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FOR OFFICIAL USB ONLY 

\.0 PURPOSE 

The purpose of this Study is to provide reliable and readily applicable 
information to design personnel so that electromagnetic shielding configurations 
may be designed to provide, or verified as providing, a required degree of 
attenuation of intercepted electromagnetic waves. Although much shielding data 
has been available prior to this study, it has been relatively uncoordinated and 
difficult to apply to a given shielding design objective with a high degree of con¬ 
fidence because practical shields do not conform in detail to the ideally uniform 
materials and transmission media hypothesized in theoretical calculations. 

1.1 Study Phases 

The required research Was accomplished in two overlapping phases: 
Phase I is a study of electromagnetic shielding for frequencies between 50 cps 
and 1.0 Gc. Phase II extends the study through 10 Gc. In addition, The Boeing 
Company has supported a companion study for the purpose of determining 
shielding effectiveness per unit of weight per unit of area for a given shielding 
material, and the effects of adverse environments upon shielding effectiveness. 

1.2 Shielding Effectiveness Factors 

The major objectives of the study are to isolate and measure the several 
discrete factors contributing to the tota,l shielding effectiveness of enclosures. 
Since total shielding effectiveness, S.may be expressed as a function of all 
factors constitutive of a shielding situation, each individual factor is isolated 
and its dependence upon varying shielding configurations is determined. Then, 
for any given combination of the various factors in a specific enclosure, the 
shielding effectiveness can be determined from the contributions of the factors 
involved. Table Alists the variables considered. Practical considerations 
such as procurement lead time for materials, fabrication facilities response 
time and analytic or empiric ease of factor isolation determined the sequence 
in which the factors were separated. 

D6-8597-5 
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2.0 ABSTRACT 

This is the final report of an 18-month study program. Two significant 
results of basic utility in understanding and designing electromagnetic shielding 
are presented along with two resulting patent disclosures. It also details the 
basic theory and analytic and experimental approaches employed in obtaining 
these results. 

2.1 Shielding Design 

A technique based upon sound engineering principles was developed for the 
design of shielding enclosures. Substantiating though limited design data has 
been obtained. The basic approach was to consider transmission of wave energy 
through a shielding barrier in a manner analogous to conventional transmission- 
line theory. Transmission through each leakage path such as a seam, air inlet, 
electrical filter, etc., was considered to be in parallel with that through the 
shielding material itself. This fundamental theoretical development is presented 
in Sections 5.0 and 6. 0. Design data resulting from this approach is given in 
Section 9.0 and substantiating experimental data is given in Appendices A, B, 
and C. The significance of the basic approach taken is that it is the first tech¬ 
nique yielding good agreement between theory, design, and predicted perfor¬ 
mance of practical shielding enclosures. 

2.2 Low>Frequency Resonance 

During the performance of the study, resonance effects in a number of 
shielaing enclosures were observed in the frequency range of 5 to 150 kc (Ap¬ 
pendix A). These are explained as resulting from large differences in phase 
shift between parallel transmission paths; one through the shielding material and 
the other through seams under certain conditions of transmission. Since these 
effects are believed to be newly discovered, they serve as the basis for two 
patent disclosures made under the program which describe (1) a resonant filter 
for electromagnetic waves and (2) a metal seam and flaw evaluator. The patent 
disclosures are more fully described in Section 4.0. 



Previous page was blank, therefore not filmed. 

3.0 PUBLICATIONS. LECTURES. REPORTS AND CONFERENCES 

3.1 Publications 

(1) A technical paper, "Shielding Theory and Practice, " by R. B. 
Schulz, V. C. Plantz and D. R. Brush, was published in the 
Proceedings of the Ninth Tri-Service Conference on Electromag¬ 
netic Compatibility, Illinois Institute of Technology Research 
Institute. 

(2) A technical publication, by R. B. Schulz, for an Army Electronics 
Laboratories Seminar, "Feasibility Study of Shielding Techniques, " 
dated 21 May 1964. 

(3) A technical paper, by R. B. Schulz, V. C. Plantz, and D. R. 
Brush, "Low-Frequency Shielding Resonance," has been published 
in the Proceedings of the 1965 IEEE International Convention, 
March 1965. 

3.2 Lectures 

(1) R. B. Schulz, V. C. Plantz and D. R. Brush, "Shielding Theory 
and Practice, " presented at the Ninth Tri-Service Conference on 
Electromagnetic Compatibility, Illinois Institute of Technology 
Research Institute, 15-17 October 1963, Chicago, Illinois. 

(2) R. B. Schulz, "Feasibility Study of Shielding Techniques, " to the 
Interference Reduction Branch of the U. S. Army Electronics 
Laboratories, Fort Monmouth, New Jersey, 21 May 1964. (Based 
on publication of same title). 

(3) R. B. Schulz, V. C. Plantz, and D. R. Brush, "Low-Frequency 
Shielding, Resonance, " presented at the 1965 IEEE International 
Convention, March 1965. 

3.3 Reports 

Five Quarterly Progress Reports entitled "Feasibility Study of Shielding 
Techniques, " Department of the Army Project Number, 1E6-20501-D-499-01- 
18, released in September and December 1963, and March, June, and Septem¬ 
ber 1964. 

3.4 Conferences 

3.4.1 On 11 July 1963 at Boeing, Seattle, Washington; concerned with directions 
and progress of subject Study. Attended by Mr. Guy Johnson of the U. S. Army 
Electronics Research and Development Laboratory, and Messrs. Schulz, Plantz, 
and Brush of the Boeing Company. Objectives and considerations agreed upon 
were as follows; 

(1) The Study was to result in a compilation of shielding data and 
formulas in a form readily usable by design engineers. This 
would permit an accurate evaluation of shielding effectiveness 
of any given enclosure. 

D6-8597-5 



(2) The attenuation and phase shift effects upon an E or H field passing 
through a shielding medium were to be discussed in the First 
Quarterly Report. 

(3) The reasons for measuring only the H field at low frequencies 
were to be explained. 

(4) An explanation of why a single shield is less effective than two 
shields not in contact with each other, but having the same total 
thickness of metal, was requested. 

(5) Frequencies at which a given metal shielding sample would appear 
to bé "electrically thick" were to be considered more significant 
in tests than the specific test frequency of 1.0 Gc. 

3.4.2 On 20 January 1964 at the U. S. Army Electronics Research and Develop¬ 
ment Laboratories, Fort Monmouth, New Jersey. Concerned with the validity 
of the technical approach taken on subject Study. Attended by R.. B. Schulz, 
Boeing, and Messrs. Melvin Morris and William Stirrat of U. S Army Elec¬ 
tronics Laboratories. No common agreement was reached except that the 
technical aspects of the study would be reviewed. 

3.4.3 On 22-23 April 1964 at Boeing: a visit and review of activities on the 
Study, to that date, by Mr. William Stirrat of USAEL, Fort Monmouth. 

3.4.4 On 21-22 May 1964 at Fort Monmouth: a technical presentation of interim 
progress on the study of shielding techniques. Presented by R. B. Schulz. 

3.4.5 On 18-20 August 1964 at Boeing: a visit by Mr. William Stirrat of the 
U. S. Electronics Laboratory to review pastprogress and future effort on sub¬ 
ject Study. Because low-frequency shielding resonance had been obtained 
unexpectedly, the decision was made to concentrate the remainder of the study 
on understanding this and oilier major effects and to put little effort on minor 
shielding fàctors. 

3.4.6 On 22 October 1964 at U. S. Army Electronics Laboratories, Fort 
Monmouth, a meeting was held between Mr. R. B. Schulz and Mr. William 
Stirrat. The shielding study progress was reviewed. Mr. Stirrat made 
several suggestions on the closing aspects of the study with special emphasis 
on separation of a seam factor. 

3.4.7 On 12 February 1965 at U. S. Army Electronics Laboratories, Fort 
Monmouth, a meeting was held between Mr. R. B. Schulz and Mr. William 
Stirrat. The first draft of the Final Report had been intensively reviewed by 
Mr. Stirrat and his comments and suggestions were discussed at this meeting. 
Chief among Mr. Stirrat’s contributions was the discussion of non-normal wave 
incidence (Par. 5.1.6). 
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4.0 PATENT DISCLOSURES 

Two patent disclosures have been made as a result of this program. Both 
are based upon the phenomenon of low-frequency shielding resonance as des¬ 
cribed in this report. 

4.1 Resonant Filter for Electromagnetic Waves 

A resonant filter for electromagnetic waves which depends upon control 
of the parameters that cause resonance is disclosed. Frequency of resonance 
is determined primarily by electrical properties and thickness of the shielding 
material. A device, such as a shutter over a hole in the shield, controls the 
degree of peaking by varying the amount of leakage. 

4.2 Metal Seam and Flaw Evaluator 

Two versions of a metal seam and flaw evaluator have been disclosed. 
Both require a signal source driving a transmitting loop at one side of the metal 
and a pickup coil and voltmeter at the other side. 

(1) In one version the sc irce signal sweeps through the resonance 
range. The maximum voltmeter indication is calibrated in terms 
of flaw or seam leakage. 

(2) The other version requires a double source coil and a double 
receiver coil. One receiver coil over good material and the other 
over a seam or flaw are arranged in series opposition for a 
signal cancellation in the absence of a defect. With a defect 
present the resultant voltmeter reading can be calibrated in terms 
of leakage. 

06-8597-5 
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5.0 FACTUAL DATA-UNIFORM SHIELDING THEORY 

The development of plane wave theory in this section is largely in 
accordance with Schelkunoff (Ref. 1) and based on the preliminary development 
in "Shielding Theory and Practice" (Ref. 2). Typical calculations have been 
extracted from the invaluable work of Vasaka (Ref. 3). This section begins 
with a compilation of shielding theory intended to assist in understanding the 
mechanism of shielding behavior; the following section continues with a de¬ 
velopment of theory specifically applicable to the requirements of this study. 
Parallel experimental research and results are presented in the following 
sections and in the appendices. 

The following list contains those symbols that have been used consistently 
throughout this report. Symbols used are in accord with those used in current 
texts and with IEEE recommendations. Because of the large number of para¬ 
meters to be represented, it has been necessary on occasion to use some 
symbols with subscripts or superscripts to represent related quantities. In 
every instance the symbol has been defined wherever introduced to avoid mis¬ 
interpretation. 

Symbol 

A 

B 

c 

e 

E 

f 

H 

i, I 

Im 

j 

k 

t 

Quantity Represented 

Penetration loss term 

Re-reflection co :rection 
term 

Velocity of light 
(free space) 

Naperian base 
(2.71828...) 

Electric field strength 

Frequency 

Magnetic field strength 

Current 

Imaginary part of ... 

Unit imaginary number 

Impedance ratio; k 

Length or thickness 

Units 

db 

db 

meters/sec. 

volts/meter 

cps 

amp/meter 

amp 

meters, inches 

p Transmission coefficient 

q Reflection coefficient 

06 -8597 -5 



Symbols 

r 

R 

Ro 

S 

Y 

Y 

Z 

Z(l) 

Zo 

Zw 

a 

ft 

fto 

Y 

n 

n0 

«P 

à 

Ao 

M 

Quantity Represented 

Distance 

Reflection loss term 

Real part of ... 

Shielding effectiveness 

Phase velocity 

Admittance per unit length of 
transmission line 

Impedance per unit length of 
transmission line 

Impedance at point i 

Characteristic impedance 

Wave impedance outside shield 

Attenuation constant 

Phase-shift constant ft = 2n/Jl 

Phase-shift constant in air 
(Par. 5.1.2) 

Propagation constant 

Dielectric constant 

Dielectric constant of air 

Dielectric constant relative to air 

Intrinsic impedance 

Intrinsic impedance of air 

Wave impedance inside shield 

Net angular phase displacement 

Phase displacement of path p 

Wavelength 

Wavelength in air 

Initial magnetic permeability 

Units 

meters, inches 

db 

db 

meters/sec. 

mhos/meter 

ohms/meter 

ohms 

ohms 

ohms 

nepers/meter 

radians/meter 

radians/meter 

(meter)-* 

farads/meter 

farads/meter 

ohms 

ohms 

ohms 

radians, degrees 

radians, degrees 

meters 

meters 

henries/meter 

06-8597-5 



Symbol Quantity Represented Unit 

Initial magnetic permeability 
of air henries/meter 

Initial magnetic permeability 
relative to air 

a 

2 X3.14159 . . . 

Electrical conductivity 

radians/cycle 

mhos/meter 

Electrical conductivity 
relative to copper 

a) Angular frequency radians 

A Resistance ohms 

5.1 Basic Plane-Wave Shielding; Basic Theory 

The manner in which an electromagnetic shield transmits plane electro¬ 
magnetic waves has been shown to be analogous to the manner in which a con¬ 
ventional two-wire transmission line transmits electrical current and 
voltage. Except where otherwise noted, MKS units are used in the theo¬ 
retical derivations and English fps units are used in design formulas. 

NOTE: The theoretical development and derivations which follow in this and 
the succeeding sections through 5.1.6 are closely based on original 
development and concepts of Mr. William A. Stirrat, Project Engineer 
on this contract for USAEL, Fort Monmouth. His approach is a gen¬ 
eralization of that taken by the contractor to include the effects of 
oblique incidence. 

5.1.1 Penetration Los*: A' For the conducting metal of a shield, o»«#t so that 

(1) 

For dielectrics, o«a>e so that 

(2) 

In general, 



/ 

so that for a metallic sheet 

Y ~}[J®l»« = (1+j) V®K«/2 

o = p = y®|»«/2 

and for a dielectric 

y=V-«2i*« = j«V¡^ = jp 

a = 0 

The transmission loss in passing through a shield of thickness l is 

A = 20 log)® |eY'| = 20log,n e*' 

A = 8.686 
decibels . 
neper aL 

(4) 

(5) 

(6) 

(7) 

(8) 

5.1.2 Constanta for Traveling Waves (So# 5.1.3) The phase velocity V of the traveling 

wave is a/ß, 

For a dielectric 
V = 1/Vi“ (9) 

and for metals _ 
v = V 2o»/po 

which is radically slower. 

For air: 

s = *0 = (1/ 36«) 10-9 farad/m 

H = Ho = 4« X lO"7 henries/m 

n = no = y Ko/ Eo = 120« ohms (H) 

v = c = 1/Vmo*o = 3X10* m/sec 

ß=ß = o,Vi^ = (2«/3) 10-8 ^ (12) 
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For copper, 

e a p a |t0* 

• = 5.80X 107 mhos/m 

n = ohm’ V 5.8xl07cps 

= (1+J) 2.61 X IO'7 ohms 

V =/4*fm». ZZ 
V 4jix10-7x 5.8x lOTcps sec * 

= .415-2L JITI 
sec V cps 

<*= (15.1 nepers/m) 

(13) 

(14) 

For dielectrics in general, 

»I = 120 s ohms Vrf 

V = (3X108 m/sec)/yitrer (I5) 

0 _ (2s.) 10-« radians 
3 m 

and for conductors in general, 

* Although this is a common assumption, a recent measurement shows p = 0.868 ^ for copper. 
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I 
f i X 

Í 

^ - ( 1 +j ) 2.61 X 10 7 ohms 

*=h & 
« = (15.1 nepers/m) ynrorf/cps 

(16) 

(17) 

(18) 

Associated with the phase velocity in a shield is a wavelength drastically shorter 
than the wavelength X# in air: 

1 = 1 = X 1 
f *oC (19' 

= 1.38 X 10_# À, 
t»r«r 

5.1.3 Tht Traveling Wav*. A traveling wave is defined as one where propagation is 
in one direction only and there is no standing wave. For this wave the solution 
of Maxwell's equations produces 

1 
(H-o/jwt) 

and the complex velocity of propagation is 

(20) 

yj®/|*(o+j»e) = ja>/Y (21) 

for the special case where 

j<oE=Ê=dE/ôt. \ (22) 

Note that for all mediums 

Y»l=j®H (23) 

The intrinsic impedance i\ is ihe wave impedance (see 5.1.4) of this 
propagation. For this application in air, Y = jpo . 

5.1.4 Wave Impedance. 

Fig. 1 Power Flaw Conventions, Positive and Negative Flow Directions 

14 
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In general, the following rules apply: 

(1) There is no propagation in any direction in which there is no power 
flow. 

(2) Components of E and H fields in the direction of propagation do not 
contribute to that propagation. 

(3) The power flow per unit area through a plane perpendicular to the 
direction of propagation is determined by the product of E and H in 
that plane. 
(a) Only that component of H perpendicular to E contributes to 

the power flow. 
(b) Using the right hand rule, the power flow is in a positive 

direction for the orientations shown in Fig. la, and in the 
negative direction for the orientations shown in Fig. lb. 

(4) In complex analysis, the power flow may be complex. 
(5) The wave impedance for propagation in a particular direction is the 

ratio E/H where the E and H fields are the same as in the product 
EH that produces the power flow in that direction. In a traveling 
wave these are the only fields present. 

(6) If two traveling waves of the same frequency are combined as shown 
in Fig. 2, the power flow per unit area in the direction of v, is 

(H^HjHEj+EjCosD 

and the corresponding wave impedance is 

E '’os# 
’’resultant 

Both the power flow and the wave impedance are complex if E^ and E2 are 
not in phase. Since the wavefront of the v, wave propagates in the v2 
direction at the rate V|/co6# with a wavelength X/co&t, the wave impedance 
changes from point to point. In the high impedance field of Par. 5.1.8 the H 
fields of the traveling waves are all in the same direction but the E fields are 
not all in the same direction, as in Fig. 2. In the low impedance field case of 
Par. 5.1.10 the condition is reversed, so that the E fields are all in the same 
direction. (While fields may be in the same direction they may differ by * 
radians in phase.) 

H 

E 

WAVE FRONT, 
^ Vj WAVE 

Fig. 2 High-Impedance Wave 



5.1.5 TrantmiitionThrough tho Shield. 

ANTENNA 

V//////////////////////////M 

SHIELD 

(a.) 

_/_ 
IMAGE (c.) 

Fig. 3 Sur/oce Reflection and Transmission Line Analogues 

Consider a wave front set up by an antenna and propagated as shown in 
Fig. 3a. Until the wavefront reaches the shield the ratio of E to H (incident 
wave impedance, Zt ) is analogous to the ratio of V, to I, with Z, the im¬ 
pedance looking forward, on the transmission line of Fig. 3b. 

Note that Z, is not affected by the shield since the incident wave has not 
yet reached the shield. 

At the surface of the shield in Fig. 3c the wave is reflected with an angle 
of reflection equal to the angle of incidence. Since the wave impedance in free 
space is geometry determined, the reflected wave has the same forward im¬ 
pedance, Z ,| as the incident. Note that in reflection one of the fields in the 
plane of the shield must reverse direction, since the wave reverses direction 
with respect to the normal to the shield. 

With E analogous to voltage and H analogous to current; with the sub¬ 
script i denoting incident, r denoting reflected, and th applying to fields 
entering the shield; and with Z.h representing the wave impedance looking into 
the shield, the following equations can be written for the transmission line 
analogy in Fig. 3d: 
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(24) 

£,=11,7, 
®*r=HrZr 

Z,,, 

(Note that in the confinement of a transmission line Zr would have been Zb ) 

£,-♦-£, = Eih (25a) 

H,-Hr = Hih (25b) 

By addition of variations of equations (25) 

Fig. 4 Wove Refraction and Transmission Line Analogue 

As shown in Fig. 4a, the field follows the laws of refraction. The trans¬ 
mission line analogy is shown in Fig. 4b. Here ZT , the transmission line 
termination is analogous to the wave impedance seen by the fields ET ,HT 
looking into space when leaving the shield at side (2). From transmission line 
equations, 
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Eih=ExcoshY!+»!wHTsinhY* 

H,h= HTcosh Yi+^-^jsinhYt 

Then - 

H.„Zr 
HtZt 

î=(l','ií:)C08hY^',■(¾:+lí)8inhY^, 

(28) 

(29) 

(30) 

where % is a wave impedance equal to »j only if the direction of propagation 
considered is in the same direction as the traveling wave. 

Let k kT nw 

Then with the use of 

cosh Yl = e y^e~— and sinhY^ = eY^ — » 

2|[l+lf]=(1+fe 

Also, 

=(l+k')(1+^)eM+(1-k'X1“à)e'ïi 

El_ 
Et (-1:) (i+k,)(i+kT) 

Hi “Ei \Et/\Zi/ kr 
Zt 

For free space on both sides of the shield, 

Zr — Z i Z^' 

k f — kT — k • 

(31) 

(32) 

(33) 

(34) 

(35) 
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5.1.6 Non-Normal Incidanct. 

(Y"' 

Fig. 5 Non-Normal Incidence 

As in Fig. 5 , a coordinate system may be made to fit a traveling wave 
so that E is on the X coordinate, H on the Y, and propagation is along Z. 
This traveling wave can be assumed to be incident to the plane of the X*, Y' 
coordinates shown having its normal along Z\ The orientation of the X*, Y/, 
Z’coordinates with respect to the X, Y, Z can be expressed in terms of the 
spherical coordinates 9 and ¢,where i is the angle of incidence of the wave 
impinging on the plane. 

The fields on the X*, Y coordinates can be assumed to be made up of 
two waves, each propagating in the Z" direction: 

E,=E sinSP 
Ht=H sinocos* 
P«=EH sin29cos0 

z __Esin5_ _ > 
• HsinSPcosO coso 

Eb = E cosSPcosO 
Hb = Hcos9 
Pb = EHcos2<PcosO 

z JlçosVçose. = recoso 
"b Heos? 

(37) 
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The power per unit area propagated in the Z7/ direction is 

Pa+Pb = EHcos* <38) 

and the power per unit area propagated in the -X direction can be seen to be 
EH sin#. Since the wave impedances are determined by the intrinsic impedances 
and geometry, then in terms of #, (the angle of incidence) and I, (the angle of 
refraction) in Fig. 4, they may be expressed as; 

Z\Va =^0 / COS0t Zwb=»loCOS#1 

11 wa COS#2 ^ 0=11008^ (39) 

For the special case of free space on both sides of the shield, equation (34) becomes 

In emergence as shown in Fig. 6, E^b ^es along the + X coordinate and 
ETa along the - Y' coordinate. The vector sum of ETa and E-j-b wiH be rotated 
with respect to the incident E except at normal incidence. As a rule, the b 
fields will be attenuated more (usually by a factor of l/cos *#,) than the a fields. 
The associated H fields are easily found from the wave impedances. Note that 
in the X', Y' coordinates the wave impedances of the T fields are again n0. 

Note that for most shields lo » h ; cos*2 « 1 even for #,- f so that 

. ± no cos #2 a ± no , 
neos# i neos#, 

ncos#i^1 
nocos#2 

1 _ nocos#i 
ncOS#2 

ñocos#,*. 1 + _n£os#2.* Ä j 
»I n0cos#, 

* except for #i — ^ 
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Fig. 6 Traveling Wav» Emergence from a Plane 

et>/% 

As in refraction, 

sin^i 
sin02 

VELOCITY OF TRAVEI tNG WAVE IN SHIELD 
VELOCITY OF TRAVELING WAVE IN AIR 

(42) 

Consideration of propagation in the -jX' direction is not necessary to 
solve the shielding problem and since energy flow is primarily normal to the 
shield, it is this flow that is considered. 

