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ABSTRACT
This report covers the work performed during the fourth quarter of a

research program which bagan on 18 June 1958 and has been extended to 30 Septem-

&,

2 l
()

- B

ber 1959. The program consists of theoretical and experimental investigations

i

leading to an im:roved standard for testing shielded enclosures in the frequency
range of 1k kilozycles to 10,000 megacycles. The improved standard is being

frequency of the enclosure, and near nine kilomegacycles.

formulax;é in terms of tests at 15 kilocycles, at the lowest natural resonant

A new method for evaluating shielded enclosures using low-impedance,
low-frequency fields is under investigation. This method involves the use of
two large rectangular transmitting lcops which surround and "immerse" the en-
closure in an essentially magnetic field. An average value of the field pene-
trating the enclosure is obtained using a small pick-up loop in the center of
the shielded enclosure. In addition, a small loop probe is used to eéxplore the
local field in the neighborhocd of wall and deecr joints.:

This rew method requires only one measurement for the calculation of
shielding effectiveness at low frequencies, since the voltage induced in the
pilck-up loop withouv the enclosure mey be obtained analytically from the formula
given in the report.

Tests to measure the variation of shielding effectiveness with frequency

[ =~ B === R =~ B —— R == R~ R —~— N —— R —— |

were performed on a sheet of copper, 2.5 mils thick, and on the copper screening

material of one shielded enclosure marufaeturer. Results of the tests indicate
N

that the variation of shieliiing effedtiveness at low frequsncies is almost identi-

cal for the selected materials. However, at higher frequencies the sheet corpper
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provides a shlelcing effactiveness increasing witn frequency while the screen-
ing material provides a shielding effectiveness decreasing with frequency.

The surface resistances of sheet copper and copper screening material
were experimentally measured and the reflection losses at low frequencies were
calculated. The values thus found agree with theoretical results already pub-
1ished. These data, plus those obtained experimentally with the coaxial testing
device, provide an experimental graph of the shielding effectiveness of copper
screening material to plane waves from dc to LOO mc.

A shielded enclosure is a rectangular cavity capable of exhibiting
resonances which can produce a high field intensity in the interlior of the
enclosure due to outside sources, even though the field at the éurface of the
inner walls is small. Measurements of the resonant frequencies of the parallele-
piped enclosure agree well with predicted values. Measurements of the shielding
effectiveness of the enclosure at these mid-frequencies are obtained by using a
half-wave dipole as the transmitting antenna outside the enclosure and an electri-
cally short (of the order of 2/8) dipole as the receiving antenna inside. The
degradation to shielding effectiveness introduced at these resonant frequencies
is about 25 to 30 db.

A coaxizal device is utilized for evaluating the shielding effectiveness
of mterials to plane waves. Plane waves traveling along the coaxial device are
incident upon the test lamina and the transmitted portion of these waves can be
measured to obtain the shielding effectiveness of materials to plane waves, Ex-
perimental results are given for sheet copper, aluminum, stainless and magnetic
steels, and high-F metal on ore hand and copper screening on the other. The
shielding effectivenesa of the former group of materials increases with frequency,
whereas that of the copper scraening decreases. The coaxial device is also em-

ployed to determine the electrical parameters cf shielding materials.
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REVISION OF STANDARDS FOR
MEASUREMENTS OF SHIBIDING EFFECTIVENESS C(F ENCLOSURES

I. PURPOSE

The purpose of this research is to develop improved techniques for
measuring the effectiveness of shielded enclosures in the frequency range of
1l kilocvcles to 10,000 megacycles per second, and to provide reccimandations
for st:mda:-d methods of evaluating such enclosures.

IT. GENERAL PACTUAL DATA

A, Tdentification of Perscnnel

Man-Hours to BEnd Man-Hours

Name Title of 3rd Quarter Total

R. B. Schulz Research Engineer- L31 £15
Project Engineer

L. C. Peach Research Engineer 803 83%

D. P. Kanellakos Assistant Engineer L8k 955

L. J. Greenstein Technical Assistant 136 136

Ad itional Engineering Services L1 WS
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by L. C. Peach, Third Quarterly Prograss Report, Contract No. NObsr-7282L,
April 1959,

(3) "Communication Networks™, Vol. II, by Ernst A. Guillemin, John Wiley and
Sons, Inc., 1936,

(L) ™Antennas™, by John D. Xraus, McGraw-Hill Brok Cc., Tnc.,New York, 1950.
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C. Steering Committee Meetings

(1) Date:  April 16, 1959
Place: Navy Depertmer.c, Washington, D. C.
Personnel Attending:
Mr. L. W. Thoms, Bureau of Ships
Mr. A. P. Massey, Bureau of Ships
Mr. R. B. Schulz, Armour Research Foundation
(2) Tate:r  June 15, 1959
Flaces New York
Peraonnel Attending:
Mr. A. P. Massey, Bureau of Ships
Mr. R. B. Schulz, Armour Research Foundation
During these steering committee meetings, Mr. R. B. Schulz reviewed
the status of the project with Messrs. L. W, Thomas and A. P. Massey and pre-
sented plans for the future work on the project.

ITI. DETAILED FACTUAL DATA

A. Introduction

The purpose o this program cf research is to provide a specification
for testing shielded enclosures which will furnish a maximum amount of informa-
tion regarding the performance of the enclosure, without requiring an undue
amount of equipment cr effort.

Theoretical and experimental results at the present time indicate that
testy should be performed {n thres ‘requency ranges, at 15 kilocycles, «t the
lowest nstursl rescnant frequency of the enclos:ire, and near 9 kilomegacyrles.
The reasons for selecting thesa frenuency runges w' 1 he given in detail in

sudbsequent secticns of ‘nts report. Brisfly. at lov frequencies shislding
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against low-impedance fields is much more difficult than other types of fields
ard, consequently, a test usin; such fields is believed to be necessary. At
mid-frequencies, enclosures exhibit resonance phenomena which significantly
affect the performance of the enclosure; a test in this frequercy range is there-
fore suggested. At the very high frequencies, shielded enclosures sxhibit be-
havior not predictable from their performance at lower frequencies and, conse-
quently, a test at these frequencies is advisable. A discussion of the tesis
performed in the three frequency ranges is contained in Sect‘on III-B, -C, and

<D respectively.

The performance of a shielded enclosure is largely determined by tcth
the construction of the roow and the wall meterials, A coaxial device for
testing shielded-enclosure materials was discussed in the two previous quarterly
progress reports. A more complete discussion of the device is given in Section
ITI-E. The primary problemy involved in the development of the device have been
the need for equalization of contact resistance betweer the coaxial holder and
the test sample and the employment of very thin samples #£o that adequate outputs
could be obtainsi. At the present time, tie upper frequency limit ie about S to
8 mc for so0lid sheets of shielding materials of few xils ihickness and about
LOO me for copper screening. The frequercy limits differ widely because the
shielding effectiveness of tre first group goes up with frequency wher=ss, for
the second, the effectiveoness dacreases. The coaxial device can glso be am-
ployed to determine the slectricel characteristics of materials,

A. Low-Frequency Teats

1. Introuuction
Since the presence of low impedance fimlds at low-frequencies is quite

commen aAnd these fialds are the =ost diffirule to shield against, the shielding
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effectiveness cof an enclosure should be measured against low-impedance magnetic o
fields. These lcow-imgedance fields can most easily be produced by current loops
vhose dimensions are small compared t- the vavelength.

