizedincident plane wave may
be described by

Einc = Eo ei! t eikz cos eik (x cos + y sin ) sin (1)

where ! is the angular frequency k is the free spacewaverumber, is the
angle of incidence,and is the angle subtended by the plane of incidence and
the x-directed meshwires. Currents induced in the wires will scatter the wave
thus producing both re ected and transmitted componerts. The transmission
coe cien t, which is derived from an analysis of the mesh geometry and the
incident wave orientation, will sene asa meansto quartify the screen'sshielding
e ectiv eness.

While the electromagneticanalysisof parallel wiresin free-spacedates badck
to the early 20th certury, Kontorovich (1963) and his colleagues(Kontorovich
et al. 1962) were the rst to analyzethe meshproblem, beginningin the early
1960's. They deweloped what hasbecomeknown asthe AverageBoundary Con-
dition Method wherethe electric Hertz vector in terms of the free-spaceGreen's
function and an averagedcurrent density over a square mesh cell is integrated
to obtain the smoothed electric eld on both sidesof the screen. A quadratic
polynomial approximation for the currents on the wires within ead cell is as-
sumedand not derived from the incident eld. The polynomial coe cien ts are
found by imposing Kircho 's law at the junction points and assumingthat the
charge density is continuous acrossthe junctions. An impedancecan also be
included betweenthe wires at ead junction. It hasbeendemonstratedthat this
approach producesresults that are in good agreemen with rigorous methods
(Wait 1978), if the meshcell sizeis small comparedto

Onesud rigorous approad is the Direct Boundary Value Method dewveloped
by Hill and Wait (1976). From Floquet's theorem (Collin 1992),the wire currents
can be written as periodic functions multiplied by the phasedependenceof the
incident eld. By setting the total tangertial electric eld equalto zero at the
tops of the wires in the + z-direction, a doubly-in nite set of linear equations
can be obtained for the spatial Fourier coe cien ts. This procedureis equivalent
to Method of Momernts solution of Pocklington's equation for thin wires using
ertire domain sinusoidal expansionand testing functions (Stutzman and Thiele
1981).

The solution to the doubly-in nite set of equations for the coe cien ts re-
quires truncation and matrix inversion. Convergenceproblems arise due to the
discortinuity of the currents at the wire cross-wer junctions. A \jump func-
tion" was deweloped by Hill and Wait (1976) to get around this problem and its
application greatly improved corvergencetime.

When the cell sizeis small comparedto /2 there are no grating lobesand
only the constart current componerts of the Fourier seriescortribute to the
scattered far eld. If the source emitting electromagnetic radiation is located
within the + z half-space,then the transmitted elds can be calculated for large
-z and a transmission coe cien t computed. Similarly, for large + z the re ection
eld and corresponding re ection coe cient can be determined.

Casey(1977) shonved that an analytic solution can be obtained from Wait's
results by de ning an equivalert sheet impedancetensor relating the space-
averagedtangertial electric eld to the space-&eraged surface current density
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on the screenas
Es = Zo Js: (2)

This relation is valid if the meshdimensionsare small comparedto sud that
only onespatial harmonicis required. Derived from Casey(1988), the impedance
tensor in terms of the meshgeometry is given by

Zs = Ziw N + X G; (3)
where N is a tensor de ned as
N F af (4)

which is essetially the di erence betweenthe Kronecker delta, |k and the
tensor, AX, obtained from the direct product of the vector normal to the surface
occupied by the meshwith itself.
The tensor operator, G, is de ned asthe direct product of the r gradient
operator with itself or
G o (5)

The coecient Zj,; is a complex scalar impedancethat is internal to the
mesh,

Zinn = Z2as + il Lg; (6)
while the coe cien t X, which is a reactancedue to the reaction eld, is
il Lg
= — 7
2k2/\r ( )
where the sheetinductance parameter, L, is given by Casey(1988),
a rw
Ls= 2®ha e =) b ®)

The ag variable is the meshwire spacingand r, is the wire radius. From Ramo
et al. (1965), the internal impedanceper unit length of wire, Z3, is given by
P P.
79 = RO i! err?_( i! W);
20011 W)

(9)

whereR, = ( r2 ) !isthe dc resistanceper unit length of the meshwires,
w = w w r&v is the diusion time constart, and | ,() denotesthe modi ed
Besselfunction of the rst kind of ordern. , and , are the conductivity and
the permeability of the wire material, respectively. * is an averagedpermittivit y
for the dielectric in which the meshis embeddedand is unity for air.