5.1.7 Reflection Lo»* The term 1^- can be attributed to the reflection that 

would occur if ( were infinite under conditions of equation (36) applied to 
equations (34) and(35). The reflection loss for R then becomes 

R= 20 108,,,¾¾- ' (db) (43) 

When k is either small or large: 

R* ¡¡o '»e,,, TikT for lkl = 

Ik! Ra* 20 logl(J -f- for lkl = 
Zw 

*lw 
»1. (44) 
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For the shield material at normal incidence nw = n and from (1) 

1 = (1 + Í )'■•■• . Throe important cases for.: the impedance ratio k and the 
V2 j 

reflection loss R can be considered as a result of low-impedance, free-space 
impedance, and high-impedance wave cases (see 5.1.4) at normal incidence. 
For a low-impedance wave, from equation (61) 

Z,v~j|z*| (°hms) <' 
so that 

(46) 

Then the reflection loss R may be written from equation (43) 

For a free-space impedance, 

zw - |zw I (ohms) (48) 

(49) 

In this case, 

R = 20 log (50) 

as before. 

For a high-impedance wave, from equation (55) 

Zw~ — j I Zw| (ohms) (51) 

k (52) 
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and 

1-V2lkl + lk|a . (db) 

=20 log-j-J^-ß + Ikl] (53) 

which is different from the other two cases where R = 20 

It will be necessary throughout this study for reflection loss calculations 
to utilize equations (47), (50) and (53). Special-case dipole formulas for re¬ 
flection loss given in Pars. 5.1.8 through 5.1.10 cannot be directly applied even 
though they are commonly used (or mis-used). 

5.1.8 Redaction Lots of Dipolo High*lmpodonco Wove A high-impedance wave is 
obtained in the near field of an electric dipole (Ref. 1). Under normal incidence, 
where E and H. are the components of the incident wave, 

(ohms) (54) 

where r is the distance from dipole source to shield in meters and h0= 120 x 
ohms, the impedance of a free-space wave. In the near field where ß r <3ci, 

n0 

and using (1), (11), (12) 

k.. k _ i _ _i±i 1 rn. 
t ’I ¡P.r <2 ««„r V «M 

Even at high frequencies,] k|» 1 and from (44) 

(57) 

5.1.9 Redaction Lott of o Plane Wave. For a plane wave, under normal incidence, 

= 377 ohms 
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and using (1), (11), (12) 

.ï-hirim (58) 

which is much greater than unity for the intrinsic impedance, i\, of any metal. 
Thus from equation (44) 

R = R • — 20 log 
10 

± ÍJE 
4 V e0® ® 1* 

(59) 

5.1.10 RcfUction Lo»» of o Dipolo Low-lmpodonc# Wovo. A low-impedance wave may be 
obtained in the near field of a magnetic dipole. The wave impedance is 

Z 
W Ht 

1 + j p r Ü 
0 ! 

1-+ 
i 

T~T 

(ohms) 

Or 

(60) 

for normal incidence and, in the near field where ßor <SC 1, 

z =iVor 

For this case, using (1), (11), (12) 

k = k = —• j P r = ■ f* r 
K kh ti J -rA ro 

1 -H 

<2 

o oo 
V 

(61) 

(62) 

and, at low frequencies. I kl may be either greater than, equal to, or less than 
one. Hence, from equation (47) 

(63) 

5.1.11 Difforonco in Rofloetion Lomo* of Dipole High-lmpodonco and Low Impedance Wave*. 

It is readily shown that it is much more difficult to shield against low-impedance 
waves than to shield against high-impedance waves at low frequencies. The 
difference of expressions (57) and (63) is AR = RE—RH. 

Note that 
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and 

(65) 

Since 
|k„|»l. 

M«l, 

Then for all metals at low frequencies, AR is large and negative. Thus at low 
frequencies, only the low-impedance measurements have significance as a 
measure of shielding performance. 

5.1.12 Shialdmg Effectiveness. By definition, the total shielding effectiveness is 

S=A -f- R+ B, (66) 

where 
A = 20 1og1(| e°^ (db) 

as in equation (8) ; and 
ll+ kl 

4 k 
(db) 

as in equation (43) 

and the remaining term under the conditions of equation (43) 

(67) 

B = 20 log 10 

, (k-ir „-2Y* 
1_(k+I7 

(db) 

results from successive re-reflections within the shield. Expression (66) is 
the complete formula for shielding effectiveness of a single shield, and is the 
basic starting point for the material presented in Reference 2. 

5.1.13 Rr-R«ffection T«rm B. For a metallic sheet, Paragraph 5.1.1 provides a 
formula for the propagation constant, 

Y = « + jß = (l+j)®- (For all metals,o=ß) 

e-2ï,=e_(l+,'z,,=e-2,,(cos 2«i—j sin 2a¿) 
(68) 
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Since 

A=20 log10e**=8.G86 «Í db, 

2at-23A 

6^ = 10^ 

Then 

Q—iyt = iq-o-ia(cos 0.23A—j sin 0.23A). (Aindb) 

If we put 

then 

_(k—1)* 
“(k+I)7 lm ’ 

(69) 

(70) 

(71) 

For 

and 

6=20 log 1- X • 10-<UA(cos 0.23 A-j sin 0.23A) (db) 

Ik|<0.1 orjk¡>10, X*1 + Í0 

6=10 log [l-2 X 10-0,1Acos 0.23A+10“°-2A] . (db) 

(72) 

(73) 

5.2 Other Concepts 

The theory of shielding thus far developed may be called the transmission 
theory of shielding since attention has been focused on waves passing through 
the shield. A different physical picture of shielding is possible. The fields are 
produced by electric currents, the original field by currents in the generating 
source antenna and a secondary field by currents induced in the shield. The 
latter group of currents flow in directions such that their fields oppose and 
tend to cancel the original field on the side of the shield opposite from the 
source. 

The principal weakness in application of this latter theory from the 
engineering viewpoint is that it is difficult to compute the induced currents 
without first solving the shielding problem itself. In order to find the induced 
currents, the tangential magnetic field strength must be calculated at both 
surfaces of the shield; but the shielding effectiveness is then determined. On 
the other hand, this theory presents a physical picture from which it can be 
readily concluded that a greater impairment in shielding will occur if the 
shield contains a seam or cut so as to interfere with the induced current flow 
than if it is cut along lines of flow. For example, if a plane wave is incident 
upon a perfectly conducting shield with an infinitely long slit, more power will 
be transmitted when the E vector is perpendicular to the slit than when it is 
parallel to it. The two physical analogues of shielding ire complementary. 
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5.2.1 Transfer Impedance Analogy In the previous theoretical development, 
shielding effectiveness has been derived on the basis of incldent-to-transmitted 
ratios of the E field or of the H field, the resulting expression (66) being the 
same for either case. (This result must be expected since the impedance of 
the transmitted wave is identical to the impedance of the incident wave.) The 
question arises whether a ratio of Ey to Hi or HT to Et might be a more sen¬ 
sitive indicator of shielding performance. To determine the answer, let the 
analogous transfer (mutual) impedance and admittance be 

Since the wave impedance Zw is not dependent upon shielding properties, 
any sensitivity of indication resides in the Ex/Ei transmission ratio and is 
identical to the complete expression for shielding effectiveness already derived. 
There is no theoretical advantage in the crossed-field measurement of shielding 
performance. From the experimental viewpoint, there may be serious dis¬ 
advantage since poorer signal-to-noise ratios should be expected in the E field 
measurement of a low-impedance wave or the H field measurement of a high- 
impedance wave. 

5.3 Multi-Media.Shielding Theory 

To develop the theory for any number of multiple sheets or laminations 
of a single sheet, illustrated by Figs. 7,8,9, the approach beginning with 
equations (28) may be extended. Consider first only two sheets separated by an 
air gap, e.g., a double shield as in Fig. 9. Then the transmission coefficient 
is 

T _ ^xa _ Era Era Et1 
E, E„ Et, E, (76) 

where the subscripts 1, 2, and 3 refer successively to the first sheet, the air 
gap, and the second sheet. It is easy to write a general fomula for any number 
n of sheets (both metals and air gaps as in Fig. 7). Let the constants of a typ¬ 
ical sheet beTl^j.Yflt t¿m, with parameters p and q. The general transmission 

coefficient is from Fig. 7 and equation (34), 
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Fig. 7 Multi-Lamina Shielding 

Fig. 8 Laminated Shield Fig. 9 Double Shield 
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Elp1-*) _ 1 /ZW+ „Yí. , (^WB-Zw)_y»_ 

Et ~i\ z. I 

Then 

Ha. 
Tm ' *m 

where 

zTn = zw and usually Z( Z = Z 
r w 

From equation (78), 

_ÇV ~Zr) (^Wl — Zfl) 

Ki+Zt,)* 

From equation (79), 

q _ (^wm Zxm) 
m™l (Zmi+^wm) 

From equation (80), 

_ l^ww Zw) 
n (Zw*!" ’Iwn) 

where 

Also, 

^Tb Zw • 

_ Ethm _ Zxm coshYtm-H hwm sinhY¿m 
JT(m-l) Hthm coshYlm-f--^^-sinhYfm 

If each lamination is thick enough and Zr — Zl = ZTn= Zw , 

p=2.+. (-V) " n ' ( 'T‘> ). 
\ZW+ y hyvn + Zwy m = l 

and 

__ (m-H) 

q™~ Tiw(m+1)+Tiwm’ q"-\n + Zw * m 
m^n 

_Avi ~ zw\ /n^i 
1 "K.+z«7^wi+^2j‘ 

(80) 

(81) 

(82) 

(83) 

(84) 

(85) 

(86) 

(87) 

(88) 
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5.4 Laminated Shielding 

For a laminated sheet of two different materials as in Fig. 8, n = 2 and 
the penetration loss of the laminated sheet is simply the sum of 
those for the two lamina, 

A,2= 20logl0|eTl!, + 1,2'?| = 8.686 («,1,-f a2l2). (db) (89) 

The corresponding reflection loss is (for thick laminations) 

R,1 = -201oglo|p|=201og„ 

l+l*l ., 1.2 
1 + 

, z. 
+ 20 log,,1—•(db) 

(90) 

or the sum of the reflection losses at each interface. It should be noted that 
and nw2 both vary as JT ; hence, reflection loss at the metal-to-metal 

interface is independent of frequency, whereas it is a function of frequency 
for metal-air interfaces. This property is particularly important in low- 
frequency shielding. 

The correction term due to successive re-reflections is 

B„=20 los,» I (‘-v"”1'1) (>—v“!V!)I 

= 20log10| (l-q,e ^)1+20 log10|(l-q2e | ,(db) (91) 

which is not simply the sum of correction factors for the individual lamina 
(unless the laminations are very thick) since q^ involves the impedance looking 
into the second sheet. 

5.5 Double Shielding 

Of considerable importance is the case of two shielding sheets separated 
by an air space (Fig. 9): n=3, ijw2=Zw, a2=0, Y2=j0o= j2*/*o'and 
Zr= Z| = ZW ' Then, 

p = 16 
/ \i \ / zT1 (92) 
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/ ' i \ 
k ! - 

X--mi...-.... 

Even if the air gap is thick,ZT1 * Zw because there is no attenuation. If the 
shields are thick, 

P = 16 
nw, \ / Zw \ 

/ \ ’iws + zw / 
(93) 

If ’Iwa • 

•-“(ÂÍfeXÂ:)' 

The transmission coefficient for this case is 

• expY,£,-jß0i2- Y3£j )^ 

(94) 

(95) 

whe*e the subscript m2 denotes multiplicity of 2. Components of the shielding 
expression become, for the conditions of equation (92), 

A = 8.686(°i £ i + ‘m2 

Rm2= 20 log 
10 

z* 

Tl«l ■f 20 log 
10 

I i 4. I 
+ ZT,U 20 log. I +ZT2l 

»10' 

+ 20 log 

2 

1+^ 
10 

(db) (96) 

Bm2= 201ogl0 I l-q,e 
I -]2Ma 

+ 20 log10 11 - q2e 

I _2V3 
+ 2° log,0 \l-%e (db) 

It should be noted that ß0l2 is a phase term while ?,£, and Y3£3are loss terms, 
hence, the middle term of Bm2rnay be significant when the other two are negligible. 
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[ 

For the special case where both metallic sheets are of the same material 
and thickness, V,l,= V3/3 = y I and for thick sheets, 

A(n2=2 X 8.686o£ (db) 

l1+il Rm2= 20 log io- Sj + 20 log 
10 i^i!+40k*10!ü^ 

2 2 2 

-2Y/ ■ 
^-2-2010^ l-qie"- + 20log10 1— qe~iil>oti 

+ 20l°glo l”q3e (db) (97) 

The penetration loss is double that of a single sheet. The middle term of 
may be rewritten as: 

20l°g10 1 “ q2 (cos 4* - j sin 4 * 4M I (db) (98) 
1 *0 *0 I 

5.5.1 Eltctrically-Thick Materiali. (iiwl = nw3 = ’I w) For the common case of 

metals sufficiently thick that re-re fie étions within the metal may be neglected 
due to their high penetration loss, ZT2». and from equation (83) 

= 
Zw -nW3 _ 
Zw i + 

zf 
(99) 

i 

L 
I 
I 

Normally, %«ZW, and \,«ZTl, R« -40 log J 4 ,and 
m2 j Zw j 

q,a« 1 — 4 JLü 
m m F9 

The middle term of Bm2 becomes the entire expression 

Bm2« 201og10j 1-(1-4-^) (cos 4a ^)J (db) 

For much of the frequency range where ^2.« -i- (also see Par. 8.2), 
A© 8 

Bma^ZOlogjQ^^+j 4ji (db) 
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Since J4 ¿ + ]4* ^ | iß much less than one, Bma is negative over 

a considerable portion of the frequency spectrum. 

For example, consider a double copper shield with an air spacing of 
1 inch (= 2.54 cm), a free-space wave of normal incidence with a wave impedance 
Zw of i)0 at a frequency of 1 me. From Par. 5.1.2), 

4 j-=4U+l) S-ClXlQ^VlQ* = (1+1)2.77XIO”* , 
ciw 377 

4’t=4*2:S30^ = 106XI<r'' 

Bm2 ~ 20 logJ 2.77 X 10-6 + j (2.77 X 10“6 + 1.06 X 10-3)I 

20 logj 1.06 X 10 -3 —GOdb. (103) 

This result need not always be the case. For instance, at frequencies 
high enough such that 

1(=1,2,3,-, 

Bm2 = 20 log J 1 + «U “ 20 log,Q 2 = 6db. (104) 

At shielding resonances, the Bm2 of the double shield can be as much as 
6 db better or at 1 me 60 db worse than with an air gap; however, Rma must also 
be considered. 

5.5.2 Comparison of Doubl» and Single Shields Let US compare the double shield with 
a single shield of the same total metal thickness. For a single shield, A is the 
same, the middle term of B disappears. By expressing R as R = 20 log10 |-i-| , 
the difference in shielding effectiveness A may be written 

_ _ I p without gap i 
A “ ^double _ ^single — 20 l°Si0 I P With gap I 

+ 20 loe ire-reflection with gap 
»i° j re-reflection without gap 

(105) 

For sufficiently thick laminations and a sufficient air gap, 
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the additional factors in equation (81) with the air gaps 

2 qwl 
^deletion of 461,111 for no gap) 

are 

(106a) 

2 

2ti -Mwi Ä 1 Sínce ¿Tl ^ V . ( Par. 8.2), (106b) 

'T! W'3 V 
-w+ZT2 Zw+tiw>3 2W 

and 2 “ = 4. 

So that, as in Par. 5.5.1 

Ipjvith gap 
p without gap = l|y = 27.7X10’VST 

20 l0«K 
p without gap I , f 
p with gap I 111# 2 db - 10 log fifg (107) 

for Zw = and nwi= t)W3 = i,w. 

Since for the same conditions and for <3C 

re-reflection with gap_ 
re-reflection without gap sr i ÍL.+ JÜ 

zw 10 (108) 

Equation (23), where Yr, - j <•> M , can be applied so that at normal incidence 

(Note: from equation (99), is n , ) 

1+W.)(£-)| 
2nw I Í2xl2 Z, 
~ ll + 

\or\m 

where 

»lo = 
J <D |l 

j 
— and — 

j top 



/ f » \ A 

Then from equation (105), 

4 = 

At A > 0 : 

ll + lK-r/, |>2 

Let 

=“¡¡"íl+j)/íf2 = a 

(109) 

(110) 

Then at A =0 

|l + (l + j)a| = V(l + a)2 +a2 = Vl + 2a2 + 2a = 2 

a =~J , or a = 0.825 

For copper where p = n0, and for l2 —2.54 cm 

ß*2 = .825 = ® f 2 = |2.54X10'2m(2af)l/r415~-^f/b^l (111) 

Then A ^ 0 for 

f> |(.825X.415X102)/(2.54X2«)J2= 4.7cps (112) 

A second assumption here is that the penetration loss is high enough to 
avoid re-reflections in the metal; therefore, for thinner shields, the lower 
frequency limit for validity of that assumption is set by 

A 5Z (8.686 db/heper) a f ^15 db from equation (8) 

Since « =15.1 rcgPers /_L Mr °r equation (18), 
m y cps 
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for copper, 
(113) 

HNHMKMMHM 

Vf = 
15m ^cps ImeterVcps 

8.686 X15.U 8.691 

With t = 2.4 X 10~2 inch = 6.1 x 10"4 meter, a commonly encountered 
thickness, the assumption is valid at frequencies above 

fs 
(8.69X6.1 XIO“4)2 

= 3.6 X104 cps (114) 

For f > 4.7 cps, l must be 6-2/3 inches of copper. Since the lower frequency 
limit is proportional to p and the upper proportional to 1/n , a n r of 75 would 
have made both frequencies 475 cps for f = 24 mils. 

At 1 me, from equations (103) and (108 

A = 111. 2 db - 60 db = 51.2 db (115) 
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6.0 FACTUAL DATA-NONUNIFORM SHIELDING THEORY 

The viewpoint taken in this program is that any nonuniform shield may 
be treated as a uniform shield with one or more discontinuities or imperfec¬ 
tions. That is, each imperfection is simply another path for the transmission 
of RF energy in parallel with energy transmitted through the uniform shield. 
With each such path is associated an effective shielding factor. These factors 
can be combined in various combinations to represent a variety of shielding 
arrangements. 

Since total shielding effectiveness, S, may be expressed in terms of the 
shielding effectiveness due to each variable, the approach throughout this study 
program has been to perform laboratory measurements in such a manner that 
the .effect of each variable may be readily isolated. With the resulting know¬ 
ledge of each variable, il is possible to determine the shielding effectiveness 
of any combination of variables constituting a shielding situation. It was 
intended to isolate and measure the variable factors listed in Table A, which 
determine total measured effectiveness of shielding ! 

Table A Shielding Variables 

Í 

L 
i 
! 
L 
[ 
I 
i: 
L 
E 

Variables 
Shielding 
Symbol Remarks 

Independent 

Frequency of incident field 
Impedance of incident field 

Measurement technique 
employed 

Dependent 

Shield material, including 
change due to: 

No. of layers comprising 
shields 

Laminated shields 
Material Configuration 
Shape 
Size 
Fixed-seam joint construction 
Access-seam joint construction 
Nonunifonr. shield construction 
Metallic conductors projecting 
into a shielded region 
Electrical filters 

Si 

ASm 
AS* 

52 
53 
54 
s5 
s6 
S? 

s8 
S9 

w 
Consistent with theory 

Permeability; conductivity; 
thickness 

Multiple shields 
Plated, clad metals 
Solid, perforated, etc. 
Box, tube, etc. 
Enclosed volume 
Soldered, brazed, etc. 
Contact fingers, gaskets, etc 
Combinations of materials 

Antenna effect 
Conductive coupling 

l 
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6.1 Separation of Shielding Effectiveness Factors 

The two conditions depicted in Figs. 11 and 12 show RF energy emanating 
from Point 1 and received at Point 2 with and without a shield discontinuity 
between the signal source and the receptor. Basically, the problem is one of 
determining the difference in transmission between the two points for a wide 
variety of ’’imperfections" in shielding configurations. 

As an approach to the separation of variables let us consider, first, an 
ideal shield of uniform, continuous material (Fig. 11). Let the shielding 
effectiveness for this case equal S (the material factor symbol), where:' 

s. = 20 tog,,, (db) (116) 

lH„l is the absolute magnitude of the magnetic field without the shield, and 
|H1 J is the absolute magnitude of the magnetic field beyond the interposed shield. 
It is readily apparent that the signal level at the receptor is produced solely by 
the phasor field H, ( = | H, | e J,i ) ; therefore H, and H (the total field at the re¬ 
ceptor) are one and the same tieid. Consider next an identical situation, except 
that the shielding material is imperfect, having a discontinuity or defect such 
as a seam or hole (Fig. 12). 

Some additional signal will be coupled to the receptor through this defect. 
Transmission through the defect may be considered to be in parallel with that 
transmitted through the original ideal shield. Let the additional field which 
results from the defect be designated as H.( =|Hje 1 ) so that the total field at 
the receptor, H (= |H|eJ* )equals H, -i- H5 . The total shielding effectiveness, 
S, is now: 

S = 20 log10 
lHol 

|H,+ Hj 
(db) 

= 20log10 
lHol 

|Hj |eJ'i+|H. I eJ,j (117) 

= Elogio 

= -10 logl0 

( I Hj J cos +1 Hg I cos #8 )2 + (|H,| sintfj +|H5|sin#s)2 

lHi|2 +1^ + 2^,11^1008(^-^) 
Ih0I2 

(db) 



© © 

SIGNAL SOURCE RECEPTOR 
INCIDENT 
WAVE-► (8> H = H1 

POINT 1 POINT 2 

IDEAL SHIELD 

Fig. 11 Shielding T »st Arrangement; Ideal Shield 

Fig. 12 Shielding Teat Arrangement; Imperfect Shield 
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In general, 

H’ -¾ — = 10 
H„ 

(118) 

and, by writing = #, —#5, 

the total shielding effectiveness may be written 

r _!l _!i _!ii*a -i 
S=-101ogi llO 10 +10 10 +(2)10 20 cos ,#3 (db) 

(119) 

The shielding effectiveness of the defect is S5 where 

Ss=20lo«„¡ffí¡(*) ¢20) 

Since 

H. = H—H,, 
(121) 

substitution in equation (120) yields 

, |h0| 
s5-20 log id |H-H,| 

I |h|(cos# + j sin#)-| Hilícos I, + j sin #,) 
■¿ülog»0-IñTT-- 

= —10 log (IhIcos f —IhJcos0,)2+ (IhI sin« —iHjsintfj)2 
10 TiTTJ- 

W 

.101og| cos^-,) (db> 

lHo| 
(122) 
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Use equation (118) to obtain 

S5=-10 1og10 
’ I S. S-t-»i 
10^+10^-2-10- 20 cos (#,-#) . (db) 

An alternate useful expression may be obtained by expressing S5 in 
of S, Si, 0i, 65 by first taking the antilogarithm of equation (119). 

__S s:> 
10 10=1010 + 1010 + 2 XlO"^-cosi#5 

Complete the square of the last 2 terms. 