2. Low-Impedance Fields

l N . . A_” "
et 3 VS N a0

A new method for producing lcw-impedance magnetic fields for testing
the shielded enclceure utilizes two larga, square loops ccompletely surrounding
the enclosure. The two loops are located near the ceiling and flcor aof the
enclosure, reapectively. They are used instead of only one placed in the middle
of the enclosure as previously reported, for ‘wo reasons: (1) the two loops

will not hinder cperning and closing of the enclosure door and (2) the two lcops

vopeep S comse [ o |

will provide a stronger and more unifcorm magnetic field. The loop-to-enclosure
seraration is approxiwately twc inches. This separation is a compromise between
the effect of capacitance to the rcom, when the locps are closer to the shield

of the enclosure, 2nd the magnitude of shielding currents induced in the walls

3 83

of the enclosure when the loops are far away from these walls. Wher a moderate

 ——

current “lows in the turns of the locps, it preduces a sufficiently streng mag-

netic field which completely surrounds all sides cf the shielded enclosure.

&3

This arrangement aliows measurements of the cverall performance of the shielded

enclosure to be made with simplicity.

g |

o) 3. Measuremert of Shielding Effectiveness

o

Refer to Fignre 1. The two loops L.T. and L.5. were placed in parallel

"
w

horizontal planes equaliy near the roof and flcor of the enclosure, respectively,

 e—y)

so that they did not hinder the opening and closing of the enclosure entrance E.
Tc reduce capacitive effects to a minimum but yet provide strong encugh flelds
for detection, and also to provide supports for the loops, hocks H were placedin

the eight corners of the enclosure. These were ordinary rubber suction cups

ARMOUR RESEARCH FOUNDATION OF I1LLiNOI1S INSTITUTE OF TECHNOLOGY
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Frequercy of testy 15 » 103 cps

Center of shielded enclosure FE  « Enclosure entrance

Muter shieiding laysr H = Hooks of sufficlert leneth to allow d
2 inches ) T.L.» Twisted leads

Tep loop {Each 10 tusts of ¥o. 18 inzulated wire horlzontally oriented ari)
Rottom loop (enmuifing the entire closure. (Transmitting antenna.) )
Circular leoop. Antenna AT-205/UMM-5 used in conjunction with Radio Interference

Set AN/URM-6 or 10-turn, 12-inch diameter of No. 12 AWG copper enameled insulated
wire. Placed in the center of the room midway between I.T. and L.R.
{Recetving antenna)

= Low impedance signal source to obtain adequate autput at frequency of test
= Audio frequency A.C. ammeter good at 15 kc. (The voltage acrcss a l1-chm non~

inductive resistor my be measured to find T.)

= Impedance matching transformer, if necessary
= Radic Tnterference Set AN/URM-6 or high input impedance A.C. voitmeter
= Low noise, narrow bandpass amplifier, if necessary.

FIG. 1 SHIELDING EFFECTIVENESS MEASURYMENT - LOW IMPEDANCE FIELDS
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.8-32 Machine

Screw
\ &
\ Mut
15" "
!

u

RIIRBER SUCTION CUP A METAL HOOK,
Available at any No. 12 AWG Copper Wire
Hardware Store Bent to Shape

N

d = approximately two inches

FT0. 1A RURBER SUCTION CUP WITH METAL HOOK




with hooks like those in Figure T A. Protrusion of the hooks was such as to
allow a distance of approximately 2 inches between the loops and the enclosure
outer shielding layer 3.

Each loop consisted of 10 turns of No. 18 stranded, tinned,insulated
copper wire; the turns were spaced as closely as possible. The two loops were
connected in serles aiding with twisted leads T.L. which were also connected to
an audio signal generator or power oscillator G. An impedance matching trans-
former M was used tc match the output impedance of the generator to that of the
external loops. The impedance of the latter was measured with an a.c. impedance
bridge at the frequency of test and in its final test position. 1Inside the
enclosure at its center was placed a pick-up loop S.L. similar to antenna
AT-205/URM~-6 or alternatively, a 10 turn, 12-inch enamel-insulated wire pick-up
loop. The plane of the pick-up loop was parallel to the planes containing
L.T. and L.B, The output of the signal renerator G was adjustcd until a suffi-
cient current I was flowing in the turns of the big outside locps which induced
a measurable voltage in the small inside loop. The voltage induced in the small
loop at the center of the room, while the large loops were excited, was measured
with the calibrated Radio Test Set AN/URM-& or, alternatively, with a high

impedance voltimeter. The high impedance voltmeter limits the current flowing in

the small inside loop to a minimum (this current should be essentially zero since,
if it weie not zero, it would create an additional magnetic field which would

tend to cancel those produced by the large loops and thus introduce an error in
the measurement). A low ncise, narrow band amplifier A with a high input imped-
ance was used when the output signal of the small loop was insufficient to give

a reading at the detector D. The voltage induced in the pick-up lo~p without

the nresence of the shielded enclosure wuidc: Lhe same conditicns described above
AR 1O UR NISCARCH FOUNDAYTION DF i {INDIS aNSTITUTE OF TECHNOLOGY
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was calcalated theoretically from

- ?
(1) V2 ﬂleABz volts
vhere
20 N T ab
(14) BZ-F°,, - 7(215*212}
VAau R GRS

f = freguency of test (15 x 103 cps)
Nl = mumber of turns of small piek-up loop

A = area of »mall pick-up loop in square meters

7

Lr x 107" tenry/meter, permeability of free space

or
|

N =« Number of turns in each of big loops
I =« current in amperes
2a = x-dimension of big loop in meters

2b =y. ) L O LN L1
24l = separation of the two big loops center-to-center in meters.

The shielding effectiveness 1s defined as

H

(2) Shielding Bffectiveness (db) = 20 log ﬁl
2

where
H1 « the magnetic field intensity wivhout the enclcsure

H, = the magnetic field intensity within the enclosure

2
Since the voltages thus calculated &nd measured are proportional to the magnetic

field intensities H1 and HZ’ respectively, the shielding effectiveneas is cal-

culated from equation
v
(3) Shielding Effectiveness (db) = 20 log Vl
2
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where

V1 = the theoretically determined open circuited voltage induced in

the pick-up loop without the enclosure in volts

V2 = the open circuited voltage induced in the pick-up loop within

the enclosure in volts.
A test was made tc insure that no case leakage existed at the detector. The
detector showed no indication whatever above the inherent background when the
generator G was disconnected. While the loops were in the positions shown in
Figure 1, a small loop probe was used to seacch for leaks and other imperfec-
tions that were present. The smell probe was a multiturn unit AN-207/URM-6
used in conjunction with an AN/URM-6 Radio Test Set. When the small loop nrobe
was carried in a horizontal plane around the enclosure walls, a variation of
the pick-up voltage resembled the illustration given in Figure 2. The joints
wer- tightened until the peaks of the leaky joints, at all joints, were reduvced
to a minimum. Other places which appeared leaky were corrected.