If we place our coordinates as shown in Fig. 2, Zs in Egn. (3) can be
written in matrix form as
2
gzv%as+i!|_s 1+ 3 & il Ls 1+ p3e o2

z. = [ (o)

il L 1+W§T% Z0%s + il L 1+X§T@@z
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Evaluating the matrix eigervalueswe nd
Zs = Z2as+ i Lg; (11)

and -
Pls 2.

; 12
> sin (12)

i'Ls o _
2k§/\rr s = Za

Zs = ZOas+ il Lg +

wherer 2 is the two-dimensionalLaplacian operator applied to the meshsurface.
It can be showvn (Casey 1988)that a unique surfacecurrent density eigervector
correspondsto ead of the two sheetimpedanceeigervalues. Zs; and its current
density are related to elds that are transverse-electric(TE) with respect to
the meshsurfacenormal and Zs, to the transverse-magnetic(TM) elds. The
geometry of thesetwo modesmay be visualized with the aid of Fig. 3.

E

1
0 0
El @l E 0 0 .
E R
SCREEN
0 0
© E
a) E b) T
T

Figure 3. The geometry for the two modesof oblique incidence. Shown are
plane waveshaving a) perpendicular polarization and b) parallel polarization
with respect to the plane of incidence.

The problem of determining the e ectiv enessof a screenedenclosurecan be
addressedoy way of a transmissionline analogy (Adler et al. 1960), asillustrated
in Fig. 4. The screenproducesa shunt circuit elemer characterizedby the sheet
impedance,Zs1 or Zs», between two transmission lines having characteristic
impedancesZ; and Z, and propagation constarts ; and », respectively. These
impedancesare a ected by the incidenceangle as

Zo
Z1 = Zo = ; 13
1 2= o8 (13)
and
1= 2= oCOS,; (14)

where Z, and  are the intrinsic impedanceand propagation constart of free
space,respectively.

A wave that is perpendicularly polarized to the plane of incidence and
propagating from left to right along the rst transmissionline would encourer
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SCREEN

Figure 4.  Transmissionline model for the problem of plane-wave incidence
on a wide meshscreen.

a re ection at the screen,characterized by the coe cien t

Z3Zs1 Z
. _ Z2tZs: 1,
1(05) = S700——= (15)
SEL I
and, after somealgebra,
1
I, ) = : 16
1) = % 2(Zs1=Zo) COS (16)
The transmissioncoecient, T, is
2(Zs1=Z,) cos
T(0; ) =1 = : 17
i) YT 1+ 2(Zs17Zo) cos an
Similarly, for parallel polarization,
2,2
2(| . ) - ZziZSSZZ Zl = ) . (18)
and 22 20)
Tol; ) =1 2= S20 (19)

2(Zsp=Zo) + cos

Both are consistert with Casey(1988). The shielding e ectiv enessas a function
of frequency can now be determined for a speci ¢ meshmaterial by calculating
the transmission lossthrough the screenas

SE1.2(!; ) = 20log1)Ta: 2(!; )i; (20)

where the transmission coe cien t is given by eqgns. (17) and (19) for the two
E- eld polarization cases.
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Figure 5.  Photograph of the two waveguidetest xtures for measuringthe
transmissionthrough the screen.The larger oneis for 1.5 GHz and the smaller
for 3.5 GHz.

3.2. Shielding E ectiv eness

The screen'sshielding e ectiv enesswas evaluated by way of an insertion mea-
suremen in WR-650 waveguideat 1.5 GHz and WR-229 waveguideat 3.5 GHz.
The xtures are shawn in Fig. 5. A sample of the screenwas clamped between
the anges located part way alongthe guide. An Agilent 8753D Vector Network
Analyzer was usedto measurejS;;j, which can be compared directly to Eqn.
(20). Although the calibration was performed at the coaxial ports, the error is
lessthen 0.3 dB. Measuredvaluesof jS,1j as a function of frequency are shown
in Fig. 6.