S Sf J" S= Si 
10 To —10 iu sin^ji- — liT^o + io~2o cos, 

Take the square root. 

h £1 
KT 20 + 10 20 cos ,#5 = 

or 

[_5 _5i 2 1 i r si 
10 ^-10 10 sin ,#5 for 10*20 + 10~20 cos,( 

i '’•>. 
r__s_ .ËiaiT 

— 10 ‘o-10” 10sin ,#5 i ifor 10” 20+10-20008,1 

(123) 

terms 

(124) 

(125) 

m 

A change in branches of the expression occurs at the changeover points: 



or 

S¿ Si 8 
10' io =10" io -10’TC, 

s5 , r 8 _ii 2 “l’i" 
10'W = +|lÔ"Tïï -10 io gin ,#5 —10 S¿ 20 COS * 8f 

(128) 

(129) 

The logarithm of this expression yields 

S8= —20 log», 
if* *1 li 
!+L‘0“-l(T I» sin1 (,«s) J - 

= Si —20 log 10 

I r «i^s i» 
j+L10 ,0 — sin* (A) J — cos 

10 io cos (,#¿) 

(i#») • (130) 

In the more general case, where there are n transmission paths or (n-1) 
defects with respect to a perfect shield, we have: 

|H01 
S = 20 logic | JL 1 (db) 

Hp 

(131) 

Since 

Hp= I Hp J (c°s #p+ J sin ip) (132) 
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where fp is the phase angle of Hp with respect to H0. 

I S |Hp|(coslp + sin •„) 
8=-20 log 10 

l".| 

= —10 log 
(s |Hp I (cos 9p) + (¾ |Hp| Sin #P) 

10 
H,, 

B-l P 

= —10 log 
S lH>|,+2 £ |Hp| IH, +,|(C08»(Cos 

10 liij 
n-1 n-P 

= —10 log 
|Hp|a+2 g g |Hp| |l^+Jcos(#p-#(p+qJ<íb)(i33) 

io 
I Hol* 

But H p _ _-2£ 
= 10 20 

hence, 
n-P 

E q=i 10 20 c08(*p-i(p+<.,) (db) 
(134) 

6.2 Magnetic Permeability at Extremely Low Frequencies 

For magnetic materials, measurements show that overall shielding 
effectiveness S becomes asymptotic to some nonzero value as the frequency 
approaches zero. This situation is illustrated by Fig. A35 of Appendix A, which 
represents experimental data obtained on a shielding enclosure of high perme¬ 
ability material (box 53). The same statement is presumably true for Sj, and 
for S5 also, if thé leakage path is metallic. 



6.3 Relationships for S Equal to S] 

The magnitude of the total magnetic field |h| is 

|h| = I In! I e^** 4" IHjle'**5 J = j(|Hj cos #||Hj|co8 #3J 

+ J(IH, I sin #, +1Hä I sin i8)|- (amp/meter) (135) 

By squaring the equation, 

|h|2 = |hx|2 + |h5|2 + 2 J Hi| IH5|(cos ¢, cos ^ +sin ^sinij) 

= |h, |2+ j H3|2 + 2 I H, I |h5| cos ,#3 • (amp/meter)2 (136) 

From Fig. 13 where the dashed curve Si intersects the solid curve S, the 
fields H and are equal in magnitude so that 

«“H’+akikicos,», 

and 

• (for S s= Sp) ^ (137) 

where from the minus sign i#s must be in the second or third quadrants 

or 

H “* because Hg « (138) 

COS I tf3 = 
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7.0 FACTUAL DATA - EXPERIMENTAL APPROACH 

7.1 Problem Areas 

7.1.1 Initial Problem Definition Initial effort on the Study was confined to attempts at 
defining problems which required immediate solution to initiate the study. In 
general, the desired approach for determining the shielding Effectiveness of 
various metals and enclosures was known. A standard test enclosure design 
was required. 

7.1.1.1 Since it was decided that the largest test enclosure or box would have 
dimensions eight times that of the smallest, the dimensions selected were: 
1.5" X 2" X 2. 5"; 3" x 4" x 5"; 6" x 8" x 10"; and 12" x 16" x 20". It was real¬ 
ized that a Standard Reference Box was required immediately so that prelimi¬ 
nary assessment of the approach to determining shielding effectiveness could 
be made. It was necessary that the Standard Reference Box represent as nearly 
as possible a seamless enclosure; hence construction methods as well as the 
overall box design had to be evaluated. Amounts and kind of material to be 
ordered were dependent upon box design and quantities required. Lead time for 
procurement of materials was known to be considerable. 

7.1.1.2 Three major problems relative to design of the test enclosures had to 
be resolved: 

(1) The method of inserting probe antennas into the boxes without com¬ 
promising their effectiveness as shields. 

(2) In addition to needing a sensor lead-in, access to the interior of the 
box was required. Maintaining shielding integrity at this access 
seam was recognized as a critical problem and one which was never 
fully resolved. 

(3) Since it was not known how data might vary with the position of the 
probe antenna within the box, an effective method of orienting and 
of maintaining orientation of the probe within the boxes during mea¬ 
surements had to be established. 

7.1.1.3 Once the problem of test enclosure basic design was resolved, develop¬ 
ment of test methods could proceed concurrently with development ofthe test 
boxes. Aspects of test philosophy had to be resolved; determination of the num¬ 
ber and location of measurement points within the boxes was necessary; and a 
suitable probe antenna positioning method had to be determined, since conceiv¬ 
ably data might vary for each point within the enclosure about which the probe 
antenna could be rotated. Further, decision was required whether to monitor 
multitudinous points or a relatively few predetermined positions. 

7.1.2 Problems Associated with Tost Setups and Measurement. It had been proposed that 
measurement techniques used during this Study would be basically those devel¬ 
oped by Richard B. Schulz, D. P. Kanellakos, and others at Armour Research 
Foundation, and which have been proposed for adoption as IEEE Standards (Ref. 
5). This approach at first seemed logical because the test boxes in a sense 
were miniature shield rooms. However, for greater simplicity in correlating 
measured data relative to the various factors which were to be evaluated, it was 
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considered most desirable that the. boxes be immersed in a uniform field at 
frequencies from 50 cps to 200 kc. The means for creating such a field then 
became a problem to be solved. It should be mentioned that a decision had been 
reached to place the excitation antennas exterior to the test enclosures through¬ 
out the Study, for greater flexibility in the design of test setups. 

7.1.2.1 As soon as a Standard Reference Box could be obtained, a loop sensor 
antenna had to be designed. Antenna access to the first box was by means of a 
split, shaft-lock bushing, which permitted the loop to be located in any position 
within the box and any excess lead-in to be withdrawn before securely clamping 
the access bushing. This arrangement was not entirely satisfactory because 
constant movement of the lead-in cable through the bushing eventually resulted 
in severe damage to its outer braid. A new means of access had to be devised. 
(Paragraph 7.2.1) 

7.1.2. 2 The first group of low-frequency tests utilized a simple single turn, 
two-inch diameter loop, formed from RG-59/U coaxial cable by removing one- 
fourth inch of braid from one end of the cable, then completing a loop by solder¬ 
ing the inner conductor to the external braid. In addition to mechanical difficul¬ 
ties which were discussed above, the uniformity of preliminary measurements 
made of the field inside the test box aroused a suspicion that this loop was too 
large to detect incremental variations of the field. Accordingly, two more loops 
were designed to resolve this problem. (Paragraph 7.3.1) 

7.1.2.3 Considerable effort was expended in developing test setups which would 
assure a high degree of confidence in the accuracy and repeatability of shielding 
effectiveness measurements. At the very low frequencies it was at first con¬ 
sidered that the external excitation coil produced an essentially magnetic field. 
At the first indication of receiver susceptibility to this field, the NM-40A and 
the NF-105 receivers were moved outside of the screen room in which the test 
setup was located. The normal 30-foot coaxial cable between the receiver and 
the probe antenna was replaced with a twisted, shielded pair when receiver back¬ 
ground levels indicated considerable leakage into the standard cable. Noise 
levels increased. The grounding system was investigated to ascertain that no 
ground loop existed. Next, the twisted pair cable was replaced with coaxial 
cable which penetrated the screen room wall by means of a feed-through UHF 
connector, grounding the external braid to the wall. The two receivers were 
then bonded directly to the external screen room wall. No improvement was 
noticed. It became apparent that the leakage problem was due to an intense elec¬ 
tric field component surrounding the excitation coil. 

A continuing problem was that of generating a sufficiently strong external 
field to enable the determination of shielding effectiveness of all metals and 
thicknesses included in the Study. Contributing to this problem was the desira¬ 
bility of using generators which were continuously tunable rather than fixed in 
frequency. 

7.1.2.4 It was calculated (Section 7.3.3.6) that at approximately 944 me the 
signal input to the NF-112 in the absence of a test box was 110 db above 1 ji volt. 
The loss in 30 feet of RG-5B/U at 944 me is 3.3 db. Therefore, the maximum 
signal calculated to have been seen by the receiver was approximately 107 db*i v. 
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The receiver indicated a level of only 101 dbp v. It is believed that the 6 db 
discrepancy between calculated and indicated levels was due to the cumulative 
effect of errors in the test setup: (1) The power output of the generator was not 
precisely defined; (2) The distance between the transmitting antenna and the 
probe antenna was measured from the monopole to the element having the highest 
current in the transmitting array. This distance was not equal to that of the 
isotropic center; (3) The monopole had no ground plane. 

Problems encountered in making measurements at approximately 1 Gc 
were numerous. Repeatability of measured data was initially difficult to achieve 
because of introduction of reflection and phasing errors. Physical placement of 
the enclosure for which S was being determined was extremely critical. Inser¬ 
tion and removal of the test enclosure pickup probe caused slight displacement 
of the enclosure which in tarn resulted in variations in the reinforcement and 
cancellation effects of the field in the vicinity of the probe antenna. Consider¬ 
able radio frequency leakage was noted in the NF-105 receiver which introduced 
errors in measurements of highly effective shields. BNC type connectors were 
found to provide inadequate RF seals at UHF. It was noted that, as the mode of 
operation of the power oscillator was changed, the output was reduced or became 
erratic. This difficulty was identified as a critical maintenance problem. 

7.1.2.5 One objective of this Study was to measure shielding effectiveness at 
the lowest resonant frequency of the test enclosures (approximately 944 me for 
the TEioi mode for a 6 x 8 x 10 inch box). Due to the high Q (approximately 
30,000) of the boxes, minor deviations produced major problems: (1) Normal 
oscillator drift became excessive, since the frequency was determined by three 
dependent variables ; plate tuning, cathode tuning, and coupling. (2) Normal 
incremental, generator-dial frequency change proved excessive and was calcu¬ 
lated to be approximately 40 kc. Backlash of the tuning gears produced a fre¬ 
quency change of several megacycles. (3) The actual cavity resonant frequency 
was extremely difficult to establish precisely at a given time. Because the wall 
thickness of the test boxes was relatively thin, normal building vibration and air 
circulation continuously altered the cavity's dimensions and consequently its 
natural resonant frequency. If the wall thickness were increased for mechanical 
stability, it is doubtful that shielding effectiveness values could be measured. 

7.1.2.6 At approximately 10 Gc, problems first encountered at 1 Gc became 
more acute. It had been planned to use a very small horn antenna as a pickup 
inside the test boxes, but the multiplicity of reflections and distortion of the 
field within the boxes produced very ambiguous shielding effectiveness data. 
Another problem was that of attenuating the signal input to the receiver; but from 
a leakage standpoint, no satisfactory variable or step-type microwave attenuator 
was found. Since S values were expected to be very large, high peak power radar 
pulses literally splattered in all directions as they reflected from a rotating 
enclosure then re-radiated from walls and metal structures. These extraneous 
signals passed through openings in the receiver case, bypassing the signal input 
attenuator and producing erroneous indications. 

7.1.3 Procur*m»nt and Fabrication Probl*m*. Many problems associated with this Study 
have been non-technical in nature. For simplicity in reducing data associated 
with the various shielding effectiveness factors it was desired that all sheet 
metal be procured in thicknesses of 1, 2, 5, 10, 25, and 50 thousandths of an 
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inch. Unfortunately, commercially available thicknesses of metals are not to a 
common standard. Even when a nominal thickness was procurable permissible 
tolerances were as great as 60 percent. For a given metal, all desired nominal 
thicknesses or sheet widths in a common grade or alloy could not always be 
obtained. (Table B) 

Another procurement problem was the difficulty of obtaining plated, clad, 
perforated, patterned, and expanded metals conforming to desired specifications. 
Some forms of metal were not available for fabricating boxes. 

It was decided that an enclosure fabricated with a specially welded seam 
would most closely simulate a "seamless" structure. It has been found a prac¬ 
tical impossibility as of the date of this Study to produce electron-beam welded 
seams of metals thinner than ten mils. The beamwidth of the welding device is 
only 0.003-inch; known cutting and bending techniques, and clamping methods 
cannot produce a butt joint of thin metals to the required accuracy. Another 
limitation was the inability to control the beam intensity with sufficient accuracy 
and stability to prevent burn-through. Several other problems which arose be¬ 
cause of the relative thinness of metals used for this Study and the resultant 
mechanical instability of the test enclosures were: (1) Uniform pressure of the 
lid and spring fingers could not be maintained. Variations occurred each time 
the box was handled or the lid removed. (2) Lids did not fit precisely, causing 
occasional gaps between lid and fingers and splitting at the corners. (3) Solder¬ 
ing of finger stock and of feed-through connectors caused warpage. (‘4) It was 
very difficult to achieve sufficient contact with the gasket which provided a seal 
at microwave frequencies since only very limited pressure could be applied to 
the boxes. (5) Some boxes could not support their own weight. 

7.2 Preparation for Investigation of Shielding Effectiveness 

7.2.1 Test Enclosure Fabrication. 
• 

This Study required the isolation of variable factors which would ultimately 
determine the shielding effectiveness of a structure or enclosure. Control over 
these factors had to be established and maintained throughout the Study. The 
test items chosen to facilitate the desired factor isolation was a box which re¬ 
sembled a miniature, solid-wall, shield room. The complete list of fabricated 
enclosures for test is shown in Table C. A standard size of 6 x 8 x 10 inches 
was adopted. A fold-over lid was fitted to the 6 x 8 inch open end. Since it was 
necessary to gain repeated access to the interior of the test enclosures, the box 
opening and closing method was of considerable technical importance. The 
method chosen consisted of two rows of beryllium copper fingers surrounding 
the outer periphery of the box and two rows around the inner periphery. The lid 
was designed with a U-channel to make full contact with all four rows of fingers 
(Fig. 14). In addition, a woven metal gasket could be inserted to establish con¬ 
tact with the edge of the enclosure if needed. This type of construction was 
intended to compensate for non-uniformity of box contour, especially around the 
open end. Theoretical considerations indicated that the boxes would resonate in 
the TEioi mode at a frequency determined by the two largest dimensions. Thus, 
it was thought that an antenna lead-in entry at the centèr of an 8 x 10 inch side 
would least disturb the normal field pattern within the box (Figs. 15 and 16). 
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Toble B Materials Procured For Study 

Material Form Type Cor lition Thickness 
(inches) 

Notes 

Copper 

Copper 

Copper 

Aluminum 

Aluminum 

Aluminum 

Brass 

Magnesium 

Monel 

Steel 

Netic 
Steel 

Netic 
Steel 

Titanium 

Aluminum 

Sheet 

Perforated 
Sheet 

Dimple 
Embossed 
Sheet 

Sheet 

Sheet 

Expanded 
Sheet 

Sheet 

Sheet 

Sheet 

Sheet 

Sheet 

Sheet 

Sheet 

Dimple 
Embossed 
Sheet 

ETP 

ETP 

ETP 

6061-0 

1100 

6061-0 

SAE 70 C Annealed 
Yellow 

AZ31B 

QQ-N-2 8 li Annealed 
Class A 

SAE 1020 

S3-6 

S3 

TIMET Hr 
TI-8A1IM 

6061-0 

Annealed 

D 

.0016 

.0243 

.0243 

0251 
0500 

0058 
,0078 
,0117 

,0510 

0020 
,0057 
,0260 

,0100 
,02 44 
,0436 

,0087 
.0246 
.0480 

.0099 

.0244 

.0480 

.0136 

.0507 

.0241 

.0286 

.0618 

.0251 

(Also .0030, .0124, 
.0213 and . 0503) 

Perforations approx¬ 
imately 0.125 inches 
diameter on 0.250 
inch centers. 

Dimples approxi¬ 
mately 0.125 inches 
diameter on 0.250- 
inch centers. 

.250 inch openings, 

. 060 inch strands. 

Dimples approxi¬ 
mately 0.125 inches 
diameter on 0.250- 
inch centers. 
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Table B Mataríais Procurad For Study (Continuad) 

[m a’erial Form Type Condition Thickness 
(inches) 

Notes 

Steel 

Tape 

Aluminum 

Copper 

Copper 

Ferrite 
Tape 

Hard*«/are 
Cloth 

Aluminum 

Epoxy 

Pipe 

Tinned 
Copper 

Dimple 
Embossed 
Sheet 

SAE 1020 Annealed 

Electrically 
Conductive 

Woven Mesh 
Fly Screen 

Woven Mesh 
Fly Screen 

Expanded 
Sheet 

Ferotron 

ETP 

03-14-222 

Zinc-dipped No. 23 
gauge 
No. 4 
mesh 

Woven 
Tubing 

Conductive 

1 inchl.D. 

Braid 

1 inchl.D. 

Series 8000, 
No. 360-18 
Silver Series, 
No. 581-29 

Copper 
Aluminum 
Black Iron 
Galvanized Iron 

Low Picks 
High Picks 

.0244 

.016 

Dimples approxi¬ 
mately 0.125 inches 
diameter on 0.250 
inch centers. 

0243 

0.016 

0.2 50-inch openings, 
approximately 0.050- 
inch strands. 

Simulated Shield Rooms, 12 x 16 x 20 inches: 

Galvannealed Steel, H-joint, Type BC 
Galvannealed Steel, Lindsay Structural Joint 
Copper Screen, Cell Type, Butt Joint 
Copper Screen, Single Type, Butt Joint 

Beryllium Copper Spring Fingers: 

.005 x .125 inches 

.010 x .281 inches 
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Table C Description of Shielding Boxes 

ÏÏÏ3 
Contact 

Remarks Test 
KncInsure 
Number 

Composition Thickness 
(inches) 

Inside * 
Dimensions 

(inches) 

Seam 
Construc¬ 
tion 

3 

3S 

i 

r.A 

5S 

G 

(iA 

(;S 

7 

7A 

7U 

7 C 

7D 

7E 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

.0243 

.0243 

,0243 

.0243 

,0243 

.0243 

.0243 

, 0243 

.0243 

,0243 

.0243 

.0243 

. 0243 

.0243 

. 0243 

.0243 

I.5x2.0 
x2.5 

3x4x5 

6 X 8 X 10 

6x8x10 

12x16x20 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

0243 6 x 8 x 10 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

6 X 8 X 10 

6x8x10 

6x8x10 

EB Welded 

B Welded 

EB Welded 

SB Welded 

Soldered 

Soldered 

Soldered 

Soldered 

Brazed 

Brazed 

Brazed 

Screw- 
held 

Soldered 

Soldered 

Soldered 

Soldered 

Soldered 

♦Last dimension is height 

4 rows 
ingers 

4 rowu 
ingers 

4 rows 
fingers 

Soldered 
on 

4 rows 
fingers 

4 rows 
fingers 

2 rows 
fingers 

Soldered 
on 

4 rows 
fingers 

2 rows 
fingers 

Soldered 
on 

2 rows 
fingers 
Screw- 
held 

2 rows 
fingers 
Screw- 
held 

fingers 
removed 
Screw- 
held 

Technit 
Gasket 

Polastrip 
Gasket 

Silver 
epoxy 
sealed 

Convert to 
60 

Convert to 
5A 

Convert to 
6A 

Convert to 
7 A 

Convert to 
7B 

Convert to 
7C 

Convert to 
7D 

Convert to 
7E ' 

Convert to 
7F 

D6-8597-5 

55 



Table C Description of Shielding Boxes (Continued) 

Fest 
Enclosure 
Number 

Composition 

7 F 

7 G 

8 

;> 

io 

us 

12S 

13 S 

14 

15 

1!)S 

lüA 

1(>B 

17 

18 

21 

22 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Aluminum 

Copper 

Copper 

rhickness 
(inches) 

. 0243 

. 0243 

.0243 

. 0243 

. 0243 

.0016 

.0030 

.0053 

.0124 

.0503 

.0503 

.0243 

. 0243 

.0243 

.051 

18x24 
Mesh 

18x24 
Mesh 

Inside 
Dimensions 

(Inches) 

6x8x10 

6 X 8 X 10 

8x8x8 

8x8x10 

10x7 13/16 

3x4x5 

3x4x5 

3x4x5 

6x8x10 

6x8x10 

6 X 8 X 10 

6x8x10 

6 X 8 X 10 

6 X 8 X 10 

3x4x5 

12x16x20 

12x16x20 

Senm 
Construc¬ 
tion 

id 
Contact 

Soldered 

Soldered 

Soldered 

Soldered 

Soldered 

Soldered 

Soldered 

Soldered 

EB Welded 

EB Welded 

EB Welded 

Soldered 

Soldered 

Soldered 

Soldered 

Simple butt 

ACEEngr 
Butt Joint 

Conductive Convert to 
epoxy 
sealed 

Remarks 

Metex 
RF 
Gasket 

2 rows 
ingers 

2 rows 
ingers 

2 rows 
fingers 

Soldered 
on 

Soldered 
on 

Soldered 
on 

4 rows 
fingers 

4 rows 
fingers 

Soldered 
on 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

Bolted 
butt 

Bolted 
butt 

7G 

L-Shaped 

Cylindri¬ 
cal 

Externally 
embossed 

Reversed 
embossing 

Perforated 
1/8" holes 
on l/4"ctrs 

Expanded 

Single layer 
Screening 

Cell Type 
Screening 
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Tabiff C Description of Shielding Boxes (Continued) 

Inside ; ' 
Dimensione 

(inches) 

Test 
Enclosure 
Number 

Composition Thickness 
(inches) 

Seam 
Construc¬ 
tion 

Lid 
Contact 

Remarks 

23S 

24S 

25S 

26 

27 

27 A 

27T’' 

28 

29 

30 

31 

33 

34 

35 

36 

37 

38 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Magnesium 

Magnesium 

Magnesium 

Magnesium 

Brass 

Brass 

.0058 

.0078 

.0117 

.050 

.050 

050 

.0251 

.0251 

.0251 

.0251 

.025 

.050 

.025 

.050 

.0260 

,0260 

6x8x10 

6x8x10 

6x8x10 

.0251 6 x 8 x 10 

6 X 8 X 10 

6x8x10 

6x8x10 

6x8x10 

6 X 8 x 10 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

Soldered 

Soldered 

EB Welded 

EB Welded 

EB Welded 

EB Welded 

EB Welded 

Dip Brazed 

Screw- 
held 

Spot- 
welded 

Contin¬ 
uous 
Weld 

Screw- 
held 

Screw- 
held 

EB Welded 

EB Welded 

Soldered 

Screw- 
held 

Soldered 
on 

Soldered 
on 

Soldered 
on 

4 rows 
fingers 

4 rows 
fingers 

4 rows 
fingers 

4 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rovs 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

Added 
seam 

Temper 
ature 
Shock 

Convert to 
39 

*T denotes temperature shock tested. 
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Table C Description of Shielding Boxes (Continued) 

Test 
Enclosure 
Number 

Composition 

40 

42 

43 

44 

45 

40 

47 

47T+ 

47 TS* 

48 

48T* 

48TS* 

50 

50S 

Monel 

Monel 

Monel 

Monel 

Monel 

Monel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

hickness 
(inches) 

.0246 

0246 

0246 

,0246 

, 0087 

.0480 

.0244 

.0244 

.0244 

.0244 

.0244 

.0244 

.0244 

.0244 

. 0099 

nside 
Dimensions 

(inches) 

3x4x5 

3x4x5 

3x4x5 

3x4x5 

3x4x5 

6 X 8 X i0 

6x8x10 

6 X 8 X 10 

6 X 8 X 10 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

3x4x5 

Seam 
Construc¬ 
tion 

Soldered 

Contin¬ 
uous 
Weld - 

Screw- 
leid 

irazed 

Contin¬ 
uous 
Weld 

Contin¬ 
uous 
Weld 

Screw- 
leid 

Screw- 
leld 

Screw- 
leld 

Brazed 

Brazed 

Brazed 

Contin¬ 
uous 
Weld 

Contin¬ 
uous 
Weld 

Contin¬ 
uous 
Weld 

iid 
Contact 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
ingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

Soldered 
on 

2 rows 
fingers 

2 rows 
fingers 

Soldered 
on 

2 rows 
fingers 

Solderet 
on 

2 rows 
fingers 

Remarks 

Convert t<> 
41 

Convert to 
4!) 