Cnly after all the joints were well tightened and all other defects
had been corrected, the shielding effectiveress low frequency test, as described
above, was performed. Tvpical values of shielding effectiveness ranged around
60 db for a cell-type screened enclosure of old manufacture.

It is proposed that this test procedure te included in the revised
test standards for measuring shielding effectiveness of shielded enclosures.

li. Theoretical Derivation of EBquation (14)

The theoretically expected value of the voltage induced in a small
single-turn circular loop when placed along the axis and parallel with a large
rectangular loop of sides 2a or 2b meters i{n the xy-plane, as shown in Figure 3,
will be derived for a current of I amperes flowing in the rectangular loop,
whose conducter cross section {s considered small compared with Pa and 2b.
AGMOD R QESCARCH FOUNDATION OF UL NOQTS INSTITUTE or TECHNOLOGY
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24 Pix,y,z2)

Py la,b,0)

L. LS

s (x4aR + (y+b? + 2°
rds (x-at + (y+b)? + 2t

rds (x-a)+(y-b)® + 2*

rd e (x+0)*+(y- b + 2zt

FiG. 3 FIELD DUE TO A RECTANGULAR LOOP




pet |

Brond

Cnmend)

| A ]

=2 = &3

The incremental vectlor potential at a distance Ty from an element of a conductor

of length d]. ~arrying & current I amperes is given by
dd
I s
(k) A - ET'! ;.:-"

and the total vector potential@ may be obtained by integrating around the
closed loop

dD'

1"8,

» A - s

For the rectangular 1oon,ﬂ has two components A}: and Ay glven ‘oy1

t (r1+a4-x) (r3-a+x)

(6) Ax'ﬁ'r?t" (Fz-2°%) (R, 2+ %
and

(g *+®+3) f, -0+

I
(7 Ay-E; in (r3-b+y)(rl+b+y) ,-

where Ty r2, r3, rh are the distances frjom the polnt P to the individual vertices
of the rectangular loop, respectively. Since the small loop is placed with ite
center along tl;e 2-axis and 1is parallel to the large loop, Bx and By will not
contribute to the induced voltare in the loopr. The flux density in the plane
of the loor is given by
(8) B2 4 -2 4.

o>x ¥ 9y

Bq. (8) {s completely general and 1s derived from

(9) B-Vxf,

where

lRoferonca 1, pp. 132-13k.
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“ - 2 -:i- + _2,
1) Y L2 e, 5 1 -

For a point P(o, o, 2),

r=r,.=nr, = -%/ 2
1 2 3 N

and both A_ and A are zero.
X y

(11)

Since

du

(12) E ’

d 1
5 ¢nu (x, y, 2) = 3

the partial derivatives in Equation (8) may be

evaluated more easily if one lets

(r, + b+ y) (rh -b+y) (Nl) (Nz)
(13a) ulx, y, z) = (r3 - b+ y) (rl T b+ y) TﬁET_TﬁET_ ’
and
(r1 +a+x) (r3 -a+¥) (N;) (N;)
(13b) v(x, vy, z) = = .
S8 " e, -a+x) (r, +at+x) T ¥
2 L (,) (D,)
Thus,
{ + - )
(1h) R R oty n -0y
Ix ¥y Lnox " U dx FB-b+y7 (rl+b¢y7
dr dr dr dr
ks 2. 1 3
(1) a, . WM s oW N Hm D
- y u 2 ’
ox (lez)
where
(16) k-E—I-.
"
Thus,
4 D
2 k 1 X + a X - & X+ a -8
(17y 2 A - % < N . N -u B D b
2 Y 1 0152 . 1 Ty 2 rs 1 1 2 r'3 !
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(18) ufv, 0, d) = 1,

_ . We want to evaluvate (17) at the rnint P, (0, 0, d). Thus, from (11) and (13a),
Therefore, at P(c, o, d),

2A .4 +h ( - ‘. N ( +b)( )
(a9 —a_)-fz ) (r‘b)(!‘*b){ﬁr (x+a) + —L,.—z (x»a)] -E';- (x+a) + —=2L L x__‘]! }

A - .
ﬂ (20) aa’ - kbr { 5;-.9- [(xu) -(x-a)J+ 5;-9- (x-a) -(fr-a)]
x -
A
! (21) %1 - '2_%' [3:-_-‘3 2a + I_;B (-23)] s
x r-
. 1 oA k 2ab 2ab
] (22) s-f ';2—?-;2—- (= <)
oh k Lab
(23) -
H gf r -v)r
’! Pinally, Bquations (16) and (11) are used to ocbtain
¥
. oy % . 80 -
! Ox  n(af+dd) VI 2
] Similarly,
Sy A
25 22 2 v v o)
| b0
and
i
. (26) 94 .. LLeb 1
} Dy w(bod)v‘z‘b?‘\dr
Thue,
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P

pl ab

7 1 1 1 webers
(2 ) B L4 .
’ \o o, d ﬂv aE + b! + dE ( a +d b+ d )meterE
’ b4

Note that equation (27) reduces to Equation (5) of reference 2, page 8, for

the case d = (j namely,

(28) B | LRI Vaz + b’ webers

2 " ab
0, 0, 0

metm'2

Tn the case of the contributicn of two loops (small loop placei mid-

way between two narallel N turn loops carryirg I amperes in their conductors),

_2Nulab 1 1 . 1 webers
@ " «]/ 2 ] 2 a2 + d?ﬁ b2 + c? n-ete—rf
a- +b +d e

The voltage induced in a Ny-turn loop of area A at the point P (o, o, d) is

(29) B

theref ore
(30) V= 2nfN, ’B volts
or
b 1 1
(31) V = LNN.pfIA 2 N volts
1t -Vlz*bzwz 2 v & v 4 42

Bquation (27) is exactly Equation (1A) mentioned above and Equation (31)

{s similar to Bquation (1).
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5. Reciprocity cf Shielding Effectiveness Measurements v the Two-Loop Method

- e

The basic method of measuring shielding effectiveness cof erclosures
8t low frequencies involves the use of two lcops of unequal size. Placing the
‘ilarger loop around the enclosure and the smaller one inside the anclosure, cne
can {a) detect the voltage induced in the small 1cop dr the magnetic field
created by the large loop: or (b) excite the small locp irside the enclosure

and detect the voltage induced in the large loop cutside the enclosure.

In toth cases, the coupling between the coaxial locps is also calcu-
lated (or measured) in the absence of the enclosure. If in the presence ard
absence cf the shielded enclosure the induced voltages measured are designated

by V3 and V3 for case (a) and ¥, and Vi for case (b), respectively, the shield-

s

ing effectiveness is defined by

= o 3 =3 53

v
(32) S.E(yy = 20 log \ 7 ‘ dacibels
| 3
.;_ or
. 1
v,
(33) S-E(y = 20 loglv-l- decibels .
1

|y |

Reciprocity shows that, if the open-cir-uited voltages are measured

(03

by a high impedance voltmeter, the two insertion loss valuec cbtained ir both

methods are equivalent; that is,

(3!‘) S°B(a) = S.B(b).