18 May 2886 14: 4138 23 Moy 2086 13 05:23
CH2 Sz;  leg MAG i@ dBs REF @ dB CHZ 5z4 oy MAG 18 dB- REF @ dB

? || =l L L LT

i

PRn | } =

START 1 @@0.1983 @@ MHz STOF 2 @EE. 0@ DEd Mz START 3 B2B. 280 280 1Mz STOF 4 DO BAT GAD MHz

Figure 6. MeasuredjS,1j versusfrequency for the wire screenin the two
test xtures shown in Fig. 5. Vertical scaleis 10 dB per division with the
referenceline (red) at O dB. Higher order moding is seenabove 1.8 GHz

Mathcad software was utilized to calculate the transmission loss through
the given meshas a function of frequency as per Eqn. (20), and the results are
preseried in Fig. 7. The E- eld is oriented in the direction of 18-holesper inch
in the mesh. The agreemen between theory and measuremen is within one
percert. Note that SE (! ;0) = SE»,(! ;0) for .the waveguide case,but this is
not generallytrue for oblique incidence. For the situation wherethe polarization
may be random, Caseygoeson to de ne a polarization-independert shielding
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e ectiv enessas
1. L1 _
SEo(!; ) = 10logy, éJTl(!; )j% + éJTz(!; )j2 (21)

Equation (21) may be usedto calculate the attenuation of emissionsgenerated
within a very large screenedenclosure. Howewer, the enclosuredescribed here
behavesas a waveguidethat is terminated on both endshy the sheetimpedance
of the screenwire. The resulting structure forms a cavity resonatorthat sports
an undesirable e ect when usedto contain RF power. This situation will be
analyzedin the next section.

80

~
s)

22}
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a
=]

Transmission Loss [dB]
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30 \E]\
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20
10.0 100.0 1,000.0
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Figure 7.  Plot showing calculated transmission loss versusfrequency for a
TE-mode wave at normal incidence ( = 0) to the mesh (as in the caseof
fundamertal mode waveguidepropagation). Measuredvaluesat 1.5 GHz and
3.5 GHz are also shaowvn. E-eld is oriented in the direction of 18-holesper
inch in the mesh.

4. Resonant Cavity E ect

4.1. Fundamen tals

The screenedenclosureshownn in Fig. 1is actually a cavity resonator. A waveg-
uide version of this cavity was fabricated to study its characteristics using net-
work analysis techniques. A photograph and sketch of the xture is shown in
Fig. 8. It consistsof three sections of WR-229 rectangular waveguide termi-
nated with coaxial-to-waveguide transitions on both ends. The certral section
forms a resonator when metallic screeningis placed at its anges. The E- eld
is oriented in the 18-holesper inch direction. The screenalso servesto weakly
couple the resonator to the transmission line. An equivalert circuit model for
this network is given in Fig. 9. The propagation constart, nn, iS given as
s

2 2 m 2 n 2
mn — _0 ? Fl (22)
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WR-229 Rectangular Waveguide

Coax to Coax to
Waveguide Waveguide

SCREEN

Figure 8.  Photograph and sketch of the resonatortest xture.

where , is the free spacewavelength, a and b are the width and height of the
waveguide,and m and n are integers. In this case,a = 5:78 cm and b= 2:89
cm for WR-229. The guide impedancefor the TE-mode is

377
Zre(f) = 2 £ P55 2L, (23)

mn

wheref is the frequency The equivalent impedanceof the cavity resonator can
be found by combining the sheetimpedancesof the two screenstogether with

the intervening length of waveguide. The guide transforms the sheetimpedance
on the right (seeFig. 9) to

Zsi(f)coq mnd) + iZ1e(f)sin( mnd)
Z1e(f)cod mnd) + iZgs1(f)sin( mnd)

whered, the length of the resonator,is 24.9cm in this case.A derivation of (24)
can be found in Johnk (1975). Z,(f) is combined with the sheetimpedanceon
the left (Fig. 9) to obtain the cavity impedanceas

Za(f )Zsl(f)

Za(f) = Z7e(f) (24)

Zeavity (f) = Za() + Za(f) (25)
SCREEN SCREEN
_—’—_—’—-
Zmn J an Z Zn'lln’| an Z zmn ’ an

Figure 9. Network model of the resonator.
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Figure 10. Measured jS;1(f)j for the WR-229 cavity resonator (blue:
slightly loaded,red: unloaded). Calculated valuesfor the resonart frequencies
of the unloaded cavity are also given.

The imaginary part of the denominator in Egn. (25) vanishesat the resonan
frequencieswhere the cavity impedancebecomesreal-valued. Fig. 10 shaws the
measuredfrequencyresponseobtained using the Agilent 8753D Vector Network
Analyzer (red curve) together with the calculated resonart frequenciesdeter-
mined by ewaluating Eqgn. (25) using Mathcad. The measuredfrequenciesof
the peaksin jSp;j are within one percert of the calculated values. Note that
at the resonan frequenciesof the cavity there is more energy passingthrough
two screensthan is indicated by Eqn. (20)! The multiple re ections of the
wave at resonanceadd cohererly at the screenand correspondingly enhance
the transmission through them. Thus, the screen'sshielding e ectiv enessat
those frequenciesis seriously compromised.