Convert to 
64 

*T denotes temperature shock tested. 
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Table C Description of Shielding Boxes (Continued) 

Tost 
KnoIasure 
Number 

Composition Thickness 
(inches) 

Inside 
Dimensions 

(inches) 

Se’am 
Construc¬ 
tion 

Lid 
Contact 

Itcm.'irks 

r>2 

r>:t 

r>iA 

56 

57 

58 

63 

67 

68 

69 

70 

Steel 

S3 Netic 

S3 Netic 

S3 Netic 

S3 Netic 

S3-6 Netic 

Chomeric 
#581-29 

Chomeric 
#360-18 

Steel 
Aluminum 
Plated 

Steel, Gal 
vannealed 

Brass 

Brass 

Copper 

.0480 

,0219 

,0219 

,0219 

.0507 

. 0136 

6x8x10 

6x8x10 

6 X 8 X 10 

6x8x10 

6x8x10 

6x8x10 

Cannot 
be Con¬ 
trolled 

As uni¬ 
formly 
thin as 
practicab 

.0251 w/ 

.005 
aluminum, 
both sides 

. 0244 w/ 

.001 zinc 
both sides 

6x8x10 

6x8x10 

6x8x10 

6x8x10 

. 002 3 x 4 x5 

, 005 

.0243 

6x8x10 

Contin¬ 
uous 
Weld 

Screw- 
held 

Spot- 
welded 

Contin¬ 
uous 
Weld 

Contin¬ 
uous 
Weld 

Contin¬ 
uous 
Weld 

Seamless 

Seamless 

Soldered 

Soldered 

Soldered 

Soldered 

10" Diameter Seamless 

2 rows 
fingers 

Screw- 
held 

Screw- 
held 

Screw- 
held 

Screw- 
held 

Screw- 
held 

2 rows 
fingers 

2 rows 
fingers 

4 rows 
fingers 

4 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

2 rows 
fingers 

Used as 
coating 
inside 
surface of 
Plexiglas 
box. 

Spherical 
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Table C Description of Shielding Boxes (Continued)

Test
Enclosure
Number

Composition Thickness
(inches)

Inside
Dimensions

(inches)

Seam
Construc­
tion

Lid 1
Contact

Rem .arks

71 Galvannealed
Steel

12x16x20 Lindsay
Structural
Joint

Inter­
locked

Miniature 
Shield room 
External 
Frame

72 Steel
Galvannealed

12x16x20 H-Joint, 
T\pe BC

Inter­
locked

Miniature
Shield
Room

74 Titanium .0286 3x4x5 Gas
Welded

2 rows 
fingers

75 Titanium .0618 3x4x5 Gas
Welded

2 rows 
fingers

Fig. 14 Standard Reference. Box and 2-inch Loop Antenna 

originally, entry was through a split, shaft-lock bushing
wSr"uC- -IM/U BNC tJ^.e adapter (Fig. 17) and fmally with a UG-201A/U adap 
ter for UHF and microwave measurements.

0

fl
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Fig. 15 Standard Reference Sox (Probe Penetration Detail)

Fig. 16 Magnetic Sensing Antennas and Positioner (Open)
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7. 2.1.1 Standard Reference Enclosure. Data from the first box fabricated, 
after the general design was established, was to be used as a standard of refer¬ 
ence (Box No. 3). The prime requisite for a standard reference enclosure was 
that it be essentially seamless as well as uniform in wall thickness. If possible, 
it was desired that no chemical composition or crystal structure alteration occur 
as the' result of the seam-fonning process selected. Drawn and explosive- 
formed boxes were considered but material thickness could not be accurately 
controlled. The Boeing electron-beam welding process was selected because it 
was anticipated that a box so fabricated would closely represent the ideal seam¬ 
less shield concept (Fig. 18). The closure and lead-in entry were as described 
above (Figs. 14 and 16). The box was fabricated of pure (ETP) copper, 24. 3 
thousandths of an inch thick. 

7.2.1. 2 Materials Requisitioned. Because long lead times were required for 
many materials, requisitions were prepared immediately after test enclosure 
dimensions were established. Table B describes materials which .were procured 
for this Study. It is to be noted that indicated thicknesses are the average of 
actual measured thicknesses of material used in the fabrication of the test en¬ 
closures. 

7.2.2 Antenna Positioner for Magnetic Sensor Loop. The greatest number of test enclo¬ 
sures were opaque, therefore it was required that a method be devised for 
orienting, and maintaining the orientation of, the magnetic sensing loop which 
was to be placed inside the enclosures. The original design was a fairly elabo¬ 
rate tracking and positioning mechanism which would facilitate the plotting of an 
infinite number of points within the boxes with a great degree of repeatable accu¬ 
racy. It was suspected though that its bulk and composition would create reflec¬ 
tion problems at the higher test frequencies. Also, it appeared impractical for 
use in the small and thin-wall boxes. A lesa sophisticated positioning device 
was constructed of a split block of styrofoam by machining coil-holding slots in 
desired discrete positions. This device provided twenty-seven fixed positions 
for data collection. Styrofoam is extremely stable dimensionally, has very low 
moisture absorbent characteristics and low dielectric loss. 

7.2.3 V»ry-Low and Low Frtquoncy Fiold Measurements Technique The VLF-LF field 
measurements technique used throughout this Study was an adaptation of a pro¬ 
posed IEEE Standard for the determination of shielding effectiveness of enclo¬ 
sures. Measurements were to be made at several positions within the test boxes 
in addition to that at the geometrical center. By surrounding the test enclosures 
with a uniform magnetic field, any differences in measured data as the antenna 
location within a box was varied provided an indication of anomalies in shielding 
effectiveness of the enclosure. 

7.2.3.1 A modified Helmholtz coil (Fig. 19) was wound on a polystyrene 
structure which was double the dimensions of the largest test enclosure to be 
immersed therein. Test enclosures v/ere oriented within the coils to minimize 
effects of the lid closure joint. Also, the axis of the interior sensing loop an¬ 
tenna was maintained parallel to the axis of the exterior excitation coils (Figs. 
20 and 21). The uniformity of the magnetic field within the test jig was deter¬ 
mined in the following manner: 

/ ) 

62 
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UG-88/U MODIFIED BY 
REMOVING LOCKING COLLAR
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Fig. 17 Major Details of Test-Enclosure Penetrafior) & Antenna Lead Connection
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Fig. 18 Electron-Beam Yielded Seams

Nylon guide laces were strung Ijetween centers of each side, and 
diagonally, at three levels: six inches above, coincident with, and 
six inches below the midpoint of the coils. The guides were marked 
at two-inch intervals from the structure.
An audio oscillator was adjusted for maximum undistorted signal 
output at each selected frequency.
An AC magnetic-field evaluator was moved point-bj'-point along each 
guideline in turn and the detected voltage at each interval was mea­
sured with a vacuum tute voltmeter and recorded.
Voltage measurements were expressed in tenns of decibels deviation 
from that voltage measured at the geometric center of the coils and 
plotted (Appendix A, Figs. A1 through A15). Proper orientation of 
the evaluator was maintained for each point ^f measurement. Point- 
by-point measurements were made in but a single quadrimt at each 
level, because spot-checks verified the field's symmetry. Super­
posing of graphed data revealed that a magnetic field of uniform 
density (±1 db) existed in a rectangular region at least 12 by 16 by 20 
inches (Fig. 22).
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Fig. 19 Uagneiic-Field Test Jig

T. 2. 3. 2 Interior Magnetic-Sensing Antennas. Three different designs of loop 
antennas have been used during this Study. First experiments were conducted 
with the simple loop described in Section 7.1.2. 2.

7.3 Test Setups

Shielding- effectiveness data was obtained using three distinct test setups: 
VLF-LF, VHF, and microwave. In addition, attempts were made to measure 
S at resonance; measurements were made of electrical conductivity, initial 
magnetic permeability, and phase angle, requiring setups as described below.
7.3.1. VLF-LF Field Test Setup In this Study, shielding effectiveness measurements 
were made by placing enclosures of various materials and sizes in a uniform 
field. The field was produced by a Helmholtz coil devised especially for this 
Study. Design details and fretjuency limitations of the coil are given in a later 
section. The basic setup and instrumentation as pictured (Fig. 20) provided a 
means for measuring shielding effectiveness values as high as approximately 
100 db over a r;mge of 50 cps to 200 kc. One of the signal generators was used 
to drive the power amplifier which was connected to the modified Helmholtz coil. 
One VTVM monitored the input voltage to the amplifier (the oscilloscope was 
monitored to minimize distortion of the amplifier's output) and the other VTV'^M 
monitored the current into the excitation coil to assure a constant 1-ampere

D6-8597-.5
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TEST EQUIPMENT

1. Hewlett Packard Audio Signal Generator, 20 cps to 20 kc,
Model 205AG, Serial No. 7023

2, Heathkit Audio Generator, 1 cps to 200 kcps. Model AG-9A,
BAG No. TLX 01578
Tektronix Oscilloscope, Type 515A, Serial No. 2761 
Hewlett Packard Vacuum Tute Voltmeter, Model 400H,
Serial No. 4771
Hewlett Packard Vacuum Tube Voltmeter, Model 400H,
Serial No. 001-08541
Hewlett Packard AC Probe, Model 456A, Serial No. 103-01258 
McIntosh 60 Watt Power Amplifier, Model MC-60,
BAG No. TL-03057
Empire Devices Tuning Unit, Model TX/NF-105, 14 kc to 
150 kc. Serial No. 1896
Empire Devices Noise and Field Intensity Meter, Model NF-105, 
Serial No. 1948
Stoddart Aircraft Radio Co. Radio Interference Field Intensity 
Meter and Power Supply, Model NM-40A, 30 to 15, 000 cps. 
Serial No. 246-4.

3.
4.

6.
7.

Fig. 20 VLF-LF Field Test Setup

D6-8S97-S

■A*

0
0



w /■

i V

I
I
i
i
[
[
i;
r
I
L

L

L
t
[
I

Fig. 21 Test Sefup-50 Cps to 200 Kc.
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FIELD UNIFORMITY: - 

Single Hatched Area = 1 db Variation from Value at Geometric 
Center of Magnetic Field Test Jig. 

Double Hatched Area = 1 db Total Variation Between any Two Points. 

Depth of Uniform Field = 12 inches minimum. 

Fig. 22 View of Magnetic Field (Looking into Coil} 

level. Above 20 kc, a Comell-Dubilier Capacitance Decade Box provided neu¬ 
tralization of the coils' reactance. Two magnetic-sensing loop antennas were 
used to obtain all the low-impedance field data reported herein : 

(1) A one-inch-diameter loop; five turns of 24-gauge enameled wire, 
wound inside a split loop of 0.156-inch ID brass tubing; 15-inch lead 
of RG-55/U coaxial cable terminated in a modified UG-88/U connec¬ 
tor as shown in Fig. 17. 

(2) A second loop was required for Test Enclosure No. 1 and both were 
one-of-a-kind. The extremely small dimensions of this box (1.5 x 
2.0 X 2. 5 inches) limited loop dimensions to a maximum of one-half 
inch diameter. Fabrication of such an antenna posed problems of 
obtaining usable tubing, fabrication skill, and finding a connector 
small enough to permit the loop to be centered. Since data obtained 
from Box No. 1 would be used only in establishing the "size factor", 
it was decided that flexibility was not needed. The antenna, 

68 
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constructed as shown in Fig. 23 could be rotated about the geometric 
center of the enclosure in two planes. 

The magnetic-sensing loop was connected to one of two field intensity 
meters by SO feet of RG-59/U coaxial cable. This cable was brought through a 
1.5-inch galvanized steel pipe projected through the screen room wall which 
provided approximately 16 db protection to the shorted cable at 100 cps. The 
extremely large electric field near the coils was considerably reduced by wrap¬ 
ping with household aluminum foil and grounding to the conduit. A gap was pro¬ 
vided in these wrappings to prevent shorted-turn transformer effects. It was 
necessary further to add an elbow to shield the approximately four inches of lead 
exposed between the conduit and test box. This elbow permitted the boxes to be 
placed within a few thousandths of an inch of the conduit; tape was applied to 
avoid accidental grounding of the boxes since grounding was desired only at the 
receiver input connector. 

7.3.2 UHF Test S«tup at Approximately IGc. Power output was the paramount require¬ 
ment in the selection of a generator. Two were available; the AN/APT-5, which 
is a World War II jamming transmitter; the Airborne Instruments Labs (AIL) 
type 124Á signal geueraioi'. The latter was chosen; it was tunable from 300 to 
2500 Me and provided approximately 10 watts of Al (CW) emission (similar to 
the APT-5). A log periodic antenna having a nominal 7-db gain from 400 to 1200 
Me was used to illuminate the test enclosures. The interior sensing antenna 
was a simple 2-inch monopole probe; it was not top loaded nor did it include a 
ground plane. It was fabricated of RG-59/U cable surrounded by a copper tube 
so that only a 2-inch length was exposed at the center of the enclosure. 

Within the screen room it was necessary to be constantly alert to reflec¬ 
tion problems. Physical placement of the test enclosures was extremely critical. 
Experimental measurements indicated that use of an available indoor antenna 
range was feasible and results were more satisfactory than for the screen room 
setup. Also, measurements made at the antenna range were equivalent to free- 
space measurement. The latter was insured by the liberal use of RF absorbent 
material and non-reflective walls. Susceptibility problems were avoided by 
replacing the NF-105 receiver with the NF-112 which is much better shielded. 

The BNC type connector selected for energy transfer through the enclosure 
wall required extra shielding around it to reduce leakage to below the background 
noise level of the NF-112. The oscillator cavity of the AIL 124A required perio¬ 
dic removal of dirt, grease, and other foreign matter to assure high signal out¬ 
put power at all frequencies. 

7.3.3 Enclosure Resonance Test Setup. The above setup was modified somewhat for 
direct attempts to measure shielding effectiveness at resonance. A Hewlett- 
Packard slotted line, Model 805A was inserted between the log periodic antenna 
and the AIL 124A generator. A 1N23A crystal detector and HP415B standing 
wave indicator were conventionally connected (Fig. 24). 

To establish shielding effectiveness adequately, it is desirable to perform 
shielding effectiveness measurements at the lowest natural resonant frequency 
of the enclosure (Ref. 5). Initial work has been accomplished on the standard 
6 X 8 X 10 - inch copper enclosure of 24-mil thickness. 
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-1 
■*- 0 

EL A 
.345 

■ 0.07±0.01 

CONNECTOR-REWORK 

.30' 

T 
0.650 ±.04 

NOM. 

h- 

■0.750+0. 

L TR.-F 
DRILL 

-kifL 
r 

.325 23/64 LTR.-A\ 
DRILL (.234) \ 
O DRILL 

0.325 -H 
+.025 

OUTSIDE SURFACES OF SHIELD' 
NE^NOT BE MACHINED 

DETAIL A-A 

SHIELD 

'.050+.008 

GAP-WIDTH 
•(OF HACK 

SAW BLADE 
= 0.050 

— DRILL AND TAP 
(0.40 DEPTH) 
FOR 4/40 SCRÈWS 
6-PLACES 

1. CHUCK SHIELD BLOCK IN LATHE AND BORE 11/32 HOLE OFF CENTER THEN CUT 0.05 
CIRCULAR TROUGH(GROOVE). 

2. MATERIAL-BRASS, SHIELD AND COVER 
3. REQUIREMENT-PIECES: ONE COVER 

ONE SHIELD 
ONE CONNECTOR 

(REWORK CONNECTOR SUBMITTED) CONNECTOR TO BE SOLDERED INTO 23/64" HOLE. 
4. PURPOSE-SHIELD THE TEN TURNS OF «24 ENAM. WIRE WHICH FIT IN GROOVE. 
5. HOLES FOR SCREWS NOT SHOWN IN ALL VIEWS-THESE HOLES NEED NOT BE ON 

BOLT CIRCLE. 

Fig. 23 One-Half-Inch Magnetic-Sensing Antenna 
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Fig. 24 UHF Sutup (of Resonance Befow ICc)

7. 3. 3.1 Coordinate System — Wavelength. To analyze this enclosure, it is 
first necessary to establish a coordinate system as in Fig. 25.

The air-space resonant wavelengths of the rectangular prism cavity are given 
by:

»o=WW{^ (139)

where a, b, and c are the x, y, z dimensions respectively of the cavity. Since 
resonance is in the UHF region, the predominant electric field will be considered.
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GEOMETRIC 
3 

b 

Fig. 25 Coordinate System Relative to Enclosures 

7.3.3.2 Mode of Operation. No field variation occurs in the Y direction so the 
TE ¿on mode is significant. As shown in Fig. 25* b is the shortest dimension 
and c the longest. Since the field is constant in the Y direction and the lowest 
natural resonant frequency is required, the consideration may be limited to the 
TEioi mode. 

7.3.3.3 Frequency of Resonance. For the standard enclosure, expressed in 
MKS units, 

a = 0.153 meters, 
b = 0.204 meters, and 
c = 0.254 meters. 

NOTE: With any internal conductors enclosure will resonate like a line. 

For f=l,m=0, and n=l, 

= 0.318 meters = 12.5 inches (140) 

The resonant frequency in megacycles is therefore 

(141) 
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7.3.3. 4 Figure of Merit — Q. For the TE¿ mode, the figure of merit (Ref. 
6) is given by ^ un ' 

® ^ n2cia4-2hl4-r2 p2c (a+2b)+r2a(c+2b) 
(142) 

where 

44X10® 

P = ^ =^24.18 meter 

i= skin depth = = -0-^66 
— 2.15.108 meters 

(143) 

= ^15.45 meter 

Therefore, 

_0.5 X 0.153 X 0.204 X0.254(24.2+15.5)^ 
24.2 X 0.254 X 0.509 +15.5 X 0.20 X 0.559^ 

J (144) 

= 29,600. 

It is apparent that the theoretical unloaded Q is extremely high in the region of 
resonance. 

7.3.3.5 Half-Power Point. The bandwidth of the one-half power point at reso¬ 
nance is 

B=2Af, 
(l/2pwr.) q a-lO4“33140, (145) 

7.3.3.6 Radiated Power — Latitude of Instrumentation. In the vicinity of reso¬ 
nance, 944 Me, far-field measurements were taken. For accurate far-field 
data, the antenna under test should be illuminated with a plane wavefront. Since 
plane wavefronts are obtainable only at infinite distances, some limits must be 
designated. 

The test distance of 22 inches which was used is almost twice the wave¬ 
length of 12.5 inches. Using R>l/2x criterion this is sufficient. Using 20¼ 
considerations an aperture of D=ll. 7 inches can be accomodated. 

(146) 
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At the receiving antenna, the electric field is: 

E = ^120* (P = y 120 u (12.9)= 69.3 volts/meter (147) 

and the open-circuit voltage is: 

Voc = Ehe= 69.3X2.54 X 102 = 1.76 volts, (148) 

where he = 1 inch = 0.0254 meter is the effective height of the 2 inch monopole 
antenna. 

The pickup monopole radiation resistance, Ref. 9, at 944 Me is 

Rt = 40ji2(-£)2=40ji2 =9.9 ohms; (149) 

the loss resistance may be neglected. 

Antenna reactance is given by 

where a=. 0255/2 inches is the radius of its cross 
weld center conductor of RG-59/ U 

36*X 109[2.31ogi2/’0127) 
X ant — • a 

2jiX944X 108X 2xX.051 

i 
ohms 

section of #22 AWG copper- 

= -253 ohms 

is the antenna reactance. The equivalent circuit loop impedance is 

|z| = |60-j253| = 265 ohms (150) 

and the receiver input voltage is 

v _ 1.76X50 _ 0> 33 volts (151) 
265 

or 110.4 db above one microvolt 

7.3.4 Microwave Test Setup at Approximately 10 Gc. Essentially two test setups were 
made at approximately 10 Gc: 

(1) When shielding effectiveness of an enclosure was expected not to 
exceed 50 db, a Sperry 2K39 Klystron was used as an X-band gener¬ 
ator. It provided 300 milliwatts average output power in association 
with a frequency meter, power supplv, and laboratory attenuators 
(Fig. 26). 

(2) For measurements of higher shielding effectiveness, a converted 
RT-15A/APS-15 radar set (Fig. 27) supplied energy for tests. 
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Fig. 26 Klystron Transmitting Test Setup (Shown in Screen Room)

Fig. 27 10 Cigacycle Test Setup - Exter'or View
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The original magnetron was replaced with a 4J52 magnetron operating at 
9.4 Gc. The radar set was triggered with a two-microsecond pulse from a 
Hewlett-Packard Pulse Generator Model 212-A which also varied the pulse rep¬ 
etition rate. An X-band waveguide carried the signal into an anechoic chamber. 
Peak power generated was approximately 45 kilowatts. The transmitting antenna 
was an E-H plane pyramidal horn which provided a calculated E-plane beamwidth 
of 10.7 degrees. The interior sensing antenna was a monopole approximately 
one-twelfth wavelength long at 9.4 Gc. It was made of Sub-Minax coaxial cable 
which produced far less field distortion within the test enclosures than even the 
lowest gain horn antennr. .Also, the circular radiation pattern of the monopole 
permitted a 360-degree rotation of the test enclosure about the antenna's longi¬ 
tudinal axis. The pickup monopole was located for maximum E-field intercep¬ 
tion as calculated for the enclosures when considered as high-Q cavities. The 
antenna was connected to the NF-112 by two lengths of double shielded coaxial 
cable, RG-9A/U. 