= =33

To show the validity of Egiation (3L} analytically, consider an cwer-
simplified, but adaquate for the purposes of thic analysis, circuit dlagram of
the measurement setup shown in Figure L. In this figure, the shielded enclosure

is represented by a short-circuiteZ turn. A voltags of Vl vclts rms impressed
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by a generator located in the first (transmitting) loop will cause a current
of I1 amperes rms to flow in this loop. This curreri induces I2 amperes rms
to flow in the enclosure walls. The currents I1 and 12 induce a voltage V3 in
the loop inside. No current is allowed to flow in the second (receiving) loop
because of the high impedance of the voltmeter used to measure the voltage

acrooe this loop.

The voltage equations of the systems are (see Figure L(a) ), since

(35) V= JWM T, - WMy, T,

(36) 0= JwM, I, + (n2 + ,wx.z) I,.

Fro- Bquations (35) and (36),

(37) L

wH JwH2 3301H12
Now the middle mesh is removed; this corresponds to removing the shielded
enclosure. Mesh No. 1 is again excited until a current of I1 amperss rms flows

in it. The open circuited voltage in Mesh No. 3 is therefore
1

Using Equations (37) and (38) in Equation (32) and simplifying, one gets

| R aun

(39) S.Eqy = 2 log W -
Ry + J0(L, - Ll:"”

By a similar procedure, but now exciting the locp inside and measuring the
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open circuited voltages V, and V, induced in the big locp outside (see Figure

L(b) ), 1t is found %hat
R2 + jwl,z

M0 ¥y
Y3 )

Comparing Bquations (39) and (hO),one sees that Bquation (3L) is Justified.

R, + Jw(L, -

It is interesting to notice that
(L1) Lim

ﬁly .(:=I)a.
W—>o

and Bquations (39), (LO) and (L1) agree with experimental results which show

1]
Yy
vy

that the shielding effectiveness of the enclosure to low-impedance fields at
very low frequencies is zerol (log 1 = 0).

A similar analysis of Figures L(a) and L(b), but now allowing currents
I, and I) tc flov in Mesh No. 3 and Mesh Ne. 1, respectively, (case of the low
impedance voltmeter), shows that the corresponding Bquations (39) and (LO) are
net equal,

Thus, as long as no current is allowed to flow in the pick-up loop,
the measurement of shielding effectiveness is bi-lateral. This means that the
shielding effectiveness obtained from measuremerts made by excliting the large

loop outside and measuring the open circuit voltage induced in the small loop

inside or exciting the small locp inside and measuring the cpen circuit voltage

induced in tre large loop outsides must be the same. This conclusion was verified

experimentally at 15 kc.,

lReference 2, Figures L 2 11.
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The overall performance of the enclosurc is much more effectively
checked when the large loop is excited. This method of excitation produces
stronger fields near the walls of the enclosure whare they are needed to pro-
vide stronger currents to check leaky joint and other defects. The small locop
is less effective in bathing the entire shielded enclosure with strong enough
fields to be detected locally with ease.

Finally, the voltage induced ir the small loop inside is measured
in the presence of the shielded enclosure while the large loop is excited;
this result 1s compured with the theoretically expected induczed voltage in the
small loop with the absence of the enclosvre. This theoretically-obtained
value of induced voltave is the open circuiteu one. When a current 4s allowed
to flow in the pick-up loop, it will tend to cancel part of the field produced
by the large lcop. (In the ~ase of Radio Test Set AN/URM-§, the loop pick-up
is calibrated in terms of the actual magnetic field so that this is no longer
of concern.)

6. Surface Impedance Measurements

Measurements of shielding effectiveness at low frequencies, made with
the coaxial tezting devicel on one hand, and with the two locp method2 on the
other, at low frequencies, on copper screening material used bv one shielded
enclosure mamifacturere revealed that it was appraximately equal to that offered
ty a 3-mil-thick copper sheet.

The coaxial device measures the shielding effectiveness of materials
to (medium-impedance) plane waves, whereas the two loop method measures the

shielding effectiveness to low-impedance magnetic fields. At low frequencies,

lA discussion of this testing device and its utilization in measuring shielding
effectiveners of materials are given in Section III-E of this report

%Reference 2, pp. L to 1.
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the main loss introduced by shielding materials to rlane waves is that due to
reflectionl. Since both materials exhibiu approximately the same loss at low
frequencies, their surface impedances must also be approximately equal. T-
verify this statement experimentally, the surface impedance of copper sheet

2.5 mils thick and copper screening material, 22 x 22 strands per inch, 15 mils
diameter, was measured by the method indicated in Figure 5. The values recorded

L L

were 2.2 x 107" ohms per square and 2.69 x 10  ohms per square for the copper

sheet and copper screening meterial, respectively. The method of measurement
used during this test differs from the conventional method2 in which the
electrodes are placed in opposite sides of the square plece whose surface
impedance is desired, rather than in adjacent sides. The latter method was
used tecause of the anisoiropy of the screening material.

Additional tests were performed to determine the shielding effective-
ness of the materials to low-impedance magnetic fields and plane waves at low
frequencies. The two~loop method was used to take the data which are plotted
in Figure 6. Because of availability, 2.5-mil-thick copper sheet was used for
the tests and compared with the shielding of one and two layers of copper
screening. Figures 1l and 19, in another section of this report, show the
shielding effectiveness of the two materials to plane waves. The shielding
effectiveness of the two shielding materials to both low-impedance magnetic
fields and plane waves is equivalent only at low frequencies (of the order of
a few kc) where it is primarily due tc reflection. At higher frequencies, the
screen perforations play a2 more important rcle and the shielding effectiveness
of copper sheet and copper screening are quite different, as shown in Figures

1; and 19, respectively.

Iﬁeference 5, graph on p. 16
9
“Reference L, pp. 36L~365.

ARMO UR RESEARCH FQUNDATION OF s NOLS INSTOATUTE OF TECHNQLOGY

ARF Prot. E108

-l uar. Rpt. No. b

d




I <
I 7727222272727 7)
l .T
| v
ﬂ 10" |
COPPER
TRODES
ﬂ ELECTROD SOLID SHEET OF
COPPER 2.5 MILS
THICK
je 10"
L 2317 1147
; E ’
i Y
[ 1
| 10" . l
N ,
: SCREENING MATERIAL
F| 22 STRANDS PER INCH
1 18 MILS THiSK

Y

R. * 2,69 x 10"‘

Ra ~ 2.2k x 10'h

|

.