One solution to this problem is to load the cavity with absorbing material.
A small amourt of Plastazote LD32CN ! (5 x 20 x 118 mm) was placed on the
certer line along the broad wall of the waveguide. This absorber, which has a
complex dielectric constart, e ectively reducesthe amplitude of the re ected
wavesand alters the propagation constart. This is illustrated by the blue curve
in Fig. 10. The Q is reduced signi cantly, and the resonan frequenciesare
lowered. By covering the ertire broad wall of the waveguide with a thin slab
of Plastazote LD32CN (5 x 58 x 164 mm) the resonan enhancemenh e ect is
virtually eliminated, as shavn in Fig. 11 (blue curve).

4.2. Measured Shielding E ectiv eness of the Screened Enclosure

The e ectiv enessof the enclosureto contain RF emissionswas measuredin the
anedoic chamber at the NRAO facility in GreenBank, WV by C. Beaudet. The
box was located approximately sewen meters from the log-periodic receiwe an-
tenna (EM-6950). The receiwed signal was ampli ed (Miteq AM-4A-000110-N-
1306/E) and sent to a spectrum analyzer (Antitsu MN MS2602A) for detection.

!Plastazote is a registered trademark of Rubberlite Inc., Huntington, WV
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Measured Sy (f )j for the WR-229 cavity resonator. (red) un-

loaded and (blue) loaded with a thin slab of absorbing material along the
ertire broad wall of the cavity.

The analyzerwas swept from 30 - 1000MHz in thirt y secondswith a resolution
bandwidth of 10 kHz. The output was averagedover se\eral sweepsto obtain
the spectral curve.

Figure 12.

Measured power versus frequency for the noise source located

inside the open screenbox. The chamber background level is also shown.
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The noise sourceused in these measuremets was a child's light toy that
contains a dc motor that spinsseeral ashing LEDs at a few hundred rpm. This
device generatesa signi cant amourt of energy over the 30-1000MHz band as
shavn in Fig. 12. This plot also includes the chamber badkground level for
reference.

The shieldedbox was then closed,the lid held in place with a set of wood
screwsspacedapproximately four inchesapart. The swept frequency measure-
mert revealsa signi cant attenuation of the noise source,but the transmission-
enhancemen e ect causedby the cavity resonancess clearly visible in Fig. 13.
Again, Egqn. (25) was employed to calculate the resonan frequencies,which

TE (118)801.15}

TE (107) 776.30

gp— TE (105) 510.55

| — TE (113) 402;20
b f— TE (115) 549,60

e——— '
| pm— TE (119) 890.60

- TE(l01)22401 -
! e TE (103) 346,90
s —TE{117) 715.90

Figure 13. Measured power versusfrequency for the noise source located
inside the screenbox with the lid fastened. Calculated frequenciesfor nine of
the TE-10n (black) and TE-11n (red) resonancesare showvn. n is an integer.

align very nicely with the measuremets. A near- eld RF probe connectedto
a spectrum analyzer con rmed that the leakage was through the meshand not
at the seams.

Two sheetsof Plastazote LD32CN were cut to cover the ertire bottom of
the shieldedbaox to form an absorber approximately 2.6 inchesthick. As shawvn
in Fig. 14, the absorber attenuates the Q of the cavity and e ectiv ely reduces
the RF leakageto the badkground referencelevel showvn in Fig. 12.
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Figure 14. Measured power versusfrequency for the noise source located
inside the screenbox with the lid fastened. The box also contained two sheets
of Plastazote covering the ertire bottom. Compare result with badground
level in Fig. 12

5. Applications

5.1. Shielding Electronic Equipmen t

One direct application for this enclosureis to shield high-speedsignal processing
equipmert from sensitive receiver electronics. A casein point is the instrument

know asthe Precision Array to Probe the Epoch of Reionization (PAPER). An

array of sleewed dipolesfor 130-200MHz surrounds a certral hut which cortains

FPGA-based digital correlation equipmert being clocked at 600 MHz.