The high field intensity required elaborate precautions to avoid undesired 
signal entry at several points in the setup. The RG-9A/U cable was routed 
through a brass tube which in turn was fitted with a faceplate which could contact 
one side of the enclosure under test. An RF gasket was required between the 
faceplate and the enclosure (Fig. 28). A Scientific-Atlanta Rotary Joint, type 
RJ-2, was placed within a larger diameter brass tube. Several layers of house¬ 
hold foil were tightly wrapped around the rotary joint and N-type entry connector. 

76 
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Cable leakage was reduced below receiver background noise level. When 
signal input to the receiver needed to be reduced, well shielded, fixed-type 
attenuators only were found to be satisfactory. X-band absorbent material was 
placed around the NF-112 receiver and the VIDEO and IF output connectors on 
its front panel were capped to further reduce undesired signal pickup. A Varian 
Associates Servo Plotter Model G-10 was connected to the EXTERNAL METER 
connector of the NF-112 receiver to plot directly the received signal as the test 
enclosure was rotated. 

7.3.5 Microwav« Tronimitting-Horn Considération*. When selecting a Suitable trans¬ 
mitting horn for the microwave frequencies, it is advantageous to determine the 
half-power beam width and power gain of the horn being considered. The distance 
between the horn and the boundary of the far field region should also be deter¬ 
mined. Theoretical calculations are given for a horn used in this study. 

7.3.5.1 Beamwidth. The selected transmitting horn has H and E plane aper¬ 
ture dimensions, a and b respectively, of 9.02 cm and 7.75 cm. The H and 
E plane slant heights, ^ and respectively, are 11.43 cm and 9.40 cm and 
the wave length \ at the operating frequency of 9.4 Gc is 3.19 cm. 

From Ref. 8, the half-power beamwidth in the E plane is given by 

a 25^51 degrees (152) 
“ b 

where #E is measured from the horn's longitudinal axis 

Therefore, 

a 2.25(3.19cm) = w 5 (d s, (153) 
E 7.75 cm 

In the H plane, the half-power beamwidth measured from the longitudinal 
axis is 

351 35(3.19cm) . v 
6U “-= ——-= 12.4 (degrees) (154) 
^ a 9.02 cm 

7.3.5.2 Gain. From Ref. 1, the pyramidal horn gain in decibels over an iso¬ 
tropic radiator is 

G =<10 log,0 

— 10log10 
P 10(9.02cmif7.75cm) 
1_ (3.19cm)2 ] (155) 

=< 18.4 (db) 

A more comprehensive analysis, where the phase deviations show E and H 
plane loss figures of 1.5 db (total), yields a gain of 16.9 db (Ref. 7, Section 10.3). 
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Due to the high flare angle of the horn employed, the above gain equation 
is approximate. D. R. Rhodes (Ref. 10) has shown that for high flare angles, E 
plane horn pattern break-up does not occur until the horn reaches a length of 
approximately 71. No problem of break-up exists in the H plane. 

7.3.5.2.1 Phase Deviation. In the E plane the maximum phase deviation s in 
wavelengths is 

s — te-r, (wavelengths ) 

where r is the axial distance between the horn's apex and aperture. Geometri¬ 
cally the representation is shown in Fig. 29. 

r 

Fig. 29 £ Plan* of Pyramidal Horn; Geometric Representation 

Since 

by substitution, 

or, expressed in wavelengths, 

2 .2 
®. Ü (7.75cm)_-— q, 25 wavelength 
1 8Ue 8(3.19cm) (9.4cm) (157) 

In the H plane the maximum aperture phase deviation t in wave lengths is 

t = £h- r. (wavelengths) (158) 



/ ; '"Sr : . S .Ir! 

Similarly, 

(cm) 

l4 ~ wavelengths 

Ä (9.02cml2_ 
8(3.19cm)(ll.43cm) 

(wavelengths) 

(159) 

(160) 

7.3.5.3 Figs. 30 and 31 are pictorial representations of the horn and measure¬ 
ment technique. 

Fig. 30 Transmitting Horn 

SOURCE) 

Fig. 31 Transmitting Horn Beam Vlidth Representation: E Plane 
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7.3.5.3.1 Far-Field Calculation. The pickup monopole is placed in the trans¬ 
mitting horn's far-field to assure that in free space the monopole will see a 
plane wave transmitted by the horn. The distance from the horn aperture to the 
near boundary of the far-field region is (Ref. 11) 

r=:~^ (meters) (161) 

where d is taken as the diagonal distance of the horn aperture. 
Then, 

2(11.7cmf x ,01 m = o. 86 meters (162) 
3.19cm cm 

. 86m sin 10. 5° = 0.157m 

7. 3.5.3.2 Enclosure. The maximum diagonal distance from the axis of enclo¬ 
sure rotation to the corner of the enclosure is calculated to be 6.4 inches (0.163 
meters) for the case of the 6 by 8 by 10 inch boxes. Therefore, tor the test 
enclosure to be in the horn’s far-field, the separation distance between the trans¬ 
mitting horn aperture and the axis of rotation is 0.86 plus 0.163, or 1.023 meters. 
The clearance to the half-power beam-width for the E and H field vectors is cal¬ 
culated to be 0.187 and 0.22 meters respectively as shown in Fig. 32. Thus the 
far-field condition is the limiting factor in how close the test enclosure can be 
placed to the transmitting horn. 

Fig. 32. Transmitting Horn; Beam Clearance 

7.3.6 Determination of Permeabilityf|Af of Composition. To determine experimentally 
the permeability of a given material at various frequencies, two loops may be 
spaced a fixed distance of n material thicknesses apart with the two coils 
aligned coaxially. The material separating the loops should approximate an in¬ 
finite sheet, i. e., negligible fringing of fields should exist around edges. One 
coil is excited and the resultant field in the second loop is recorded. The mea¬ 
surement is taken for the case when n = 2 and repeated for a single thickness of 
material and for an airgap equal to a single thickness; a total of three measure¬ 
ments per frequency. Use of measured data is given in Paragraph 8.1. 
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7.3.7 Determinotion of Net Phase Angle. As Suggested by theory, a phase differential 
may be measured Ixstween the incident magnetic field and the field in the center 
of the illuminated test enclosure due to variable material and seam shielding 
factors. Two separate techniques used to obser\’’e this phase shift phenomenon 
are presented.

7. 3, 7,1 Amplitude Comparison Method. Two 10-turn sampling coils were in­
serted within the uniform field of the Helmholtz Inductor and excited by the cur­
rent source shown in Fig. 33. One of the sampling coils (H) is in the center of 
the enclosure under test and a second (Ilgh) pickup coil outside the enclosure 
receives the incident field with both coils coaxially aligned with the Helmholtz 
coil. The method consists of measuring the signal amplitudes in the two pickup 
coUs as a function of frequency with a standard Radio Frequency Field Intensity

Fig. 33 Helmholtz Indicator Current Source, Generator Amplifier Equipment

I
L
[

Meter; Stoddart Co. Model NM-40, or Empire Devices Co. Model NF-105, Fig. 
34. With the aid of a junction box fitted with BNC connectors, the coils are 
connected in series and the resultant signal amplitude measured. use of the 
law of cosines, the pliase angle A e between H and Hsh is computed as

06-8597-5
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r

Arcc'^s iHshI* + |H|* - |Hs|^
2 IHshllHr (degrees) (163)

where the magnetic field intensity is measured in terms of received microvolts. 
|Hs| is the equivalent resultant field magnitude when the two pickup coils are 
series connected. Note that Hgh actually includes both the reflected and inci­
dent fields (see 5.1.5).

It is necessary to balance lead capacity to ground on the Hgh coil for the 
series connection. Presumably a twisted and shie.ded cable pair would be 
satisfactory; however, two RG-55A/U coaxial cables with the shields of each 
cable grounded at one extremity and with the center conductors connected to the 
pickup coil were employed.

mm
e
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0
D
G

i
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0
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0
0
G
G
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Fig. 34 Phast Angle Determination Eguipmont Amplitude Comparison Techniques
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Although good results have been obtained with this technique certain pre¬ 
cautions are required. For greater accuracy an attenuator should be inserted 
in the incident or both pickup loop cables so that at the receiver 

|H,hl “ M 
Fixed and step attenuators of 50 ohms impedance have been employed. 

Prior to conducting additional measurements using this technique, theo¬ 
retical analyses and experimentation should be performed to enable an increase 
in the measured signal level from the H pickup loop when testing at frequencies 
near resonance. Also, when increasing H coil turns it should be remembered 
that loop and attenuator impedances are critical, since any loading of the pickup 
loop by the receiver input or attenuator impedances will introduce errors when 
the coils are series connected. These errors are not normally obvious when 
testing and in some cases are greater than anticipated. It is wise therefore to 
monitor this loading effect as the frequency of test is varied. Further, it should 
be noted that the Stoddart Model NM-40 receiver has high impedance inputs, 
while the Empire Devices Model NF-105 receiver does not. A measurement 
technique was developed which circumvents this problem and is described in 
Paragraph 7.3. 7.2. 

It is important to monitor the signal-plus-noise to noise ratio near the 
resonant frequency of the enclosure since normally low signal amplitudes are 
obtained. It is well to employ noise correction curves, Fig. 35, ¿nd to perform 
the calculations of phase differential at each frequency before proceeding with 
the data, as it is not difficult to incur errors in mcasureme.it with large errors 
resulting in the phase angle r: culation near resonance. Wien removed from 
resonance, particularly on the low frequency side, this "si^nal-to-noise" ratio 
problem is less severe. /„ , \ i 

là (db rise) I 

-pMMAMMWWWW 

DB RISE ABOVE BACKGROUND NOISE 

12345678 9 10 
I 05 I 15 1 1 1 1 

i 1 1 
-9 1-3.81 

N 
-6 -2.4 0 +1.8 3.4 4.8 6.0 7.3 

DB CORRECTION — ADD TO BACKGROUND NOISE 
9.5 

CORRECTION NOMOGRAPH FOR LOW SIGNAL-TO-NOISE RATIOS. 
(See ’’Adding Decibel Expressed Quantities” A. L. DiMattia and 
L. R. Jones, Audio Engineering Magazine, July 1951, page 15.) 

Fig. 35 Correction Nomograph - Low Signal-To-Noise Ratio 



7.3. 7.2 Direct-Reading Method. Phase determination was simplified at audio 
and low frequencies by the employment of a commercial type phase meter. 
This measurement technique improved the accuracy, repeatability, and ease of 
measurement while significantly increasing the rapidity of signal phase compar¬ 
isons. Semi-direct readout of phase became possible with a conventional phase 
meter coupled to suitable wide band amplifiers of controllable frequency re¬ 
sponse. Data were plotted as collected without further mathematical manipula¬ 
tion as an aid in determining 6 . 

The basic measurement unit employed was an Acton Laboratories Phase 
Meter of ±1 percent, ±3 degrees accuracy from 20 cps to 20 kcs with an approx¬ 
imate 3 degree accuracy degradation to 100 kcs. A complete description of test 
equipment is presented in Table D. 

The phase angle is read directly on a 7-inch square meter with mirrored 
scale, Figs. 36 and 37. Quadrant ambiguity is eliminated since the phase angle, 
as indicated by the instrument, is the result of comparing zero axis crossings 
of the two applied signals. The average zero-axes correspond to the average 
value of the AC component of the applied signals. Therefore, to obtain the 
greatest accuracy when comparing sinusoidal signals, the amplitude and wave¬ 
form to each channel of the phase-meter was monitored to insure waveform 
symmetry each side of the zero-voltage axis. Low distortion is not necessarily 
required as clipping circuits transform the input signals to fast-rise-time 
square waves. 

Once the phase angle is approximated, it is possible to transfer this angle, 
as read on the meter, to other quadrants by polarity and lead-lag reversal 
switches. Since four meter ranges are available, zero to 36, 90, 180, and 360 
degrees, and since accuracy is based on the full scale meter range, it is possi¬ 
ble to reduce measurement error to less than ±4 degrees, particularly below 
20 kc. 

Wide-band amplifiers are used to supply the required 2 volts minimum 
peak-to-peak to each channel of the phase meter. A Tektronix preamplifier 
with voltage gains of 100 and 1000 is cascaded with an Infrared Standards Labor¬ 
atory amplifier with variable and step gain adjustments. Both amplifiers incor¬ 
porate step-switches to control the low and high frequency response and adequate 
control of unwanted 60, 120, and 400 cps signals is possible. Signal-plus-noise 
to noise ratio has not been a problem even at enclosure resonance as a 175 turn 
pickup coil (H) within the enclosure has provided more than ample signal for 
measurements thus far obtained. Pickup coil impedance does not introduce 
error since the preamplifier input impedance is much higher. 

In operation, the frequency response of the two amplifiers is adjusted in 
keeping with the frequency of test. Each amplifier has step response switches 
labeled by frequency. External attenuators, Fig. 38, and amplifier gains are 
adjusted for ample signal amplitude and waveform conditions in the sampling 
Hsh and test enclosure (H) coils. The two loops are then individually switched 
to the Tektronix preamplifier and the phase difference between the two readings 
noted without disturbance of the amplifier gain and response controls. It should 
be noted that a phase shifter could be inserted directly before or behind the 
cascaded amplifiers. By adjustment of the phase shifter to zero on the phase 
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Table D Laboratory Equipment LUt For # Phoee Angle Determination 

1. Phase Meter, Acton Laboratories, Acton, Mass., Type 320-AB, Ser. No. 
968. 

2. Low Level Preamplifier, Tektronix Inc., Beaverton, Oregon, Type 122, 
Ser. No. 05281 with Type 125 Power Supply, Ser. No. 404. 

3. Low Noise Amplifier, Infrared Standards Laboratory, Santa Barbara. 
Calif., Model ISL-603. 

4. Oscilloscope, Tektronix Model 536, Ser. No. 001642, with Type 53/54C 
Dual Trace Plug-In Unit. 

5. Turret Attenuator, C'oddart Aircraft Co., Hollywood, Calif., Model 
40506-3, 50 ohm, 0-50 db in 10 db steps. 

6. Step Attenuator, Microlab Co., Livingston, N. J., Model AV-20N, 0-10 db 
in 2 db steps. 

7. Wide Range Oscillator, Hewlett-Packard, Palo Alto, Calif., Model 200-CD, 
Ser. No. 21146. 

8. Current Probe, Hewlett-Packard, Model 456A, Ser. No. 103-02556. 

9. VTVM, Hewlett-Packard Model 400H, Ser. No. 313. 

10. Power Amplifier, McIntosh Laboratory Inc., Binghamton, N. Y., Model 
MC-60, Type A121. 

11. Decade Capacitor, Cornell-Dubilier Electric Co., So. Plainfield, N. J., 
Model CDB-3, Ser. No. 24110 and Model CDA-J, Ser. No. 20379. 

12. Pickup Coil, 2 Inch Nominal Diameter, 500 Turns No. 30 Enameled Wire, 
Shielded, Laboratory Constructed. 

13. Pickup Coil, 2 Inch Nominal Diameter, 175 Turns, No. 27 Enameled Wire, 
Shielded, Laboratory Constructed. 

14. Noise and Field-Intensity Meter, Empire Devices, Inc,, Amsterdam, N. Y. 
Model NF-105, Ser. No. 1948. 

15 Radio Interference Field Intensity Meter, Stoddart Aircraft Radio Co., 
Hollywood 38, Calif., Model NM-40A, Ser. No. 310-33. 

16. Pickup Coil, 1 Inch Nominal Diameter, 10 Turns, No. 27 Enameled Wire, 
Shielded, Laboratory Constructed. 

17. Pickup Coil, One-Half Inch Nominal Diameter, 10 Turns, No. 27 Enameled 
Wire, Laboratory Constructed. 

18. Helmholtz Coil, 32x40 inch, 5 Turns Each Solenoid, Laboratory Constructed. 
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Fig. 36 Phase Angle Determination Equipment, Direct Reading Method

meter, with the sampling coil, it would be possible to read-out the phase angle 
directly. A phase shifter was not constructed, due mainly to the wide range 
of test frequencies; the substraction process effectively cancels all amplifier 
phase shift. A connection to the Helmholtz coil current source provides suffi­
cient reference signal for the phase meter at each frequency to 100 kcs. Figs. 
38 and 39 show sample phase-versus-frequency plots for enclosures numbered 
15 and 53 respectively, using the "direct-reading" technique. When the samp­
ling coil is rotated 180 degrees in the field, data for transposed plots are 
obtained.

7.4 Measurement Techniques

The basic technique used in making measurements of shielding effective­
ness at all frequencies was that of determining the decibel level of an electro­
magnetic field at a point in space but surrounded by a shielding enclosure, then 
comparing that level with one obtained in the absence of a shielding enclosure. 
The difference represents the measure of the effectiveness of the shield in the 
presence of an electromagnetic field at a given frequency.
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F/g. 37 Phase Comparator Block Hook-Up Diagram 

7.4.1 VLF-LF Fi#ld Measurements (50 cps-200 kc). All measurements of shielding 
effectiveness, up to 200 kc, were accomplished within a modified Helmholtz coil 
(Figs. 20 and 21). The field within the coil was produced by a constant 1-ampere 
current at all frequencies; the latter required adjustment to compensate for the 
presence or absence of the box. Without a test enclosure, the magnetic-sensing 
loop was located at the geometric center of the exterior excitation coil and coax¬ 
ial to it. Field strength was measured at each frequency. Background noise 
level was determined by first removing the pickup loop and shorting the coaxial 
cable. Unusually high background levels were usually the result of inadequacy 
of the setup or an indication that the field intensity receivers required mainten¬ 
ance. Next, the sensing loop was placed at the geometric center of a test 
enclosure and so oriented that it would be coaxial with the excitation coils when 
the longitudinal axis of the enclosure was parallel to the magnetic field of the 
external excitation coils. This relationship of antennas-to-enclosure provided 
maximum sensitivity while it minimized the effect of the access seam on shield¬ 
ing effectiveness data. 

7.4.1.1 Reflection Loss. Even though the magnetic field Is uniform within the 
test region, the wave impedance is not uniform. Therefore, a shielding surface 
at one location in the test setup will exhibit an apparent different value of shield¬ 
ing effectiveness than the same surface at another location. This is due to a 
change in reflection loss. At any location, and for all but the lowest frequencies, 
the reflection-loss term R in the expression for shielding effectiveness is given 
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by equation (44). Because the wave impedance could double from one size box 
to a box of the next larger size, an increase in R of 6 db could result. A cor¬ 
rection is then necessary, to compensate for the effect of the test setup, when 
a test specimen is compared with one of the next larger size. 

7.4.2 UHF MMturtmtnts at Approximately IGc. As is shown in Fig. 24, the log perio¬ 
dic antenna and the interior 2-inch monopole were so located that a 22-inch 
spacing existed between the monopole and that element of the transmitting array 
which carried the greatest current. The monopole was in the far field and 
parallel to the elements of the transmitting array. Data was taken both with 
and without the test enclosure; also, with the antenna pointed at both the top and 
bottom of the enclosure. The latter technique proved to be valuable in assessing 
the integrity of the lid closure. Primarily because the enclosure access seam 
and the bottom seams were dissimilar, a variation in measured shielding effec¬ 
tiveness of 1, 2, or even greater than 6 db was detected between cover and 
bottom illumination. 

7.4.2.1 Measurements at Enclosure Resonance. Resonance of the 6 x 8 x 10 
inch test enclosures was calculated to be 944 Me. Considered as a high-Q 
cavity, there should have been a radical change in shielding effectiveness or a 
change in VSWR of the received signal at or near this frequency. Neither could 
be detected in this first trial. Later, actual resonant frequency of the enclo¬ 
sures was established by directly exciting the cavity with the 2-inch monopole 
connected to a pulse modulated HP-614 A UHF Signal Generator. A one-turn 
loop was placed in the cavity at the point of maximum magnetic field. The de¬ 
tected signal was rectified by a crystal detector and fed to a standing wave 
indicator. The lowest resonant frequency noted was 912 Me (within 4 percent 
of that previously calculated). Measurements of S values were never accom¬ 
plished for reasons presented in Section 7.1.2.5. 

7.4.3 Maasuramant* at Approximately 10 Gc. Time economies in the collection of data 
were achieved by the direct plotting of measured field inside the test enclosure 
as the enclosure was rotated 360 degrees. Test frequency was 9.4 Gc. The 
X-band instrumentation configuration used in obtaining antenna-pattern type 
field plots of Appendix C is shown in Fig. 27. The zero-angle rotational refer¬ 
ence for the test enclosure is shown at the top center of each field plot. Fig. 40 
shows that, at the reference, energy from the transmitting horn was incident to 
the bottom of the test enclosure. As an enclosure was rotated clockwise (look¬ 
ing into the anechoic chamber as in Fig. 41) the polar recording chart was 
rotated clockwise beneath the plotter thereby producing the field plots as shown 
in Appendix C. Generally, maximum energy penetrated an enclosure having 
"airtight" fixed seams, through tho access seam. Maximum signal level within 
the enclosure then was .generally measured at the zero-angle reference position 
due to such leakage through the lid-closure gaps. 

7.4.3.1 Computing Minimum Shielding Effectiveness. Since the field level 
within a test enclosure varied as the enclosure was rotated about the axis of the 
sensing monopole, the angle of maximum signal representing minimum shield¬ 
ing effectiveness is the worst case; thus, shielding effectiveness (minimum S) 
is calculated at that angle. Minimum values of S were thought to result from 
closure leakage for most enclosures tested and is primarily a measure of the 
integrity of both the fixed and access seams at 9.4 Gc. Computation of S was 
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accomplished by adding the receiver input attenuation value to the maximum 
signal level picked up inside the shield^ enclosure recorded on the field plot 
shown in Fig. 42. Subtract the sum from the field level measured in the absence 
of the test enclosure: the difference is the measure of minimum shielding ef­
fectiveness of the enclosure. Unless specifically stated otherwise, figures used 
in further discussions of measurements made at 9.4 Gc, are relative to minimum 
S.

(CHART ROTATES COUNTERCLOCKWISE)m

FREQUENCY 9.4 Kmc

Fig. 42 X-Band Fluid Patturn Onto Inturpolation Chart 

7.5 Establishing Experimental Reference Standards

7.5.1 Standard Box. At the beginning of the Study program, one test enclosure 
was designated as a reference standard, against which the performance of all 
other enclosures could be compared. Box No. 3 was selected. It has been 
described in Paragraph 7. 2.1.1.

7.5.2 Antanno Locations First tests made with this box were for the purpose tf
determining how and where to locate the magnetic sensing antennas inside the 
enclosures for future measurements; it seemed reasonable t.o expect that mea­
sured shielding effectiveness would vary so.mev/hat with the location of the loop 
within the enclosure. To minimize the multitude of possible antenna locations 
and the corresponding amount of measurement effort which conceivably would 
be required, five representative antenna locations were selected for investiga­
tion: (Fig. 43)

Position No. 1, the geometric center of a test enclosure, was expected to 
provide data indicative of the maximum shielding effectiveness and to yield the 
most stable.and repeatable test readings.

Position No. 2, the center of a side, was expected to prove somewhat less 
satisfactory than No. 1. All data presented in this report for Position No. 2 
was measured at the center of the 8x10 inch side opposite the penetration (or 
entry) point.

D
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POS. 4 - DIHEDRAL CORNER SEAM. 
POS. 5-TRIHEDRAL CORNER SEAM. 