Surface Resistance !!a . ; (ohms per square)

ohwl/equare,for copper sheot

ohms/square, for copper screening

FI0. 5 SURFACE RESISTANCE OF SCREENING MATERIALS

e L N N




CF FLUX LINKAIES, ¥, db

COPPER: R, * 1.0
RELATIVE PERMEABILITY pus1.0
EXPERIMENTALLY OBTAINED
CURVES: SOLID LINES

2.5 mi1 thick
& Copper Shaet

(ns layer of
Copper Screen,
22 x 22 stranda

per inch, 15 mils
diameter

Two layers of

of copper screnn,
22 x 22 strands
per inch, 15 mils
lavers one inch

amrt
<
—
Pl BN
pi T e
&0 R L 1 [
Y T T B
200 1,000 10,000 100,700

FARBEMSNCY TN CYCLYS Fefl GWCOAND

F]T‘v.6 O LOOP METHNTD 08 YEATNTIY SHINTDT G SRCTATIVRNA




=l e T — N — N — - B B BN B

e B e B B = TR rer B o |

The reflection loss in db sustained by a plane wave incident on the
above nmaterials is calculated from1

(Ry + 377)?
(h2) R.L. (db) = 20 ]33 W—-—)
s

with the justifiable assumption of

(43) Ry << 377.

Calculated reflection lcss at d.c. 1sads to values of 152.5 db and 150.9 db for
the copper sheet and screening material, respectively. These values of reflec-
tion loss are in agreement with the 150 db (100 cps) thecretical value reported
by Vasakaz.

In section ITI-E of this report, additional experimental data are
given regarding the variation with frequency of shielding effectiveness to
plane waves of different screening materials acting as shields.

C. Measurements at Mid-Frequencies

1. Imroduction

In the Third Quarterly Progress Repor%, it was pointed out that the
shielding enclosure acts as a reaonant cavity at the frequencies at which its
8ides are equal ton % , where r 1s an integer and A is the wavelength of
electromagnetic waves at frequency f. The existirg standing waves inside tha
"cavity" can affect any electrical equipment in an unfaverable manner whenever
it 1s placed at locations where the field intensity is high because of resonance.
Some of the resonance frequencies calculated for the shielded enclosure under

test were 83.k mc., 167 mc., 284 mo., 210 mc., etc.3 Figure 13, p. 32, of

* Reference 5, pp. 3-5.
¢ Ibid., graph on p. 16
3 Reference 2, pr. 29-31
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Reference 2 shows the distribution of the electric and magnetic fields for the

TElOl mode and one method of its excitationl.

2. Experimental Results

a. Introduction

Attampts were made to detect the predicted resonant frequencies of
the cell-type, copper screened enclosure of approximate dimensions of 10 feet
x 8 feet x 8 feet. The resonances are hard to find because the Q of the cavity
is very high. With the calculated resonant frequencies as a guide, measurements
were made of the existing fields inside the room. The set-up shown in Figure 7
was used to obtain the curves appearing in Figures 8, 9, and 10. As can be
seen from these figures, the degradation to shielding effectiveness introduced

at the lowest group of rescnant frequencies is about 30 db.

b. Method of Measuring Shielding Effectiveness

The measurement of the shielding effectiveness at the mid-frequencies
is accomplished by using the measurement set-up shown in Figure ;. Because of
the high attenuation introduced by the shielded enclosure at the mid-frequency
region, a high pover signal generatar was used, specifically a Rollin Power
Type Signal Generator, Model 30A. The generator was feeding a half-wave dipole
’z the antenna A2

produces in the vicinity of the enclosure strong free field waves whose imped-

antenna A2 through a 50-ohm doubly shielded cable (RG/U-9B) C

ance is that of plane waves. Inside the enclosure was placed another dipcle

antenna Al whose length ll

quenzy of test. The cverall leneth of the dipole reaceiving antenna is kept

is much less than a quarter wavelength at the fre-

electrically short {é <& < E ) so that its impedance will not change
7z

If‘or corrections to this figire see ERRATA st the end of this report.
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appreciably (1) as the reviewed frequency sweeps past the resonance frequency
during weasurements and (2) when the antenns is taken outside the enclosure,
a8 does the impedance of the half-wave dipole antennal.

The output of antenna Al was brought outside the enclosure tc an
IM-88/URM-47 Radio Interfercnce/Field Intensity Meter through a coaxial feed-
through cannector located in the roof of the enclosure. 1In order to minimize
unwanted pick-up and field distortion, cable C3 was kept as short as possible;
RG/U-9B dousble shielded cable was used. The presence of excessive leakage at
the 'ri/fi meter necessitated the construction of a shielded case for the mater.
Cable C, vas also provided with a third shield. When the connectors C or c'
were shortall c.t, it was found th ¢ the meter was not picking up any stray fields.
The antenna Al inside the shielded snclosure where the electric field intensity
was high was supported by its tripod. (In case of the lowes: natural rcsonant
frequency, the electric field intensity is maximum at the center of the encle-
sure and its orientation is perpendicular to the plane of the largest side panel.)

The transmitting antenna A2 was orieuted perpendicular to the center
of the largest wall of the enclosuré?and was pulled away until a maximum indi-
cation was obtained at the meter M. Thies distance of the center of the antenna
A2 from the enclosure wall corresponds to an integral multiple of half wave-
lengths(n'g). However, to prevent interaction of A2 with the enclosure walls,
n was kept greater than 3. The generztor frequency vas varied in very small
ateps around the resonant frequency and curves were plotted similar to the ones
which appear in Figures 8, 9, and 10. The coupling of the antennas A, and A,
was also measured outside the enclosure when spaced the same distancs and

oriented the same way as when one was inside and the other outside. The

lﬁafcreuce 2, vp. 36-37.

2‘!1115 orientation will favor the TE]CI mode of excitation.

AGMOUR RESEARCH FOUNDATION OF HLLINO!S INSTITUTE OF TECKHNOLOSY

- 30 - ARF Proj. E108
Quar. Rpt. No. L




vy

sh’lclding effectiveness at the lowest natural resonant frequency is defined as
the increase in attenuation of the output gererator G to give the same reading
indication on the meter M that existed for reception through the enclosure
shield.

It should be mentioned at this peint that the position of the recelv-

ing antenna 4, in the center of the enclosure is exactly correct with respect

]
to the orientation and location of the maximum electric field in the cavity
only for the case of the lowest natural rescnant frequency. Although the
location and direction of the maximum electric field changes within the cavity
with the various natural resonant frequencies, the tests performed to take
the data which appear in Figures 9 and 10 had the antenna Al always in the
same position, the center of the enclosure.