The correlator for PAPER usestechnology developed at the Berkeley Wire-
less Researth Cernter (BWRC) and employed by the Center for Astronomical
Signal Processingand Engineering Researti (CASPER) group. The sub-system
for which the EMC measuremen results are preseried hereincludesonelInternet
Break-Out Board (IBOB) which contains two Fourier spectrometers,two dual-
channel A/D cornverter boards, a synthesized signal generator, switching power
supplies, and a laptop computer. Fig. 15 shows the measuredpower spectral
density of the radio emissionswith the shielded enclosureopen. Fig. 16 shows
the emissionswhen the lid is rmly in place. The shielding e ectiv enessfollows
the curve in Fig. 7.
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Figure 15. Measuredpower versusfrequencyfor componerts of the PAPER
digital sub-systemlocated in the anedoic chamber. Shieldedbox was open.

5.2. Demonstrator

The enclosurewasusedduring the NRAO Charlottesville OpenHouseto demon-
strate how metallic screeningis usedto isolate sensitive electronic equipmert
from the electromagneticenvironment. It can alsoillustrate seweral basic prin-
ciples of electromagneticsas well as cortrast the physical characteristics of elec-
tromagnetic and pressurewaves.

A portable FM broadcast radio tuned to a strong station is placed inside
the enclosure.With the lid o the enclosuresoundwavesdemadulated from the
station's signal can be heard emitting from the radio's speaker. Howewver, with
the lid in place the radio station's signal is attenuated according to the curve
in Fig. 7 and only the faint badground noise of the receiwer electronicscan be
heard from the spealer.

6. Conclusions

There are three fundamertal conclusionsthat can be drawn from this work:

The physical sizeof the enclosureshould be just large enoughto housethe
electronic equipmert. This will increasethe cuto frequencyof the cavity.

Absorbing material is required inside the enclosureto reducethe enhanced
radiation causedby the cavity resonancee ect.
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Figure 16. Measuredpower versusfrequencyfor componerts of the PAPER
digital sub-systemlocated inside the shieldedenclosurelocatedin the anedoic
chamber. The shieldedbox was closed.

The physical sizeof the meshwill a ect the amourt of energythat canpass
through it asafunction of frequency Therefore, the spectral density of the
RF emissionsgeneratedby the electronic equipmert should be considered
when choosing the meshsize.
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A App endix - Enclosure Assembly Details

Assenbly details are provided belov. Note that the given dimensionsare for
the enclosurethat was investigatedin this study. The size of the enclosurewill
a ect the resonar frequenciesof the cavity, but sincethe absorber mitigates
the enhancedtransmissions,the physical dimensionscan therefore be set by the
size of the equipmert to be shielded. Emphasisis placed on those features of
the box that in uence shielding e ectiv eness.

Al. Materials List
white pine boards: 2" x 4" x 8' - 8 pieces.
18 x 14 wire mesh: bright bronze, 0.011" dia. wire, 36" x 26'.
copper gauze: 5" wide x 48' length.
gasket rope seal: 5/16" dia., 48' length.
wood screws: No. 8, 2.5" length, coated steel - approx. 300.
wood screws: brass, No. 5, 3/4" length - approx. 70.
copper plates, 3/32" thick, 1' x 2', - 2 pieces.
staples: 3/8" tall.
dowel rod: poplar, 1/8" dia. 3' length, - 4 pieces.

wood adhesive.

A2. Assembly Instructions

Material preparation beginswith the wooden piecesthat make up the structural
framework. All of these pieceshave a 1.5" square cross-section.The 2" x 4" x
8' stock is rst cross-cutto the appropriate lengths and then ripp ed to produce
(4)-12", (8)-29", (4)-30.5", (16)-32", (6)-63", and (2)-66" pieces.The 3/4" deep,
1.5" wide notchesare cut at the locations of the double-lap joints, asillustrated
in Sec.A4. The 1/8" dia. through-holesfor the dowelsweredrilled in accordance
with the detail drawing showvn in Fig. 17. A jig wasmadeto provide a meansof
locating these holes quickly. The frame piecesthat make up the two endsand
top of the enclosurereceiwe a seriesof 3/16" dia. through-holesfor wood screws
and a 3/8" wide groove for the rope seal. Do not include the through-holes
in the wood piecesthat securethe bulkhead. Details are provided in Fig. 18.
Finally, the dowels are cut into piecesof length 1.375".