Fig. 43 Standardized Magnetic-Sensing Antenna Locations 
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o 
Position No. 3 designates the midpoint of a seamless dihedral edge. 

Position No. 4 identifies a location similar to No. 3 except at a dihedral 
edge seam. 

Position No. 5 is at a trihedral corner seam; the loop antenna is laid 
flush against the side which is oriented at right angles to the magnetic field of 
the exterior excitation coil. 

7.5.3 Dari rattan of Standard Rtfartnct Data. Shielding effectiveness data were obtained 
for each of the five antenna locations described above over a frequency range of 
50 cycles to 200 kilocycles. A typical data sheet for Position No. 1 (Table E) 
describes how the indicated effective shielding of Box No. 3, at that antenna 
location, was determined. A side-by-side tabulation of data obtained for all five 
antenna positions (Table F) provided comparative proof that the shielding effec¬ 
tiveness within an enclosure is essentially constant at a given frequency except 
in trihedral corners (Position No. 5). Measured data indicated no variance of 
more than ±1 decibel in shielding effectiveness among the other four positions. 
The Reference-Standard Data column of Table F was established by taking the 
average value of data obtained in the first four antenna positions, adjusted to ¿he 
nearest 0.5 db. (Note: As measurements techniques were refined, the accuracy 
of collected data improved over that shown. ) 

The field inside a test enclosure was found to be essentially uniform ex¬ 
cept as noted. Accordingly shielding effectiveness data were obtained with the 
magnetic sensing antenna located in Position No. 1 (Fig. 43) throughout the 
Study program. Evaluation of shielding effectiveness factors is presented in 
the sequence in which they were studied. 

7.5.3.1 Shielding Deterioration at Trihedral Corners. Shielding deterioration 
at trihedral corners had not been considered a ’’shielding effectiveness factor. ” 
Theory indicates that such deterioration does occur but that it is negligible. 
However, review of data (Table G) shows that shielding effectiveness measured 
at Position 5 was generally 10 db less than that for the enclosure as a whole and 
is therefore of considerable consequence. Theory was developed only for the 
purpose of showing that indicated variations in shielding effectiveness attribut¬ 
able to variations in wave impedance, over a shielding surface of 6 x 8 x 10 
inches dimensions, would be minor. However, penetration loss is probably the 
significant factor and may be explained qualitatively as follows: In Detail A-A, 
Fig 44, it can be seen that current in those walls of an enclosure which are 
parallel to the excitation magnetic field flows uniformly around the corners of 
the enclosure. 

As shown in Detail B-B however, the current in those walls of an enclosure 
which are perpendicular to the excitation magnetic field does not flow uniformly 
in lines parallel to the extreme edges of the wall but in fact tends to flow across 
the corners rather than go around them. Since the shield is a conductor penetra¬ 
tion is actually by current (covered by field equations) which sets up the field 
inside the box. Proximity to the increased penetration at the top and bottom 
(plus alteration of current paths) produces a different shielding effectiveness in 
position #5. 

B 
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Tablt E Typical Maasurad Data, Box No. 3, Antanna Position No. 1 

FREQUENCY 

SO cp«. 

100 cp«. 

200 cp«. 

400 cp«. 

000 cp«. 

1000 cp«. 

1.6 ko 

2.4 kc. 

3.2 kc. 

4.6 ko. 

0.4 kc. 

9. Oke. 

12 kc. 

25 kc. 

Sj ko. 

45 kc. 

50 ko. 

60 ko. 

100 ko. 

15u kc. 

200 kc. 

FIEU) 
WITHIN 

COIL 

* 

16 

22 

26 

34 

39.5 

41 

46 

49 

52 

55 

57 

61 

63.5 

65.5 

68 

69.5 

76 

73 

80 

83 

85 

MEASURING SYSTEM 
BACKGROUND 
NOISE LEVEL 

81(. Gen. 
OFF* 

2 

-13 

-IS 

-5 

-14 

-13 

-16 

-Í7 

-17 

-17 

-17 

-18 

-18 

-5 

-5 

-5 

-8 

-6 

-6 

-21 

-21 

81g. Gen 
ON* 

2 

-13 

-15 

-5 

-14 

-13 

-15 

-15 

-15 

-15 

-15 

-14 

-14 

-4 

-5 

-5 

-4 

-4 

-5 

-6 

-6 

RECEIVER 
ATTENUATER 

SETTING 
db. 

0 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

0 

0 

0 

0 

0 

0 

INDICATED 
SIGNAL 
LEVEL* 

CORRECTION 
FACTOR 

db. 

35 

18 

20 

20 

20 

19.5 

20 

20 

20 

20 

20 

20 

20 

0.5 

0.5 

17 

16 

15 

11 

7 

3 

-20 

-20 

-20 

-20 

-20 

-20 

-20 

-20 

-20 

-20 

-20 

-20 

-20 

none 

none 

none 

none 

none 

RECEIVED 
SIGNAL 
LEVEL* 

15 

16 

20 

20 

20 

19.5 

20 

20 

20 

20 

:.o 

20 

20 

20.5 

20.5 

17 

16 

15 

11 

7 

3 

EFFECTIVE 
SHIELDING 

Decibel« 
db. 

1 

4 

9 

14 

19.5 

21.5 

20 

29 

32 

35 

37 

11 

43.5 

45 

47.5 

52.5 

00 

58 

09 

70 

82 

*AU dtln nrr referenced to decibel« nbove 1 p volt. 

[ 
[ 
[ 
I 

t 
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Tabit F Derivation of Reference -'Standard Data 

FREQUENCY 

50 ope. 

100 cps. 

200 cps. 

400 cps. 

800 cps. 

1600 cps. 

3200 cps. 

6400 cps. 

12 kc. 

25 kc. 

50 kc. 

100 kc. 

200 kc. 

ANTENNA POSITION 

NO. 1 

1 db. 

4 

8 

14 

19.5 

26 

32 

37 

43.5 

45 

60 

69 

82 

NO. 2 

1 db. 

3.5 

8 

13 

18.5 

25.5 

31.5 

37 

43 

45 

60.5 

69 

82 

NO. 3 

1 db. 

3 

7.5 

12.5 

18.5 

25 

31 

36.5 

42 

45 

59.5 

68.5 

81.5 

NO. 4 

1 db. 

4 

8 

13 

19 

25.5 

31.5 

37 * 

43 

44.5 

60.5 

70 

83 

NO. 5 

0 db. 

2 

4 

6 

10 

15.5 

21.5 

27 

33 

35.5 

48.5 

58.5 

73 

REFERENCE- 
STANDARD 

DATA* 

1 db. 

3.5 

8 

13 

19 

25.5 

31.5 

37 

43 

45 

60 

69 

82 

TOLERANCE 

0 

± 1/2 db. 

± 1/2 

± 1 

± 1/2 

± 1/2 

é 1/2 

± 1/2 

è 1 

± 1/2 

± 1/2 

i 1 

± 1 

♦Data from Pos. 1 thru 4 adjusted. 

All data obtained from Test Enclosure No. 3. 
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Tabl» G Deterioration in Shielding Effectiveness of an Enclosure at Trihedral Corners 

FREQUENCY 

50 cps. 

100 cps. 

200 cps. 

400 cps. 

800 cps. 

1600 cps. 

3200 cps. 

6400 cps. 

12 kc. 

25 kc. 

50 kc. 

100 kc. 

200 kc. 

ANTENNA 
POSITION 

NO.5 
BOX 3 

0 db. 

2 

4 

6 

10 

15.5 

21.5 

27 

33 

35.5 

48.5 

58.5 

73 

REFERENCE 
STANDARD 

DATA 

1 db. 

3.5 

8 

13 

19 

25.5 

31.5 

37 

43 

45 

60 

69 

82 

COMPARABLE 
SHIELDING 

EFFECTIVENESS 
OF POS. 5 

-1 db. 

-1.5 

-4 

-7 

-9 

-10 

-10 

-10 

-10 

-9.5 

-11.5 

-11.5 

-9 
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POS 3 AND 4 
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CURRENT IN DIHEDRAL CORNER 
DET A-A 

POS 5 

CURRENT IN TRIHEDRAL CORNER 
DETB-B 

Fig. 44 Comparison of Indueod Flow About Dihodral and Trlhoadral Conors 
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8.0 FACTUAL DATA-DERIVATION OF RESULTS 

This section of the report details how the theoretical considerations of 
Sections 5.0 and 6.0 are applied to the experimental data of Appendices A 
through C in order to obtain the shielding parameters of use in design. 

8.1 Material Factor Sj 

From Section 5.0, Sj = Ax + + where the subscript 1 applies to 
material (See Table A Section 6.0), £ to laminated material, and £n to n lam¬ 
inations of material. It is convenient to consider A, R and B separately in the 
derivation process and to combine them later by simple addition in order to 
obtain the material factor S^. 

8.1.1 General Term Separation Technique A general technique for separation of shield¬ 
ing terms Ai, Ri, Bi, uses a lamination of n shielding layers, where n is any 
number greater than one. The technique is illustrated in Fig. 45. 

The measurement steps are: 

(1) Measure the effectiveness, Sj, of a single sheet at some frequency, 
f. at which its penetration-loss term, Ai, is known to be greater 
than 15 db. 

V/////////////////////////////"' 

a. SINGLE LAYER SHIELD 

At. =nA. 
R/. =Ri 

b Multiple layer shield: 

n IDENTICAL LAYERS 

At f. ,B* 0 FOR A, > 15db 

Sj = R, + A! 

I 
S£n= Çl +nA» 

At f2 For Aj< ISdb.B^ o ' For nAtn> 15db,B£n - O 

8,= RL + Aj + Bi S£n= R, + nAi 

Fig. 45 Experimental Separation of A + R +ß Parameters 

(2) At the same frequency, measure the shielding effectiveness, of 
n thicknesses of the shielding barrier in intimate contact (or a sin¬ 
gle sheet n times as thick as the original single sheet). Under this 
condition, the total reflection loss will be the same as for step (1) 
since there are only two shielding interfaces, see (eq. 86). Ri - Rfn 
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(3) Calculate the penetration loss, Ajof a single sheet and the reflec¬ 
tion loss from both interfaces, Rj. Note that Afn = nAl 

Sf.-S, ) 
n-1 

I at fi 

nSrSJt* 
n-l / 

(164) 

(4) At a lower frequency, f2, at which the penetration loss for a single 
shield is less than 15 db, but for n multiple layers is greater than 
15 db, again measure the shielding effectiveness, S/n of t) is combin¬ 
ation as well as Si for a single sheet. 

(5) Perform the following calculations for the single-sheet values at 
frequency f2. 

A,(at f2)*A, (at f, ) 

R,(at f.,) = R|n (at f2)= S£n (at f2) — nA, (at (165) 

Bj(at f2)= S, (at f2)-A, (at i2)-Rl(at f2 ) 

= S1 (at f2 ) + (n+l)Al (at f, ) 

8.1.2 Ut* of Term Separation to Obtain Permeability The permeability M,,of S3-Netic 
material was determined using Box #53. Two 10-turn coils were coaxially 
aligned one on each side of the material under test and centered with it. The 
three measurements were conducted as described above and in Par. 7.3.6. For 
the airgap measurement, fiberglass was substituted as a separator; for the double 
thickness condition, the enclosure cover was rigidly clamped to the enclosure 
side surface so that no airgaps existed. Measurements for a frequency of 10 kc 
are shown in Table H. From the previous paragraph, and paragraph 5.1, 

A,=^=iVf(166) 

where Ai is the penetration loss of composition and 2 is the number of material 
thicknesses in the test. To apply the relationship, it is necessary that 

A(= 15db. 

100 
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Table H Parmaability Determination, Signal Measurement* of Enclosure Number 53, 

S3«Netic Material 

Frequency 

♦Airgap 

Single Thickness 

Double Thickness 

Si = 81.5 - 38 = 43.5 db 

S/2 = 81.5 + 0.3 = 81.8 db 

10 kcs 

81.5 dbf»v 

38 dbpv 

-0.3 db(iv 

♦This measurement for information only. 

The other quantities are defined by convention. Then, 

, f (s2—s,) Y 
r [l31 dbiyfor J henries/meter (167) 

For the Netic material at a frequency f of 10 kc, Si and Sfo were calculatedto 
be 43 5 db and 81.8 db respectively. The conductivity ®r from previous labo 
atory measurements was determined to be 0.14487 referenced to the material 
copper. Therefore, 

(81.8-43.5) mVcps 39.7in 

(131.)(21.9) 10-3inyi04cpsy0.145m, 

= [l3.76^ (168) 

NOTE: As mentioned in 7.3.7.1, a coil measuring the 
field entering the shield, actually measures the 
incident plus reflected fields and not simply the 
incident value for which S is defined. However 
for A ^ 15db, the resultant reflected field is neg¬ 
ligible because of cancellation and the result is as 
shown. 

R i 3 P*n*tration Loss Ai Various techniques are available for determining the 
penetration loss Ax of which one is given in Paragraph 8. hj- ^^^cy ° 
is one wherein two curves of shielding effectiveness as a function of frequency 
are obtained for any given material, one for a single thiclmess and another for 
a double thickness of that material. Such curves were obtained by meMS Qf the 
experimental techniques of the previous paragraph for Netic material only, b 
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Fig. 46 Piimtration Loss and Panatration Loss Plus Corraction Torrn For Natic Material 

of Box # 53 

the sanie approach would be required for any high permeability shielding mater¬ 
ial. Data obtained by this approach for the Netic material are given in Appendix 
A, Fig. A16. In order to obtain the penetration loss Aj from these data, it is 
necessary to subtract one curve from the other. When this is done and the 
result is plotted as a function of square root of frequency, Fig. 46 results. The 
straight line portion of this curve which passes through the origin is the desired 
penetration loss Aj. 

This same technique may be used to obtain a penetration loss for nonmag¬ 
netic materials. For nonmagnetic materials the initial magnetic permeability 
is the same as that of air and the penetration loss factor may be readily calculated 
from a knowledge of material electrical conductivity. The expressions used in 
this case are simply equations (5) and (8) of the theoretical derivation. This 
approach has been used to calculate the design parameters for nonmagnetic ma¬ 
terials given in Paragraph 9.1. 

8.1.4 Reflection Loss Rj It might appear upon first consideration that the reflec¬ 
tion loss term Rj could,be obtained by simple subtraction of Ai already obtained 
from the material factor Si, the single-thickness curve of Fig. A±6, Appendix 
A. Such is not the case since as has been pointed out, a true S1 has not been meas¬ 
ured. Also S depends on the incident, reflected and emerging wave impedanc¬ 
es which varjrwith the measurement setup used. If the wave impedance 

0 

0 
0 
0 

0 
0 
c 
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of any setup is known it is necessary only to determine the intrinsic impedance 
nw of the shielding material in order to obtain the impedance ratio and, from 
this, the reflection loss factor R^. 

_For magnetic materials, it is necessary to obtain V**r®r” . The value of 
y Pr or is obtainable from the penetration loss factor by means of equations 
(5) and (8) and (18). Hence, measured values of electrical conductivity may be 

used to yield _!_ = /— from which k may then be calculated, and 
then K ’’y * «r 1 

1. 

8.1.4.1 A second approach for nonmagnetic materials is basically similar except 
that the initial magnetic permeability 1* is already known to be the same as 
that of air andmeed not be determined from a measurement of Aj. The electri¬ 
cal conductivity o is known from either measurement or handbook data and, 
consequently, successive calculations of Aj, kj, and can proceed directly. 

Intrinsic impedances n of the various materials measured in the program 
were obtained in this manner and are plotted in Figs. 47 and 48 for presentation in 
Paragraph 9.1. The impedance ratio k is also plotted vs n for low impedance 
values of Zw in Fig. 48 and for Zw = % in Fig. 49. The value of Rj calculated 
from Eq.(47) is plotted in Fig. 48 and from Eq.(44) is plotted in Fig. 49. An 
example of*how to find R^ using Cuand | Zw| = 0.1 ohm is shown in Fig. 48. 

8.1.5 Correction Tom Bf The correction term is, for most applications, of 
minor significance and yet it is the most difficult of all to obtain since it depends 
upon both Ai and k^. If Ai is greater than approximately 15 db, the correction 
factor Bi, as obtained from expression (72) is negligible. For Ai less than 15 
db, two different cases may be distinguished for obtaining Bp In both of these, 
cases it is necessary first to obtain the value of the impedance ratio k^. If k^ 
is either very much larger than one or very much less than one, then B^ is in¬ 
dependent of and may be determined directly from A^ in accordance with 
equation (73). 

It is this case which has been plotted in Section 9.1 for the material factor. 
For the rare case where kA is of the order of one, the expanded equation (65) 
must be utilized in order to obtain Bj. As an aid to this calculation, a X factor 
has been plotted on Fig. 7 of Reference 2 to express the variation with kj for a 
dipole source. 

8.2 Shielding Multiplicity Term ASm 

It has been shown from the theoretical section that the shielding effective¬ 
ness for multiple shields is the sum of the separate penetration loss terms, the 
incident and emerging reflection loss terms and a correction term called the 
shielding multiplicity term A represented by Eq.(105). 

In the low frequency region below 200 kc, the quantity P0t, is much less 
than one and, provided Aj and A3 are each greater than 10 db, equation (103) is 
valid for a double shield. 
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Nöte. t0 note that equation (1U£) is not valid for P012 Zw/nW3 *" 

as P0l2 —O. ASm-^201og10^^-^-j and ASjn is determined by 

p alone since in expression (106b) ZT1—►nW3 as p0^2 —» Including equation 
(106a) i ASni *" O ■ 

In the higher frequency region where P0ljis not negligible, and from 
expression (83), 

q2 •«! for nw3 <•! Z w, 

so that j 

ASm2 =10 l°8 2- (1-0°8 4*17)(db) 

and from (105), (107) 

ASm2= 115db 10 lo8io f/Mc +10lO8l0 ( (db) 

The last term of this relationship is plotted on Fig. 49. 

8.3 Lamination Term $£, A$f 

For laminated materials it was shown in the theoretical Section 5.4 that 
the total shielding effectiveness is the sum of the separate penetration losses 
and reflection losses at each interface of the individual lamina plus re-reflection 
terms. Laminated shielding is considered to be the same as multiple shielding 
in which the air spaces have been shrunk to zero. The total shielding effective¬ 
ness of the laminations is S#=A¿ + Rj +B/ (see 5.3, 5.4), but the A S{=Sj - Sx 
comparison to a single shield is of greater interest. 

8.4 Material Configuration Factor $2 

The material configuration factor accounts for bypassing energy in much 
the same manner as the fixed-seam factor Sg. It is obtained from the same 
expression as in Par. 6.1 if the subscript 5 is replaced by 2. Because of the lack 
lack of experimental data, these relationships are given in Fig. 50 on the basis 
of assumptions discussed in Par. 9.4. 

8.5 Shape Factor S3 

It was anticipated that the shape of an enclosure would influence, to some 
extent, its shielding effectiveness. Five test enclosures were designed to aid 
in the isolation of a "shape" factor, numbers 5, 8, 9, 10, and 70. All were 
made of 0.0243 inch thick FTP copper and were rectangular, cubic, "L", cyl¬ 
indrical, and spherical in shape. All seams were soldered and all enclosures 
except the sphere had four rows of fingerstock at the lid closure seam. Dimen¬ 
sions were selected so that all boxes were roughly equal in size varying only 17 
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percent maximum in volume and total surface area from the standard reference, 
Box No. 3 (Table J). Therefore all test enclosures in this group were exposed 
to electromagnetic waves of approximately equal impedances at the surfaces of 
the enclosures. Data tabulated in Table K indicate that the measured shielding 
effectivenesses of these boxes were equal within ±1 db and their adjusted aver¬ 
age value differed only ±0.5 db maximum from Standard-Reference Data. Shape 
of an enclosure then has no effect on shielding effectiveness. 

8.6 Size Factor S 

The simplest variable factor which might be expected to affect the shield¬ 
ing effectiveness of an enclosure was thought to be that of physical dimensions. 
To isolate such factor, a comparison of data obtained from Test Enclosures 
No. 1, 2, 3, and 4 was initiated. It can be seen in Table L that much of the 
data taken between 1 kc and 200 kc indicates that shielding effectiveness doubled 
as the physical dimensions of the test boxes were doubled (6 ± 1 db). It would be 
a false conclusion that size, of itself, is responsible for variations in shielding 
effectiveness. Actually, variation of low-frequency data with variation in phy¬ 
sical size has proved to result only from differences in impedance of the mag¬ 
netic wave front present at the faces of enclosures of various sizes. Simply 
stated, the shielding effectiveness of an enclosure below 200 kc is generally 
independent of its physical dimensions. However, at higher frequencies the 
dimensions of an enclosure do determine its resonant frequency as a cavity and, 
although not experimentally proved in this program, it is believed that shielding 
effectiveness is considerably reduced at and very near the resonant frequencies 
(TEioi mode and higher). 

8.7 Fixed-Seam Factor 

From theoretical equations (123) and (130), it is apparent that the deter¬ 
mination of the fixed-seam factor % is dependent upon knowledge of the mater¬ 
ial phase angle 9\ and either the net phase angle 9 or the fixed-seam phase 
angle . Once these phase angles have been determined, it is a simple matter 
of substitution in one of these equations in order to obtain the fixed-seam factor 
S5. Consequently, the discussion of the following paragraphs is with respect 
to obtaining the required phase angles. 

8.7.1 Phot# Angl« The net phase angle 9 is determined directly from mea¬ 
sured data obtained in accordance with Paragraph 7.3.7 and with values for 
several materials given in Figs. 38 and 39. In the two experimental techniques 
presented, the technique involving direct phase measurement by means of a 
phase angle meter apparently yields superior results and also provides direct 
results. However, where a phase angle meter is not available, the other ap¬ 
proach uses a direct measurement of the field components and makes possible a 
determination of the net phase angle f by use of the law of cosines, equation (163). 

8.7.2 Material Pha*« Angle The material phase angle is a function of both 
the penetration loss Ai (= 8.686 ) and the impedance ratio ki. From a 
knowledge of these quantities previously determined, #, may be calculated 
directly. (Since in 7.3.7 tf is measured for incident plus reflected fields and 
not just incident, 9 must be calculated accordingly). 
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Table J Dimensional Relationships of Antennas and Test Enclosures Used in 
Determination of “Shape" Factor 

PARAMETER 

Antenna Dia. 
to Smallest Dim. 

Vertical Dim. 
to Geo. Ctr. 

Nearest Side 
to Antenna Rim 
to Antenna Ctr. 

Farthest Side 
to Antenna Rim 
to Antenna Ctr. 

Surface Area 
Parallel to Field 

Total 
Surface Area 

Volume 

BOX 
NO. 5 

1:6 

2.5” 
3.0” 

3.5” 
4.0" 

280sq.in 

367 sq .in 

480cu.in 

BOX 
NO. 8 

1:8 

4" 

3.5" 
4.0" 

3.5" 
4.0” 

, 256 sq.in 

384 sq.in 

512 cu.in 

BOX 
NO. 9 

1:6 

4" 

2.5" 
3.0" 

4.5" 
5.0" 

BOX 
NO. 10 

1:7.8 

3.4" 
3.9" 

3.4" 
3.9" 

288sq.in 245sq.in 

424 sq.in 

544 cu.in. 