If the antenna location is changed within the enclosure, the pick-up
voltage will also be changed. The neasurements are also subject to the test
conditions; that is, any metallic objects present inside or outside the enclo-
sure may affect the measurement results. Metallic objects or other perturbations
placed ins:irde the enclosure at points where the magnetic field is maximum have
the effect of increasing the resonant frequency (from the calculated value):
when placed at points where the electric field is maximum they have the effect
of reducing the value of the calculated resonant frequencyl. In the case of

the first resonant frequency, for example, the dipole antenna A, and its support-

1
ing structure, since it is placed at the center of the enclosure where the
electric field is maximum, reduced the value of the rescnant frequency from the

calculated value of 83.L4 mc to the measured value of 80.85 mc. Losses present

in the walls, by the same token  increase or reduce the values of the resonant

lnererencc 6, pp. 80-81.
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frequencies if the magnetic or electric field is maximum at those locations.
In addition, the resornant frequencies crowd together as one goes up
in frequency, and their effecte overlap. To keep the test as simple as possible,
it is proposed that the test for shielding effectiveness be performed at the
lowest natural resonant frequency of the enclosure when 1t is considered as a
cavity.
3. Conclusions
For the enclosure tested, the shielding effectiveness to plane-wave-
impedance fields at mid-frequencies varies from about 100 db at 60 mc to about
65 db at 40O mc. The reducticn in shielding effectiveness at the narrow peaks
of the natural resonant frequencies is about 25 to 30 db and brings the field
intensity value inside the shielded enclosure well within the sensitivity range
of the ri/fi instruments now used. However, the shielding effectiveness to
plane-wave impedance fields offered by sclid sheets of copper of a few thousandths
of an ineh thick is much higher than screening material. Therefore, a test for
resonant frequencies might be quite difficult under these conditions.
Nevertheless, it is planned that a test of this type will be included
in the revised test standards for measuring shielding effectiveness of shielded
enclosures since the data are¢ important to the description of shielding effective-
ness.

D. High-Frequency Tests

The testing of the enclosure in the neighborhood of 9 kilomegacycles
has temporarily been delayed because of a failure of the AN/APS-25 radar unit

which was employed as a high power scurce.
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E. Coaxial Testing Device

1. Introduction

In the Second and Third Quarterly Progress Reports, it was indicated
that a section of coaxial transmission line could be used to measure the shield-
ing effectiveness of materials tc plane waves. A thin lamina of the material
is inserted in the line as a barrier extending from the inner to the outer
ceaxial conductors and perpendicular to them as in Figure 11(a). It was shown
in the Third Quarterly Progress Report that the portion of the coaxial guide
filled with the shielding material under test can be represented as a trans-

mission line whose per-unit impedance ard admittance are given by

joFZn g
(L) A The ohms/meter
and
(45) yeZ 2; mho/meter,
in —
a

respectively. This transmission line portion is shown in Figure 11(b).

2. Equivalent Circuit of the Transmission Line

It 1s desirable to construct a lumped four-terminal network whose

external behavior will simulate that of the given line of length d whicn repre-

sents the lamina. The impedance matrix for a transmission line of length d isl
8 cosh vd \

. 4

Wé) &~ smve |

cosh vd/ ,

where

b
én =
VA w
anaeo[Te0 0 HE

1 Reference 3, pp. 256-276.
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and

(L8) Y=~ =1 VYR

are the characteristic impedance and propagation constant, respectively, of
the transmission line that represents the lamina.

The transmission line shown in Figure 11(b) can be realized over a
band of frequencies with a number of sirple T's as shown in Figure 11(c), for

which

d 1
(L9) R i ol

50 F-2c

and n i1s the number of simple T's employed. The characteristic impedanc. of
the cascaded n T's must be the same as that of the transmission line they

represent, namely 8,, and the precragation functions must be the same; thus}

(5 VEZL -/ 4 g 8 Ydy2 . g
1) R A 1*1?2;‘ cvl*(iﬁ iy
z

-1 1 -1 vd
(52) Y = 2n sirh v EZ% = 2n einh (55) yd.

Expand (51) with the binomial theorem and use for (52) the expansion
5

u

1 3
L5

(53) sin bl = y -%

W=
+
Ny 1~

for small u to get

2 L
1 ,yd," 1 ,xd
(54) ZT‘B6{1+§(2n) -5 ) };

1 Reference 3, p. 258.

ARMOUR RESEARCH FCUNDATION OF TLLEND TS INST bk OF TECHNOLOGY

-3 - ARF Proj. E108
Quar. Rpt. No. L




Fy
I ot
. ) 1 ,yd 3 (xdy - ...
(5%) nYq d L 1l - Z (55) *TIo (53) ,
l If % is chosen in such a way that the fourth power terms in (SL4) and
l (55) are much smaller than the square terms, one can determine the number of
N sections necessary to give a certain amount of error in Et and Y.
I Thus, from Equaticns (S4) and (55), one may define
(56) So.l (Yd)2 2 as the error in 8

li 2,02 W i’
IE and

g . (57) Iy (5—) v as the error in v.

!
§ L
F ] To determine the required number n of T's, assume a 5§ percent allowable error

F‘
] in the characteristic impedance; ttrus
: | >1 |vd?
| (58) 0.05 = 'B’ "E’i
i For the case of copper and f = § x 106, d=2.5mils = 6.35 x 10-5 meters,
ol

(59) n?1.5,

Hence, two T's will suffice to represent the lamina whose total inductance and

resistance are

| (60) L, = 10.6 x 1072 henry
:

and

(61) R, = 50 x 107 ohms ,

~

6

respectively, up to the frequency of 5 x 10 cps. The single-T representation

of the lamina which was given in the Third Quarter’y Progress Report is too
gross an approximation, except at the lowest firequencies. The iwo-T representa-

7
tion, on the other hand, is vslid up to a frequency nsar 10’ cps. Figure 12
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Lt Le L Le

Ky K3 Xy -4
oA \ T =\ a' Ve -0 ]
Vr‘ % v.'A—" 'y Re
Ro ‘ 2Re 2R¢e
A e e
Voo

Rg — GENERATOR IMPEDANCE = 508l

Ry — TOTAL LAMINA RESISTANCE = 50X107¢
Ly — TOTAL LAMINA INDUCTANCE * 10,6 X10™'? NENRY
vi? l

g

SHIELDING EFFECTIVENESS (DECIBELS) = 20 LOG

FIG. 12 EQUIVALENT CIRCUIT OF THE COPPER LAMINA



I, by loop currents, one pets, bv noting that Rt<< Rg and¢~Lt << Rg,
( VOC 'Ri
62 1, & p—

‘ 3 .‘d

38 (Rt 4 j.?.‘_.)
ané
oe %

2 [ ] - - R

(63) V3o I3 R B ma

in this application a3

v; |
r {&Y) S, E. (db) = 20 log = ‘.
173
[ Substituting Bquation (63) into Bquation (6L), one gets, noting that V;' =
5 g a
. )
[i (65) ( ) R? J 1 + (HR—; J
S. E. {db) = 20 log
R,
II Bquation (65) reduces in the low-freguency limit to the expression

R
{66) Lim 5. E,= 20 lor 5—3_
W-—pd Re ’

=1 3

' and then solvine for the ratir a2rpeuaring in Equation (66).