Assenbly begins by fabricating the bottom, top, sides, and ends of the
enclosureseparately The various wood piecesrequired are as follows:

bottom: (2)-63" and (5)-32"

top: (2)-66" and (3)-32" (includes milling for rope seal)

side A: (2)-63" and (5)-29"

side B: (2)-63" and (3)-29"

ead end: (4)-32", (2)-30.5", and (2)-12" (includes milling for rope seal)
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Figure 17. Detail of the double-lap joint showing the location of the dowels.

The assenbly proceduresare similar for ead section of the enclosure. Four
90-degreecorner clamps are usedto hold the outer piecessquarelyin place on
a at surface. A hand drill is usedto transfer the dowel holesfrom the upper
to the lower parts of the double-lap joints. The corner clamps are loosened,
wood adhesiw is added to the mating surfacesof the joint, and the piecesre-
assenbled. Dowelsare lightly tappedinto place,the cornerclampsaretightened,
and compressionclampsare addedto apply pressureto the lap joints. All clamps
are removed after allowing appropriate time for the adhesiwe to set. The inner
piecesof wood that form the support ribs are then attached to the frame in a
similar manner, but the corner clamps are not necessary

The two sidesof the enclosureare attached to the bottom frame as shown
in Fig. 1. Note that the sidesrest on top of this frame and are securedby the
No. 8 wood screwslocated 3.5" to either side of the ribs. Detail of the milled
groove for the rope seal and locations of the 3/16" dia. through-holes for the
No. 8 screwsare shawvn in Fig. 18.

Figure 18. Detail of the milled 3/8" wide groove for the rope seal and
positions of the through-holesfor the No. 8 wood screws.
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On the top- and end-sectionsof the enclosure,a small amourt of material
betweenthe adjacert milled slots must now be removed so that a cortinuous
pathway exists for the rope seal. The sealis placedin the slot to determined the
overall length; it is cut and then removed. A small amount of wood adhesiwe is
placedin the bottom of the slot and the sealre-inserted. Note that the bulkhead
support pieceson the endsof the enclosurealso require the seal.

Next, the meshis cut to the appropriate dimensions. For the top and ends
of the enclosurethe meshis cut 1/4" shorter than the framework dimensions
allowing for a 1/8" recessall around. For the sidesand bottom, two pieces36"
x 90" are cut and a splice is made by folding badk 2" of mesh along the long
dimension and overlapping them with a piece of copper gauzein between. The
piecesare positioned on the inside of the framework and securedby staples. A
seriesof closely spacedstaplesare fastenedthrough the overlapped meshalong
the central rib of the sidesand bottom to securethe spliceto the frame. Be sure
the mesh folds around the framework on the top and endsto provide enough
material for electrical contact with the corresponding framework sections. Trim
the meshsothat it is recessedby 1/8" along the edges.

The top and ends of the enclosurealso require the copper gauzeto form
an electrical gaslet. This is accomplishedby folding the 5" wide gauzestrip in
half and stapling the open endsof it to the framework over the rope seal. This
gauzeis also usedaround the bulkhead.

Final assenbly of the enclosurerequires that the endsbe attached to the
sidesand bottom structure using the No. 8 wood screws. Care must be taken
to ensurethat the copper gauzeis not kinked. The meshis cut away in the
bulkhead regions and the copper bulkhead plates are attached from the inside
using No. 5 brasswood screws. The top of the enclosurecan now be put in
place, securedby No. 8 wood screwsto complete the assenbly.

A3. Impro vements

We have made a few improvemeris to the enclosurebasedupon lessonslearned
from fabricating and operating the original. The wood screwsusedto attach
the lid were found to easily tear the copper gauze. Furthermore, some of the
screwthreads in the white pine were stripp ed after only a few cyclesof opening
and closingthe lid. We have replacedthesescrewswith \tee" nuts and bolts on
newer designs. We alsofound that the spacingof two inchesfor the wood screws
on the lid was overly consenative sincethe copper gauzeworks very well to I

voids at the interface. Therefore, we increasedthe bolt spacingto six inches.
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A4. Mechanical Drawings

The following is a set of medanical drawing of the enclosure. All dimensions
are in inches. Drawings are NOT to scale.

Figure 19. Mechanical drawing of the bottom of the enclosure.

Figure 20. Mechanical drawing of the sidesof the enclosure. Side A hasall
v e vertical pieceswhile side B has only three.
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Figure 21. Mechanical drawing of the endsof the enclosureshowing place-
ment of the bulkheads.

Figure 22.  Mechanical drawing of the top (lid) of the enclosure.
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