341 sq.in 

47 8 cu.in 

BOX 
NO. 70 

1:10 

5" 

4.5" 
5.0" 

uniform 
distance 

314 sq.in. 

512 cu.in 

MAXIMUM 
VARIATION 
FROM NO. 5 

*■67% 

-20% 

+80% 
+67% 

+28% 
+25% 

-22.5% 

-16.6% 

+17% 

VARIATION 
EXPRESSED 

IN 
DECIBELS 

4.4db. 

-1.9 

5.1 
4.4 

2.1 
1.9 

-2.2 

-1.6 

1.4 

Table K Relation of Enclosure Shape to Shielding Effectiveness 

FREQUENCY 

50 cps. 

100 cps. 

1000 cps. 

12 Kc. 

200 Kc. 

STANDARD 
REFERENCE 

DATA 

1 db. 

3.5 

21 

43 

82 

RECTANGULAR 
BOX 
NO. 5 

1 db. 

3 

20 

42 

60.5 

SQUARE 
BOX 

NO. 8 

1 db. 

4 

22 

43 

81 

L-SHAPED 
BOX 

NO 9 

2 db. 

4.5 

21 

43 

82.5 

CYLINDRICAL 
BOX 

NO. 10 

1 db. 

3.5 

21.5 

42.5 

82.5 

SPHERICAL 
BOX 

NO. 70 

0 db. 

3.5 

21.5 

43.5 

62.5 

BOX 
DATA 

SUMMARY 

1 db. * 1 

3.5 i 1 

21 * 1 

42.5 * 1 

81.5 ± 1 

VARIATION 
FROM 

REFERENCE 
DATA 

0 db. 

0 

0 

+ 1/2 

-1 '2 
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8.7.3 Poth-Diff«r*nct Phast Angl« 1 # 5 The path-difference phase angle ¡f4 has 
been expressed in Paragraph 6.1 as a function of both i and #, . This relation¬ 
ship is used to calculate ,0j directly. 

8.7.4 F¡x«d-S«am Plia*« Angl« #5 Since the fixed-seam phase angle #5 is simple, 
the difference between ^ and it may be calculated directly. (Correction from 
incident-plus-reflected to incident fields can be made from theoretical consider¬ 
ations or experimental results. ) 

8.7.5 Ut« of Pha*« Anglos From these phase angles, an uncorrected fixed-seam 
factor S5 is calculated for an experimental setup but must be corrected for more 
general use in design data. The correction Sa is for the total lineal length of 
fixed seams exposed to the exciting field in order to obtain a fixed-seam factor 
for a one-inch length of seam. 

S,= 10 log a, (a = seam length) (170) 

which for the 10 inch seams in the particular boxes measured is equal to 10 db. 
The correction assumes that power (current through the seam at a fixed voltage) 
is proportional to seam length. 

This correction applies to S5 only and not to S. 

The general expression (170) has also been plotted and presented in Para¬ 
graph 9.7 for design use with any total length of fixed seams. 

8.8 Access-Seam Factor 
• 

The determination of the access-seam factor Sq is quite similar to that 
for the fixed-seam factor S5. Since the only type of seam involved is that of 
spring contact fingers against the metal shielding surface, the curves are plot¬ 
ted for each one of the shielding surfaces. It should also be noted that the data 
obtained from Appendix A are for either 1, 2 or 4 rows of fingers. When more 
than 1 row of contact fingers is involved, 20 log m (db) has been subtracted from 
S where m is the number of rows. There is no theoretical justification for this, 
especially at VLF and LF where Si predominates; however it does permit separ¬ 
ation of the curves on the graph. When applying Se, tie quantity 20 log m must 
be re-inserted^ 

8.9 Nonuniformity Factor S7 

Insufficient data was obtained in order to plot a curve for a nonuniformity 
factor; hence, the few data obtainable from Appendix A are presented in tabular 
form. 

8.10 Protrusions Factor Sg and Filter Factor Sç 

No data is available to evaluate these factors although they are required 
for any complete shielding design. 
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9.0 FACTUAL DATA-DESIGN PARAMETERS 

This section presents parameters derived in accordance with the last 
section and presented in a form useful for the design of shielding enclosures. 
It is intended that the various parameters be combined in accordance with equa¬ 
tion (134) in order to obtain the overall shielding effectiveness of an enclosure. 
Each one of the separate Sp factors represents a parallel path for the transmis¬ 
sion of electromagnetic energy from the source through the shielding enclosure 
to a receiving device. One of the shielding effectiveness factors, the material 
factor Si, is expressed differently depending upon whether the shielding involved 
is a single shield, a multiple shield, or a laminated shield. Basic to the expres¬ 
sion for this parameter are expressions which enter into Sj for a single shield. 
When multiple shields are involved, the form of the single shield data is still 
useful when combined with a correction term ASm. In the case of laminated 
shields, the penetration loss and reflection loss terms for single shield materials 
are again useful when combined with the correction term AS^ (Para. 8.2, 8. 3). 

9.1 Material Factor S] 

The information presented in Figs. 47 and 51 is for a single shielding 
layer. 

9.1.1 Arrangement of Data Fig.' 5.1 has plotted on the right hand side both 
penetration loss curves for various materials and penetration loss plus correc¬ 
tion or re-reflection loss values for these materials as functions of the product 
of material thickness and square root of frequency. In this method of plotting, 
all of the penetration loss curves are straight lines passing through the origin. 
Any deviation of the solid lines from this straight line is caused by the re-reflec¬ 
tion loss term B, and, in these instances, it is the sum of + Bj^ that is plotted. 

Reflection loss curves of Fig. 47 present, in the upper right-hand quadrant, 
the reflection loss Ri for low-impedance waves as a function of the absolute value 
of the impedance ratio ki. Since this impedance ratio is a function of both the 
wave impedance Zw and the metal intrinsic impedance n , the absolute value of 
kj has been plotted as a function of n for various wave impedances Zw in the 
lower right-hand quadrant. Also, since n is in turn a function of square root 
of frequency, these relationships have been plotted for various metals in the 
lower left-hand quadrant. The wave impedance Zw also is a function of Vf for 
the Helmholtz coil test setup and this relationphip has been plotted for reference 
purposes in the upper left-hand quadrant. 

Similar curves are presented for plane waves in Fig. 48. 

9.1.2 Assumptions In Fig. 51, the straight line portions of the quantity Ai + B^ 
are valid for all values of the impedance ratio ki since Bj is negligible in this 
region. However, for the nonlinear portions of this curve, the values have been 
plotted on the assumption that the absolute value of kj is either less than 0.1 
or greater than 10. The left-hand portion of Fig. 51 - Penetration Phase Angle- 
is a presentation of data for a case investigated in the study. 
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If these conditions are not met, the correction term Bi may be obtained 
from equation (72) or by the use of Figs. 2 and 7 of Reference 2 for a dipole 
source. 

No assumptions have been made for the information presented on Figs. 
47 and 48. 
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Fig. SO Material Configuration Factor-S2; Fraction-Opon Aroa 





9.1.3 Uaag* . To obtain the material factor Si at any given frequency f, first 
calculate the product of the thickness in inches times the square root of this 
frequency in /cpi . Enter the abscissa of this figure for the value calculated, 
project a vertical line to the curve representing the material of the shield as 
illustrated by the dashed arrow. From the intersection of this line with the 
curve, project the horizontal line to the ordinate to obtain the magnitude of 
Ai + Bi • For the same value of square root of frequency, project a vertical 
line downward from the abscissa in the lower left-hand quadrant until it inter¬ 
sects with the curve for the same material, again as indicated by the dashed 
arrow. * From this intersection proceed horizontally to the right until a curve 
representing the actual incident wave impedance is reached in the lower right 
hand quadrant. At this intersection, proceed vertically into the upper right 
hand quandrant until intersection with the reflection loss curve. Proceed from 
there horizontally to the left until intersection with the ordinate to obtain the 
value of the reflection loss for that material at that frequency. The sum of the 
Ai + Bi and the Ri values is the total value for the material factor S^. 

9.2 Multiplicity Correction Term Bm (= ASm) 

When multiple shielding is employed, the total penetration loss is simply 
the sum of the separate penetration losses of the individual shields (illustrated 
for double shielding by equation (97)) and the reflection loss is similarly the 
sum of the separate reflection losses of the individual shields. However, there 
is a correction term for multiple shielding which is unique. The data presented 
here are for the special but common case of only two shields which need not be 
identical. 

9.2.1 Arrangement of Data The multiplicity correction term for a double shield B^ 

is plotted as a function of absolute value of impedance ratiojk3|for various ab¬ 
solute values of the impedance ratioJkjJ. In this form, Fig. 52 is useful in the 
fairly low frequency range, although not so close to zero that Aj or A3 is less 
than 10 db. At higher frequencies, Fig. 49 is more useful and exhibits resonance 
conditions existing between the shielding layers. With this figure, the mul¬ 
tiplicity correction term is plotted as a function of the product of the frequency 
in cycles per second and spacing between shields in inches. Note that for 
shielding by materials identical with respect to both composition and thickness, 
it is not necessary to use Fig. 52 in the low frequency range since B^ is equal 
to the negative of (See Paragraphs 5.5, 8.1, 8.2). 

9.2.2 Assumptions The complete multiplicity correction term Bm2 given in 
equation (97) is quite complicated for the general case. However, most design 
applications are covered under some simplifying assumptions. For both 
figures, it is assumed that both Ax and A3 are greater than 10 db. For Fig. 52 
only, it is assumed that the spacing between shields is a very small part of the 
wave length, specifically much less than X/4a . In Fig. 49 only, it is 
assumed that both the absolute values of ki and k3 are greater than 10. 



/ 



/ 

9.2.3 U «a g* Subject to the assumptions already mentioned. Fig. 52 is entered 
for low frequencies at a given value of the impedance ratio Iko | projected verti¬ 
cally down to a given value of | kj and horizontally thence to the ordinate in 
order to find the value of the correction term Bm2* 

For the higher frequency values of involving a free-space wave, 
Fig. 49 may be used subject to the normally valid assumptions already noted. 
This figure is entered on the abscissa for a given product of frequency in 
cycles per second times spacing in inches, projected vertically downward to 
intersection with the curve, and thence horizontally to the left to the ordinate 
in order to obtain the value of the multiplicity correction term Bm2. 

9.4 Material Configuration Factor $2 

The material configuration factor accounts for any deviation in perform¬ 
ance of material from that of a plain sheet of the same thickness. Such devia¬ 
tion may occur due to perforations in the material, due to a woven type of 
construction rather than a sheet construction, etc. 

9.4.1 Arrangement of Data Inadequate experimental data are available in order to 
present this parameter with any high degree of confidence. The intention of 
the arrangements shown is simply to illustrate the general form in which the 
data are expected to be arranged. It is anticipated that actual data will be 
sensitive primarily to percent of open area for solid type sheets (Ref. 12) and 
to a similar different function of open area for woven or knitted type materials. 
It is anticipated that curves will be presented for the material configuration 
factor S2 as a function of frequency f for different percentages of ppen area of 
solid sheets and that a similar figure will be presented for woven and knitted 
type sheets. It is further anticipated that the percent of open area curves will 
be generally similar for all compositions of materials and may be presented 
very readily as functions of frequency in the manner shown in Fig. 50. This 
curve is based upon the assumption that the leakage field 1¾ is proportional to 
the decimal open area K or 

S2 = -20 log K, O^KCl. (db) (171) 

9.5 Shape Factor S3 

Experimental data indicates that the size factor S4 also is infinite over the 
S3 has no effect upon the shielding performance in the low frequency range. It 
is anticipated that similar results will hold for the éntire radio frequency range, 
but experimentai confirmation has not been obtained for this report. 

9.6 Size Factor S4 

Experimental data indicate that the size factor S4 also is infinite over the 
low frequency range. However, it is anticipated that the situation will be far 
different in the vicinity of cavity resonance of the enclosure. It has not been 
possible to obtain experimental data to support or deny this assumption, but the 
anticipated effect is illustrated conceptually by Fig. 53. 
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9.7 Fixed-Seam Factor S5 

The fixed-seam factor S5 and the access seam factor Sg both constitute 
most important limitations to shielding performance, even more important than 
the shielding material itself in many applications. Because of the experimental 
difficulty in determining how to obtain the required data, only several experi¬ 
mental cases are presented for the fixed-seam factor S5. 

9.7.1 Arrangwnmt of Data The fixed-seam factor is presented for a one-inch length 
of seam as a function of frequency on the upper right hand side of Fig. 54 for 
each of the several combinations measured. Associated with each seam is a 
phase retardation of the magnetic field associated with it and this negative 
phase angle 65 is plotted on the lower right-hand portion of Fig. 54 for the 
various combinations measured. In order to account for any given total length 
of seam subjected to the incident field, a seam length term Sa has been plotted 
in Fig. 55 and is to be added to the values obtained from Fig. 54 in order to 
represent a given shielding situation. A seam length term Sa of Fig. 55 is also 
applicable to determination of the access seam factor S6. It is intended that 
for more available data, a separate representation of Fig. 54 would be used for 
each type of material. 





*o 

a 

< 
LU 

1 10 102 103 104 105 

SEAM LENGTH (inches) 
Fig. 55. Seam Length Term Sa 

9.7.2 Assumptions It has been assumed that the total field from the leakage patft 
through a fixed seam is directly proportional to the total length of that seam 
subjected to the incident wave and that wave impedance Zwremains constant. 
Relationship between the coordinate values given in Fig. 55 are predicated on 
this assumption. While this assumption appears to be quite reasonable, it has 
yet to be verified by experiment. Since the curves of Fig. 54 represent cal¬ 
culations performed upon measured data (such calculations involving the small 
difference of two large quantities in certain regions), it can be assumed that the 
overall accuracy has been degraded from that of the original data. The engineer¬ 
ing estimate of accuracy of the resulting curves given in Fig. 54 is ±4 db. How¬ 
ever, this accuracy is for the particular cases measured. It can be expected 
that there will be a considerable variation among different boxes of the same 
type of construction; statistical data to give a measure of the confidence level is 
not available. 

9.7.3 Usage For any given value of square root of frequency which has already 
been applied to the determination of the material factor Sj, Fig. 54 is entered 
on the abscissa and a vertical line extended upward to the curve for the parti¬ 
cular type of seam to be considered. At the intersection with this curve, a 
horizontal line to the ordinate is the value of S5 for a one-inch length of seam. 
In order to obtain the value of S5 for a given shielding enclosure, this value 
must be corrected for the seam length by application of Fig. 55. It is entered 
with the same value of square root of frequency on the abscissa and extended 
vertically downward to the intersection with the curve and from thence hori¬ 
zontally to the left to the intersection with the ordinate in order to give the 
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value of the correction term which is algebraically added (the correction term 
is negative) to the value just determined. 

In order to make use of this information in expression (119), phase angle 
information is obtained from two places. For the given value of the square 
root of frequency used in Fig. 54, the vertical line is extended downward for 
intersection with the curve representing a particular seam desired, and from 
that point horizontally to the left to the intersection with the ordinate. From the 
ordinate is read the phase lag due to passage of the wave through the fixed seam. 
Also required is a phase angle due to passage of the wave through material 
itself and this is obtained from the left hand portion of Fig. 51 by extending the 
previously determined horizontal dashed line to intersection with the phase 
angle curve and thence vertically to intersection with the ordinate in order to 
obtain the phase delay through the shielding material. The required phase 
angle ^ 0 5 is simply the algebraic difference of minus ^5. 

9.8 Access Seam Factor 

This factor enters into the shielding performance calculations in the ,'-ame 
manner as the fixed-seam factor Sg. However, the seams themselves are of 
quite a different nature and, for this reason, the parameters for them are 
presented in a different manner. 

9.8.1 Arrangement of Data Although data for the access seam factor Sg are used in 
a manner similar to those for the fixed seam factor Sg, they are somewhat 
differently arranged since there is only one type of seam contact involved, 
although this may be either single or multiple. In Fig. 56, the access seam 
factor Sg has been plotted as a function of frequency for the contact of a single 
row of phosphor bronze spring fingers against the given shielding materials. 
For a total length of seam other than one inch, the seam correction term Sa 
already given in Fig. 55 must be algebraically added. In addition, if more than 
one row of contact fingers is involved at the access seam, then an additional 
seam multiplicity term S6m must be added and this term is obtained from 
Fig. 57. 

For the access seam, its phase angle tfg enters into the overall shielding 
expression for Sg in the same manner that the phase angle tfg enters into the 
expression for Sg. Values of 0g are presented on the lower portion of Fig. 56. 

9.8.2 Assumptions In addition to the seam length assumption discussed under 
paragraph 9.7.2, an assumption is made as to the effect of seam multiplicity. 
The assumption is that every doubling of the row of contact fingers increases 
the shielding effectiveness by 6 db. This assumption remains to be verified 
by experimental results. 

9.8.3 Usage Usage of these data is similar to those for the fixed-seam factor 
S5 but with the addition of one extra term to account for seam multiplicity. 
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MULTIPLICITY OF SEAMS m 
Fig. 57. Seam Multiplicity Term S¿m 

V.9 Other Shielding Factors Sy through Sg 

No experimental information is available on the following factors: 

1. Nonuniformity factor S7 which relates the effect or shielding per¬ 
formance utilizing different materials and/or material configura¬ 
tions in different parts of the shielding construction. (One common 
need for this factor is in enclosures using waveguide-below-cutoff 
air inlets. ) 

2. Protrusions factor Sg which accounts for the degradation in per¬ 
formance due to protrusions from the shield which may act as stub 
type antennas. 

3. Filter factor S9 which accounts for leakage through the shield due 
to insertion of the filter in the shield. 
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10.0 FACTUAL DATA-DESIGN EXAMPLES 

In order to illustrate how the design data of Section 9.0 might be used, 
three examples arc given, each with a different end objective. The objectives 
are: 

1. Use of the parameters of Section 9.0 in order to determine per¬ 
formance of an enclosure already designed. 

2. Design of an enclosure to achieve some desired performance. 
3. Determination of degradation in performance due to some design 

limitation. 

10.1 Performance of a Given Design 

Assume a shielding enclosure with the following features: 

1. Material - copper 0.023-inch thick 
2. Multiplicity - single enclosure 
3. Laminations - none 
4. Material Configuration - solid sheet 
5. Shape - rectangular parallelepiped (box shaped) 
6. Size - 9 X 12 X 15 inches 
7. Fixed Seams - 4 twelve-inch soldered seams 
8. Access Seams - 2 fifteen-inch seams and 2 nine-inch seams with 

double rows of phosphor-bronze contact fingers 
9. Other characteristics such as the effect of filters, air inlets, etc., 

are assumed to be immaterial. Let it be desired to obtain the 
performance of this enclosure at a frequency of 10 kc against a low 
impedance wave having a wave impedance given by the expression 
Zw equals jlO .f ohms where f is expressed in cps. 

The following steps are outlined in order to derive the overall shielding 
effectiveness S: 

1. Material Factor Sj 
The square root of f is 102 and Fig. 51 (insert) is entered with 
this value, ( Vf.f) following the dashed arrows in order to determine 
the value of A^ + equal to 10 db. 

For the square root of f equal to 102 enter Fig. 47 with thi' value 
and follow the dashed arrows to determine the reflection loss 
equal to 57 db. 

2. Multiplicity Term ASj,, 
This term is zero since only a single shield is involved. 

3. Lamination Term A S ¿ 
This term also is zero since there are no laminations. Thus 
Sx - 10 + 57 = 67 db. 

4. Material Configuration Factor 83 
Since the configuration is a solid sheet, there is no leakage path 
due to configuration and 82 is infinite. 

5. Shape Factor S3 
This factor is infinite. 



6. Size Factor S4 
This factor is also infinite at the given frequency. 

7. Fixed-Seam Factor S5 
For the square root of f equal to 10 , Fig. 54 is entered with a 
line projected upward to the soldered-seam curve (screw-held 
Netic seam used in illustration) and thence over to ordinate to 
determine that the fixed seam factor for a one-inch seam is 54.5 
db. For four twelve-inch seams, the total seam length is 48 inches 
and it is determined from Fig. 55 that the seam-length term Sa is 
-33.6 db, which must be algebraically added to the previous figure 
S5 = 20.9 db. 

In order to use this information in the final calculations, it is 
appropriate to determine the phase-difference angle 1 0 5 which is 
simply ii minus «5. The angle 9l is determined by projecting the 
horizontal dashed line of Fig. 51 leftward for intersection with the 

¢1 curve and thence vertically to the abscissa. For the given case, 
tfi equals -70 degrees. Similarly, the vertical dashed line of Fig. 

54 is projected downward until it intersects with the soldered-seam 
curve (screw-held Netic seam used in illustration) and thence hori¬ 
zontally to the left to the ordinate in order to determine a phase 
angle *5 equal to -35 degrees. Thus, ! « 5 is equal to -35 degrees. 

8. Access-Seam Factor Sc 
For the square root of 1 equal to 102, Fig. 5G (a conceptual ^u®_ 
tration only) is entered at that value of the abscissa and the dashed 
line projected vertically upward is followed until intersection with 
the curve for a copper surface. A horizontal dashed line projected 
to the left indicates the access seam factor for a one-inch seam 
length to be 54 db. To this factor must be added the seam length 
term Sn. For access seams along each of the 15 and 9-inch sides, 
the total seam length is 48 inches. For this case, the seam ^ngth 
term Sa has already been determined for 48 inches to be -33.6 db. 
Also to be added is a term for multiplicity of seams, in this case 
double seams. The seam multiplicity term S6m is determined 
from Fig. 57 tobe 6.0 db. Sg = 54 - 33.6 + 6.0 - 26.4 db. 

It is again appropriate at this point to determine the phase angle 
resulting from seam penetration. From Fig. 56, the vertical 
dashed line is projected downward to intersection with the curve 
for a copper surface and then horizontally to the left to the ordinate 
in order to obtain the phase angle tf6 equal to -26 degrees. The 
phase difference angle 1 * 6 is *1 minus íg and» since 1 alreai,y 
has been determined, this is -44 degrees. 

9. Shielding Effectiveness S 
All of the quantities so far determined are entered in equation (134) 
in order to determine the overall shielding effectiveness of the 
enclosure at a frequency of 10 kc. 
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S = —10 log 
67 209 26J 

10“ »' + 10 10 + IO” 10 + 2 10 
«7+209 
-tír¬ eos (-35-) 

67+26.4 

•fio 20 cos 

= -10 log 

^-44J + 10 20 cos í—35*+ 26 j 

^+2(3. 1.04 X 10~ +2( 3.82X 10_J + 1.54 X 10~+ 4.25 X 10 1] 
= 17.2 db. 

Thus, the overall shielding effectiveness S of the enclosure is 17.2 db at a 
frequency of 10 kc. 

10.2 Design to a Desired Performance 

Design to meet a desired performance is basically a process of synthesis . 
of the various parameters to be considered. In order to meet some desired 
performance, it is necessary that every one of the factors through S9 be 
greater than the performance desired unless such performance is desired in a 
region of low-frequency shielding resonance. For a given frequency of interest 
then, it is possible to enter each one of the design parameter curves Figs. 47 
through 57 to determine each separate factor that will meet these criteria. 
Indeed, it is good practice to allow for some degradation due to combination of 
the various factors to the extent that any one given factor should be at least 10 
db above the required final result. Even additional safety factors might be 
desirable for any variations in actual construction. With these considerations 
as guidelines, the design is then basically a process of successive evaluations 
of performance for various combinations which meet the separate basic criteria, 
of which each calculation is similar to that illustrated in paragraph 10.1. 