1, Experimental Results

-_— = &3 =3

- -

represents & twe-T netwoerk representation of the copper lamina. Sclving for

The symbol VS i1s used to desirnate a voltapge wave propagated ir the

positive (incident) direction in leop 3. The shielding effectiveness i¢ defined

which »ay be obtalned from Figure 12 by letting Le gc to zero as W goes to zero,

The set-up Shawn in Figure 13 was used tr take the coaxigl tester
exrerimental data which are plctted in Figure 1L for a lamina thickness cf

2.5 mils. The shielding effectiveness is much higher than the sensitivitr of
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the instrurents tc delect beyond S mc. Tn the same figure, the calculated

shielding effecctiveness Trom equatfon ‘£S) is alsc pleotiad.

The exverimental rcints are taker as fcllows: 1) With 20 db
; attemwation in th: variable at*enuator for isclation, observe an indication
on the field inteasitv meter when the sigral opasses through the coaxial tescting
device. (2) Insert enough additional atteruation in the variable atteruatar
until the same indication as in (1) is ocbserved on the field intensity meter
when the sigral is directly fed tc that meter by the use of twe coaxial switches
(see dotted lines in Figure 13). Tre increase in db attenuaticn introduced by
the variable attermator is the shielding effectiveness cf the lamina.
It is believed that the experimental curve dces not follow the calcu-
T lated curve for shielding effectiveness because of the generation of “igher
modes in the lamina. These higher modes when generated at the surface of the

lamina are attenuated, esvecially at those frequerncies at which the lamina

s b S b ot s A an o

thickness, d, becomes an aprreciable pertion of tne wavelength, and thws intro-
duce additional loss. The higher modes are gererated because (1) the contact
resistance ir the lamina is non-unifcrm, {2) the lamina hss surface irregularities,
and {3} the wavelangth of the electromagnetic waves in the lamiua is quile small.

Corditicns (1) and (2) produce a non-uniferm surface current 27 stribution which

e s —— bt e

requires higher modes to satisfy its boundary ccnditions at the surface of the
lamina. The consequence of condition (3) is to increase the effectiwve dimensions
~f the lamina diameter and width by many times over the ccrresvording dimencions
in air; the lamina space thern ~an support the higher modes generated under con-
ditions (1) and (2) in addition to othe: higher mcdes generat:d under conditior

(3).
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= 9 £
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To illustrate, the wsvelength of electromegrnetic wvaves in the TEM
mode at a frequercy of one megacycle is
c 3Ix 106
(67) %'7"—1—'3@!8&!'8
- 10

The propagation comstant in a good conductor is

(68)  yeos gpe(1- gyyuue

and the follavirg relatianship Lolds

2
& G-

The wavelength of %the electramagnetic waves at f = 106 in copper (p = ).nml(').7

2
!)

0-5.751107 %2), is

(1) A - E— - 116 p meters
" W%O
and that in high-p metal 2t the same frequency (p=1bnx 1072 h/m,

c=1.12 x 106 mho/nm) is

(713) lhigh-p - = k6.7 jp meters.

WPpO
- = ‘.5 3
Sinca dmx 2.5 mils = 6.35 x 10 © meter = 63.5‘: meters and dhigh—P = 3.5 mils

=3.9x 10-5 meter = 89 pm, one has

(72) %’copp" = .152 and 1.9.

d [
2 , high-p metal =

At £ =2,7x 106 cps in the case of coprer and at f = 1.74 x 103 ops for the

case of the high-p metal,
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and the laminas appear to be a quarter cf a wavelength thick.

Thus the wavelength in the comducting material is reduced by

Zo 200 .6 £
(7h) =— =38 10 =72 x 1C times for the copper lamina
Fu
and
175) —_— - 1-1%22 106 = £.h2 x 106 times for the high-p metal lamina.

7 high 5

Thus, in the cass of the high-p metal, and fer the same error cf 0.0S)the 3.5-
mil lamina requires ar artificial line rerresentation consisting of 700 simple
T's for frequencies up tc one megacycle; ther<fore it is not helpful to analyze
it from that point of view. In 2 later paragraph, the transmission 1ine anaiogy
is analyzed and compar-d with experiment.

Figure 15 shows the shielding effectiveness of high-p metal (nominal

By - 10"

ment range to 650 kilccycles. Figure 16 shows the shielding effectiveness of
ge g

). 3.5 mils thick. The sensitivit; of the instruments limit the measure-

S-mil thick aluminum ard Figures 17 and 18 that of 18-mii thick stainless steel
and S-mi) thick mgnetic steel, respectively. Figure 19 shows the shielding
effectiveness of copper screening material (22 x 22 strands per inch, 15 mils
diameter} of cne shielding enclosure mamufacturer. The effsctiveness at very
low frequencies is primarily due to reflecticn and the eflect of perforations
does not ccme intc play until the higher frequencies, where the shielding

effectiveness drops with frequency.
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L. Transmission Line Analogy

In the casc »f the high-p metals (such as iron) and other metals whose

lamina thickness appears to be many wavelengths, the transmission line analogy
may be used. In this case, the lamina is considered as a transmission line of

characteristic impedance

ol

¢n
W
(76) a& = (1 +9) 2w 20

and propagation constant

(77) Y-(l+j)u—)2t9-a+jﬁ

sandwiched between two transmission 1ines of characteristic impedance

(78) g = 50 ohms

and propagation constant

1) vy 3Bt

where :Ao is the wavelength of the TEM mode of frequency fo. Miltiple reflec-

tions in the transmission line representing the lamina are neglected since the
attenuation is considered to be so high as to reduce them appreciably. Thus,

at the junction (1) see Figure 20(A)

(80) L AL Y
and
(81) Lo, - r,:,.
But

(82) vV =85 T,
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Thus (81) becomes, with the use of (82),

(83) oLy g LT 2
1 1 ggil. 85 2

Adding (8n) and (83) and dividing tv 2, one gets
1 ]
(8l) Vl '?-(1*[;)‘7;‘

At junction (2), see Figure 20(A)

(85) V; + %, = T;

and

(86) 13-‘12-.1'3"“

Using (82) in (81). ona gets

(87) v, -9,

g
I
|
=

Add equations (85) and (87) and solve for V, to obtain

2
g

(88) v;u%-(1+-§)v:: :

But,

~ad
89) T | e

at junction (2) 2 i at junction (1)

Thus, use equation (89) in equation (88) plus equation (8L) to arrive at the
resulting equation,
) v elaagy s Ly /T
1 "p U3 0E
The shialding effectiveness is defined by
VT ‘
i
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During measurements with the coaxial device, camparisons of VY and R
V;\ are made with (1) the coaxial device in the circuit as shown in Figure 20(A),
and {2) with the coaxial device out of the circuit and in its place an atterma-

tor as shown in Figure 20(8). Thus, one has from Figure 20(B);

(92) V-;A = (Loss Ratio) vi‘A

also from (90),

-ad

(93) V—; = 488 V']'.A .

Fe D <1+;:)

In the test, the attenuation is adjusted until

(94) V§A' v;‘

Comparing Bquaticns /92° and (93) and using Rquation (94) one gets

2

-G
(95)  (Loss Ratio) V), = © — .

1 e %
Efl*g‘)(l"g;)

If V., the gererator voltage, is kept constant, ther V', = V:'L*and

- xd
4
(96)  (Loss Ratio) = —rr=

(i+gh <1+z§>

Using Bquaticns (76), (77) and (78) in (96) and using the simplificaticn

2

2
£ > ﬁz, one has m—, )
V5
hZe e

50

Using Bquation (91), one sees that the shielding effectiveneas is equal to the

(97) (Loss Ratio) =
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number of db introduced by the attenuator, or

25 owri/a d

(98) S. E. (db) = 20 1log .
22|
Now, 621 b
L
a. w/" / ]
9 = ——- —_ .
(99) £y o lL_F — VW/'{Re
and /’u}[
<1 e
W A9 - —_—
(100) V—f——d = {28 >
where 32 and Ly are the resistance and the 1inductance of the lamina. Therefore,
N
VZ 2
(101) S. E. (do) = 290 log 23 & .
A \/ wleRg

Expanding and simpiifying, one finds that

I’[ﬂ
(102) S. E. (do) = 13.9 - 10 log Rz Ly -10 log £ + /5. 4/-{\; V 7C
L4

For the case of copper,
(61) Ly = 10.6 x 10°12 Lenry and (61) Ry = 50 x 10 -6 ohm
and, for the case of the high-}&.metal tested (assuming a P} of 10“),

(103) Rp = 1.33 x 153 chn and (105) Ly = 7.h2x 10‘8 henry.

Thus, equation (122) reduces to

(16h) . E. (db) = /€67 -/o&af - 710 £

for the case of copper, and
(105) S. E. (db) = 11h - 10 lcg £ + 0.112‘/;7 s
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for the case of the high-PLmetal tested.

BEquation (104) is plotted in Fig. 1L in the same frequency range as
the experimental results, As one can see from the figure, the overall behaviour
of Bquation (104) and the experimental results is similar, except for their widest
separation hy about 7 db. ZEquation (105) is plotted in Figure 15 for the three
values of e ﬁr,.a,etv /03 3 H x(03 omnd /04.

Since Eguation {105) with the value of h: =4Xl03best fits the
experimental data obtained, it is determired that r;! LOOO over the frequency
range considered, whereas the nominal value of /ur for the material is quoted by
the manufacturer to be "extremely high?" It is assumed that the resistivity of
the materials does not change appreciably with frequency.

5. Conclusions

Equation (102) shows the dependence of the attenuation on the frequercy

(for W>?2 L%". ) and on the material parameters Rg and Ly for the case

12§
of "pure” TEM waves. However, the imperfections ir the contact resistsace and
the magnification of the lamina dimernsions nentioned previocusly prevent this
theoretical formula.frqm being applied directly and being compared exactly with
experimental results which are obtained with t he coaxial device. Moreover, this

equation is not directly a2pplicable to shielded enclosures because of size and

geometry. It gives, however, an overall picture a8 to the effect the resistivity
(implied in the shunt resistance R, of the lamina) and relative premeability
(implicit in the series inductance of the lamina L.! ) play in introducing
attenuaticn, as well as the dependei ce upon frequency.

F. Project Performance and Schedule Chart

The scheduling of the program of research is shown in ligure 21,

The open areas represent planned effort while the shaded area represent completed
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1

work. The financial status of the project is as follows:

For the period ending 31 May 1959#

Original money allocated fur research $37,672

Total expenditures 31,053
Total commitments L83
Balance available for research 6,136

It is anticipated that tne expenditures for June 1959 will be approximately

$3,000.

Iv. CONCLUSIONS
1. The sadvantages of using two large loops to immerse the enclosure in

a low-impedance, low-frequency field are that a pick-up loop in the center of

the enclosure can then be used to provide an overall indication of performance,
and a small piéij;p loop probe can be employed tc explore for local defects,
Only one measurement is necessary at low frequencies, since the voltage induced
in the pick-up loop in the absence of the enclosure can be obtained theoretically.
2. The two-loop method of measurement of shielding effectiveness at
low frequencies shows that the two readings obtained by exciting the large loop
outside znd subsequently measuring the voltage induced in the small loop inside,
or vice versa, are identical. In the analysis, the shielded enclosure is

represented by a short circuited turn consisting of inductance «nd resistance

in series.

3. The surface impedances of sheet copper (2.5 mils thick) and

copper screening (22 x 22 strands per inch, 15 mils diameter) are almost

# Cost sheets for June 1959 are not available until July 20, 1959.
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identical at the low frequencies. Their reflection loss, which is the main loss ?
at low frequencies, is therefore the same. The atove two maierials are inter-
changeable for shielding purposes at low frequencies. The calculated and

measured shielding effectiveress to plane waves at low frequencies agrse with
those reported by Vasaka,

L. The presence of standing waves inside the cavity at the mid-
frequencies can intrcduce a degradation in shielding effectiveness of about
25 to 30 db (at 80 to LOO me).

5. The coaxial testing device has been used to test shielding
effectiveness 4o plane waves of some of the most common “hielding materials such
as copper, ircn, aluminum, stainless steel, and high-ﬁ.metal on cne hand, and
copper screening on the other. Limitations of the instrument sensitivities and
mechanical difficulties ir reducing the lamina thickness do nct allow the
measurements o be taken above 8 mc at present.

6. The shielding effectiveness of copper screening to plane waves
has been measured with *he coaxial tester over the frequency range of dc to
40O mc, The measurements show that the shielding effectiveness to plane waves
of the material decreases with frequency, being about 150 db at the very low
end of the spectrum (dc te 10 kc) and about, 65 db at LOO mc.

7. The coaxial testing device was used to determine the relative
permeability of a high-p shielding metal. The value ogiithus reported was
about 4770 in the freyuency range of 170 ke to 650 kc. It appears that the device
is useful to determine experimentally the relative permeability of materials at
radio frequencies,

V. PROGRAM FOR THE NEXT INTERVAL

The original termination of this project was 30 June 1959. However,
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a time extension has been grauted up to 30 September, 1959. During this last
quarterly periocd, effort will be expended oa the following aspects of the program.

l. Experimental investigation of the coaxia: device for evaluating

shielding materials will be continued.

2. Further investigation of the nmature of generation and methods
! suppression of standing waves inside shielded enclosures at the resonant
frequencies will be continued.

3. Measurements at. the kilomegacycle region will be concluded.

L. The final form of the test standards for measurement of shielding
effectiveness of enclosures will be set up and trial test runs may be made at
plants of different shielded enclosure manufacturers.

VI. LOGBOOKS

Data obtained on this project are contained in Logbooks C 8375.
C 8724, C 8836, and C 8355.
Respectfully submitted;

ARMCUR RESEARCH FOUNDATION
of Illinois Inatitute of Technology
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D.P. Kanellakos, Assistant Research Engineer

H. M. Sa Jupervisor
Electronf¢ Interference
APPRWED:
S. I. Cohn, Assistant Director
Electrical Engineering Research
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ERRATA
The symbel 'I‘Mr’11 appearing in the title of Figvre 13, page 32 of
the Third Quarterly Progress Report (Reference 2) and also on page 31 of that
repcrt should be changed to TEl(,‘l' i
|
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