10.3 Degradation Due to a Design Limitation 

In some cases, one or more structural requirements may limit the per¬ 
formance to values less than would otherwise have been obtained. Examples of 
such limitations might be a requirement that the shielding material be of one 
kind rather than another, that it be made of several different types of materials 
for a given application, that the access seam may have no more than 2 rows of 
contact fingers, that the seams have to be screwed together instead of soldered, 
etc. Whatever the particular limitation imposed, it is generally necessary to 
calculate the performance in accordance with paragraph 9.1 under both sets of 
conditions: where the design limitation is imposed, and where it is lifted. 
There is obviously no effective degradation if the change in a given design para¬ 
meter is such that the smallest value of the parameter is 20 db or more greater 
than any other parameter. When the lowest value is under this figurer it is 
frequently possible to obtain a first approximation of the degradation effect by 
comparing the very lowest parameter value of one case with the very lowest 
value of all the parameters for the other case. The difference between the two 
would be a first approximation to the degradation. 
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11.0 CONCLUSIONS 

11.1 Major Conclusions 

11.1.1 The feasibility of designing shielding upon sound engineering principles 
has been demonstrated and methodology therefor has been established. 

11.1.2 Techniques for obtaining the data required have been established and some 
of the data have been obtained. 

11.1.3 A phenomenon of low-frequency shielding resonance has been discovered 
and explained upon a theoretical basis. 

11.1.4 This phenomenon of low-frequency resonance is a useful effect which can 
be utilized to obtain improved shielding performance at some selected low fre¬ 
quency and may be used as the basis for detecting flaws in metals and metallic 
seams. Both applications have formed the bases of patent disclosures. 

11.2 Specific Shielding Factors 

11.2.1 Overall Shielding Effectivenest S 

1. There is no theoretical advantage in measuring cross-field transfer 
impedances, such as incident E to transmitted H or incident H to 
transmitted E. Actually, there would be an experimental dis¬ 
advantage because of greater noise-to-signal ratios (paragraph 5.2). 
However, when the field is setup by a known current and measured 
by an induced voltage, a transfer impedance is in actuality being 
measured. 

2. Shielding effectiveness against high-impedance waves at low fre¬ 
quencies is much greater than against low-impedance waves at the 
same frequencies. Consequently it is necessary and most practical 
to measure shielding effectiveness against H fields, to provide a 
measure of minimum shielding performance at low frequencies 
(paragraph 5.1.11). 

3. Magnetically susceptible components may be located almost any¬ 
where within a "seamless" enclosure, except in the trihedral cor¬ 
ners , without fear of reducing the effective shielding of those com¬ 
ponents . 

11.2.2 Material Factor Sj 

1. The shielding effectiveness of double shields is generally better 
than that of single shields having the same total thickness of metal; 
although at a very low frequencies this difference approaches zero, 
along with shielding effectiveness. 
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2. Normally, the shielding effectiveness of a double shield will be 
much less than that of the sum of both when considered as two single 
shields because the air gap cannot be infinite. If the shields are 
spaced an odd multiple of 1/4 wavelengths apart, shielding effective¬ 
ness can be slightly increased or considerably decreased. 

3. For multiple shields the total penetration loss is the sum of the 
penetration losses for each medium and the total reflection loss is 
the sum of the reflection losses at each interface. The total cor¬ 
rection term for re-reflection loss is the sum of the individual cor¬ 
rection terms, including the air gap, which dominates. 

4. At the metal-to-metal interfaces of laminated sheets, reflection 
loss R is independent of frequency because the ratio of the intrinsic 
impedances of the lamina remains constant. 

11.2.3 Shape Factor S3 The shape of ?n enclosure, as such, does not contribute to 
its shielding effectiveness, except as noted in paragraph 11.2.4.2 and 11.3. 

11.2.4 Size Factor S4 

1. Within a uniform electromagnetic field, the size of an enclosure 
bears no significant relation to its shielding effectiveness, except 
in the vicinity of cavity resonance as noted in paragraph 2 below. 

2. The resonant frequency of an enclosure, considered as a cavity, is 
determined by its size and shape. At and very near resonance 
there is expected to occur a considerable deviation in shielding 
effectiveness which is, of course, related to size and shape of the 
enclosure. 

11.2.5 Fixed Seam Factor S5 The closest practical approach to a perfect permanent 
seam or joint was thought to be that formed by electron beam welding. The 
entire operation is accomplished in a high vacuum chamber which practically 
eliminates air as a contaminant; nothing in the process can alter the chemical 
composition. However, there is some evidence (No. 26 of Fig. A18 and No's. 
30, 31 of A32) to indicate that this supposedly perfect seam construction is 
very little better, if at all, than several other types. It is probable that the 
crystal structure, paralleling each side of the bead, has been altered in a man¬ 
ner resembling a "cold" solder joint and that inclusions of voids reduces the 
effective electrical conductivity required foi superior performance. 

11.2.6 Access Seam Factor S6 In any otherwise effective shielding enclosure, the 
design of points of entry and access present major design prob'ems in efforts 
to maintain the shielding integrity of the enclosure. It is practically impossible 
to design an access joint which will provide as much shielding effectiveness as 
a good seamless enclosure. Although it has long been recognized that all 
openings in enclosures are undesirable, it remained for this study to provide a 
means for quantitatively evaluating the deterioration of shielding effectiveness 
which results. 
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11.3 Notts on Ovorall Study: 

The following general notes and comments apply to the totality of research, 
theoretical development and numerical calculations performed in this study. 
They embody the constraints and limitations inherent in the application and extra¬ 
polation of the results contained herein to the analysis or design of shielding 
structures. 

1. The impedance of the impinging field is a determining factor in Ri 
and Bi (although depends only on the material). (Paragraph 8.0) 

2. The wave impedance inside of a conductor will in nearly every case 
be its intrinsic impedance. 

3. The field theory applied herein states that the energy flow inside 
the conductor is in the form of a current. There are the following 
implications of using a circuit analysis: 

(a) Approximations, such as of shield thickness and of impedance, 
are not usually compatible. Use of simpler, more readily visualized 
basic concepts will help overcome this problem. 

(b) A box acting as a shield is an inductor and has a configuration 
which fits that of a low impedance field. If the field is set up by 
another inductor, such as a Helmholtz coil, there is a mutual in¬ 
ductance between the generator coil and the box; however, whether 
the field is furnished by the coil or by a free space wave, the effect 
on a pickup coil inside the box will be much the same since the 
self inductance of the box predominates over the mutual inductance. 
It appears that the impedance of the impinging field is determined 
more by the configurations S3 and S4 of the shie’d than of the field 
source. 

(c) Since the inside of the shield acts as a waveguide below cut¬ 
off, the validity of assuming the emerging and impinging waves to 
have the same impedance is questionable. Resolution of this prob¬ 
lem is, however, not difficult if it is treated on a circuit basis. 

(d) Both circuit and field theory must be considered in the 
application (as well as in the development) of shielding theory. 

4. The effect of the shield on H is not quite the same as on E. If 
r\ lr and nw ■«*: Z T > in the R term of (34) Ei/ETis influenced 
by Kr but not by KTand Hí/Ht, using (35), is influenced by Kfbut 
not by Kr . In other words E but not H is affected by the abrupt 



■ e 
o 

decrease of impedance when entering the shield while H but not E 
is affected by the abrupt increase of impedance on emergence. 
Considering H as a current and E as a voltage, this would be ex¬ 
pected. Also an abrupt impedance change means an abrupt change 
in the ratio E/H and thus an abrupt change in one but not necessarily 
the other field. r 
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12.0 RECOMMENDATIONS FOR FUTURE RESEARCH 

12.1 Additional Exporimontal Data 

More experimental data are required to make full use of the techniques 
developed. These should include: 

1. Data on additional combinations for the types of shielding factors 
measured. 

2. Data on shielding factors not measured. 
3. Extended frequency measurements. 
4. For each shielding factor, a statistical number of measurements 

should be obtained to establish a confidence level. 

12.2 Low-Froquoncy Shielding 

The phenomenon of low-frequency resonance in shielding should be used 
in the development of economical low-frequency shielding enclosures. 

12.3 Design Reference 

Combine shielding data obtained in the above programs into a design re¬ 
ference using the material of Section 9.0 of this report as a guide. 
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13.0 IDENTIFICATION OF PERSONNEL 

PROGRAM MANAGER —RICHARD B. SCHULZ 

Mr. Schulz received a Bachelor of Science degree in Electrical Engineer¬ 
ing from the University of Pennsylvania in 1942 and a Master of Science degree 
in Electrical Engineering in 1951. He has completed graduate courses equiva¬ 
lent to Ph. D. requirements. 

Prior to joining Boeing, he developed a laboratory standard RFI meter 
at the University of Pennsylvania. Later, he was a consultant engineer in electro¬ 
interference research, development, design, and specification testing. His com¬ 
pany, known as Electro-Search, under various government contracts, designed 
shielding installations, tested shielding, and made field surveys of electrointer¬ 
ference at Naval establishments. 

In 1955 he joined the Armour Research Foundation (now UT Research 
Institute) as program development coordinator for electrical engineering re¬ 
search. His technical efforts include development of a thermistor-bridge 
voltmeter for accurate, low-level, direct-amplitude calibration of electro¬ 
interference measuring equipment and Hall effect magnetic-field pickup devices 
for electrointerference field intensity instrumentation. This also included 
efforts as a project engineer on development of satellite RFI instrumentation. 

He joined the United Control Corporation in 1961 as Chief of the Electro- 
Interference Section, where he was directly engaged in the electrointerference 
aspects of the Minuteman weapon system. Mr. Schulz joined The Boeing 
Company in 1962 as a staff engineer in Aero-Systems Technology, where he was 
engaged in microelectronics and electromagnetic compatibility activities. 
He is now Chief of Electrocompatibility and Microavionics Unit in the Airplane 
Division. 

He is a registered professional engineer and has been active in both 
national and local technical organizations. Presently he is treasurer of the 
Seattle Section of the Institute of Electrical and Electronics Engineers and has 
been active in the group on electromagnetic compatibility, both as past chair¬ 
man of the Seattle chapter and as a former member of national administrative 
committee. He was a member of the IRE Subcommittee 27.5 on standards for 
measuring shielded enclosures, 1958 to 1963, and the American Standards 
Committee C63 on radio interference, 1960 to 1961. He is a member of Tau 
Beta Pi, Eta Kappa Nu, and Sigma Tau honorary societies. 

Mr. Schulz is the author or coauthor of 30 technical papers on electro¬ 
compatibility topics and has a text book on this subject in preparation. 
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PROGRAM LEAD ENGINEER —VE LLAR C. PLANTZ 

Mr. Plantz is employed as a research engineer in the Boeing Electro- 
compatibility Unit. For the past year he has been responsible for the Fiectro- 
interference Test Integration Group in the Minuteman Engineering Department. 
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During that time he directed the development of electrointerference test methods 
and procedures. His educational background includes more than 500 hours in 
specialized electronic engineering courses. 

Before coming to Boeing, Mr. Plantz was a Design Unit Supervisor for 
United Control Corporation Engineering Department. In this capacity he 
directed the electrointerference minimization service from design review to 
MIL Specs for customer equipment and subsystems. 

From March 1953 to April 1961, Mr. Plantz was employed by the Martin 
Company. Here his assignments included design specialist for the GBSD 
Laboratory and design support group and senior engineer, GBSD Electro¬ 
interference Minimization Group. During the latter assignment, he directed 
electrointerference design studies. He also aided in development of the GPL 
Electrointerference Group, contributing to the TITAN system functional 
compatibility test philosophy, test plans, and tests. 

Mr. Plantz is a member of the Institute of Electrical and Electronic Engi¬ 
neers (Seattle Chapter Chairmai, Group on Electromagnetic Compatibility). 
His papers include: "Interference Suppression of B-57 Aircraft," presented 
during and published in the Proceedings of the Second Conference on Radio Fre¬ 
quency Interference Reduction, Armour Research Foundation; "Electrointer¬ 
ference," distributed as a supplement to "Quasies and Peaks"; "Are Rivet 
Structures 'Inherently' Bonded?" published in Aviation Age; and "Electro¬ 
interference and Missile Systems," published in the Engineers Bulletin by the 
Colorado Society of Engineers and many others. 

TEST ENGINEER — DAVID R. BRUSH 

Mr. Brush received a Bachelor of Electrical Engineering degree from the 
University of Minnesota in 1958, with a major in electronics. 

From May 1949 to June 1958, Mr. Brush was employed by the Network for 
Mid America at KTIS. During this time he was responsible for design of custom 
communication equipment. In 1955, he was appointed Chief Engineer of KTIS 
Minneapolis, master control headquarters for the network. 

In July 1958, Mr. Brush joined Boeing as an associate engineer. He 
worked at this time on preparation of test outlines for the evaluation of electronic 
systems on the 7 07 airplane. 

After a year of engineering with United Control, Mr. Brush rejoined The 
Boeing Company as associate research engineer and has since been providing 
research support for the Electronics Project Design Group. In this work he has 
been concerned with laboratory verification of theoretical analyses and system 
testing. 

Mr. Brush is a member of the Institute of Electrical and Electronics 
Engineers and the Group on Electromagnetic Compatibility. 
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APPENDIX A MEASURED DATA 50 cps to 200 

Appendix A1 Helmholtz Coil 

To determine the uniformity of the magnetic field within the Helmholtz coil 
a three-dimensional grid of nylon lacing was constructed and comparative 
measurements were made at two inch spacing on each of three levels within the 
coil. The results of these field measurements are plotted in Figs. Al through 
A15. 
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Fig. A-5 Magnetic Field Plot: Short Side - 15000 cp* 
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INCHES FROM CENTER 
Fig. A-8 Magnetic Fitid Plot: Hypotonuso - 1500 cps 
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Fig. A-11 Magnetic Field Plot: Long Sido - 50 cps 
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Fig. A-13 Magnetic Fluid Plot: Long Sido — 1500 cp» 
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Fig. A-14 Magnetic Field Plot: Long Side - 5000 cps 
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Fig. A-15 Magnetic Field Plot: Long Side - 15000 cps 
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Fig. A-J4 Magnetic Fit Id Plot: Long Sido - 5000 eps 
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Fig. A-15 Magnetic Field Plot: Long Side - 15000 eps 
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Appendix A2 Shielding Effectiveness of Netic Steel 

The results of measurements of shielding effectiveness of Netic steel, using 
a two-coil method rather than the Helmholtz coil, is presented in Fig, A16, 
Data for two versus one thickness was desired for comparison purposes and is 
also depicted on Fig. A16, 

S(db) 

Fig. A-16 Shielding Effectiveness of One and Two Thicknesses of Netic Material Using Two 

Small Coil Test Setup. 
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Appendix A3 Measured Shielding Effectiveness 50 cps to 200 kc 

All data below 200 kc., which was obtained by measuring the shielding 
effectiveness of various test enclosures, is presented in graphical form in 
Figs. A17 through A41. Data has generally been grouped as pertinent to the 
isolation of specific shielding effectiveness factors, Table Al. Most data has 
been adjusted for an impedance value equal to that of a wave front present at 
the broad face of a 6 x 8 x 10 inch box. Data for the SIZE factor and the SHAPE 
factor are presented as measured. 

It is anticipated that objections may be directed, in several instances, at 
the graphic interpretation of data. The necessity for taking closely-spaced 
measurements was not recognized in the early part of the Study. Subsequently 
many early test boxes were modified or submitted to environmental tests 
before “fill-in” could be obtained. Therefore the shape of the graphs, as 
presented, corresponds to the shape of detailed data obtained more recently. 
Box No. 47 data, for example, has been substantiated by data obtained from 
the same box following temperature shock (# 47 T). 

Two sets of data exhibit double peaks, for which no explanation is offered 
(Boxes # 52 and # 67). 

The effect of adjusting measured data to compensate for wave front impedance 
at boxes smaller than 6x8x10 inches is apparent in Fig. A21, Box # 45. 
Between 1250 cycles and 9 kc., data points are as measured. The approximate¬ 
ly 6 db difference is not fully realized until 30 kc. resulting in a discontinuity 
between 9 and 12 kc. 

! 

148 
D6-8597-b 



TABLE Al ENCLOSURES ALLOCATED FOR ISOLATION 
OF SHIELDING EFFECTIVENESS FACTORS 

Material Factor S^ 

Variation with Thickness 

Metal 

(copper) 
(aluminum) 
(magnesium) 
(brass) 
(monel) 
(steel) 
(netic steel) 
(titanium) ■ 

Variation with Composition 

A 25 1 3, 26, 35, 42, 50, 54A, 37, 57, 58, 74 | 

Variation with Multiplicity and Laminations 

A 26 
A 27 

22, 63, 67 
71, 72 

Material Configuration Factor S2 

A 28 
A 29 

3, 16A, 16B, 17, 18 
21 

Shape Factor S^ 

A 30 ! 5, 8, 9, 10, 70 1_I 
Size Factor S4 

A 31 1 1, 2, 3, 4 _ 

igure Box Number 

A 17 
A 18 
A 19 
A 20 
A 21 
A 22 
A 23 
A 24 

11, 12, 13, 14, 3, 15 
23, 24, 25, 26, 27 
35, 36 
37, 56, 69 
42, 45, 46 
50, 51, 52 
54A, 55, 56 
74, 75 



TABLE Al ENCLOSURES ALLOCATED FOR ISOLATION OF 
SHIELDING EFFECTIVENESS FACTORS (Cont.) 

♦Fixed Seam Factor Se 

Figure Box Number 

A 32 
A 33 

A 34 
A 35 

A 36 
A 20 
A 17 
A 37 
A 38 
A 39 
A 18 
A 36 
A 21 
A 22 
A 23 
A 27 

28, 29, 30, 31 
33, 34, 38 

40, 43, 44 
47, 48, 53, 54 

27A, 27T 
37 
3 
5 
6 
7 
26, 27 
27A 
42 

•50 
54A 
22, 71, 72 

♦Access Seam Factor S 
6 

A. 37 
A 38 
A 39 
A 40 
A 41 

5, 5A 
6, 6A 
7, 7A, 7B 
7C, 7D, 7G 
7E, 7F 

Metal 

(aluminum) 
(magnesium 

& brass) 
(monel) 
(steel & netic 
steel) 

(seam length) 
(brass) 
(copper) 
(copper) 
(copper) 
(copper) 
(aluminum) 
(aluminum) 
(monel) 
(steel) 
(netic steel) 

* To assure that the effect of seams only were being measured, several sets of 
data were taken after soldering the lids on. Such boxes have been assigned 
an "S'\ e.g. Box #5S. 
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Fig. A-17 Measurtd Shielding Effectiveness (Variation with Thickness) 
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Fig. A-23 Mtasurtd Shielding Effectiveness (Variation with Thickness) 

Fig. A-24 Measured Shielding Effectiveness (Variation with Thickness) 
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Fig. A—26 M»asur»d Shielding Effectiveness (Laminated Shields) 
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Fig. A-27 Measured Shielding Effectiveness (Multiple Shields) 

Fig. A-28 Measured Shielding Effectiveness (Material Form Factor) 
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Fig. A-29 Measured Shielding Effectiveness (Single Screen vs Cell Type) 
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Fig. A-34 Measured Shielding Effectiveness (Fixed Seam Factor) 
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Fig- A—41 Measured Shielding Effectiveness (Access Seam Factor) 
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APPENDIX B MEASURED DATA 200 Kcto IGc. 

Appendix B is a tabulation of measured shielding effectiveness data taken at 
four frequencies: 473 Me, 920 Me, 945 Me, and 982 Me, Measurements were 
made near the TE^q. mode of the test enclosures, considered as resonant 
cavities. Minor variations about the TE. ni frequency were caused by klystron 
difficulties. AUA 

Appendix B 

Measured Shielding Effectiveness 

200 Kcto IGc 
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■ Appendix B (Continued) 

Measured Shielding Effectiveness 

200 Kc to 1 Gc 

Box No. 473 Me. 920 Me. 

TE101 

945 Me. 

TE101 

982 Me. 

54 
54A 
55 
56 
57 
67 
69 

85 db 
74 db 

^87 db 
^87 db 
< 42 db 
7 84 db 

78 db 

- 



APPENDIX C MEASURED DATA IGc.TOlOGc. 

Appendix C presents a tabulation of measured shielding effectiveness data 
at approximately the TE^g frequency and at 9.4 Gc. Measurements made at 

the latter frequency provided proof oí the necessity for careful seam and access 
joint construction. 

Appendix C 

Measured Shielding Effectiveness 



Appmdix C (Continued) 

Measured Shielding Effectiveness 

1.0 to 10 Gc. 

* The letter “S" following a box number (No. 5S) indicates that the access 
cover was soldered on. “T” designates boxes which had been submitted to 
temperature shock. 
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FREQUENCY 9.4 Kmc 

Fig. Cl X-Band Field Pattern. 
Data Interpolation Chart 

ANTENNA STUB BACKGROUND 31db 
FREQUENCY 9.4 Kmc FIELD 114 db 
ATTENUATOR 54db 

Fig. C2 Test Box Number 1 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Sm[n = 44 db 
ATTENUATOR 40 db 

ANTENNA STUB FIELD 121 db 
FREQUENCY 9.4 Kmc CALCULATED S^,, = 54 db 
ATTENUATOR 30 db 

Fig. C3 Test Box Number 2 Fig. C4 Test Box Number 3 



o 

ANTENNA STUB BACKGROUND 31 db (RADAR OFF) 
FREQUENCY 9.4 Kmc FIELD 127 db 
ATTENUATOR 4 db CALCULATED 89 db 

Fig. CS r»*f Box Numbor 3S, Lid So Werte! 

ANTENNA STUB ANTENNA STUB 
FREQUENCY 9.4 Kmc FREQUENCY 9.4 Kmc 

ATTENUATOR 30 db 
FIELD 123 db 

Fig. C6 Tost Box Numbor 4 

ANTENNA STUB 
FREQUENCY 9.4 Kmc 
ATTENUATOR 40db 

FIELD 121 db 
CALCULATED Srajn = 43 db 

ANTENNA STUB ATTENUATOR 50 db 
FREQUENCY 9.4 Kmc FIELD - 118 

Fig. C7 Tost Box Numbor 5 Fig. C8 Tost Box Number 5A 
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ANTENNA STUB FIELD = 127 db 
FREQUENCY 9.4 Kmc CALCULATED ^ = 81 db 
AHENUATOR 8 db 

Fig. C9 Test Box Number 56, Lid Soldered 

ANTENNA STUB FIELD 121 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 45 db 
ATTENUATOR 40 db 

Fig. CIO Test Box Number 6 

[ 
ANTENNA STUB ATTENUATOR 43 db 
FREQUENCY 9.4 Kmc FIELD - 118 

ANTENNA STUB FIELD =127 
FREQUENCY 9.4 Kmc CALCULATED Smin= 78 db 
ATTENUATOR 10 db 

Í 

I 

I 

Fig. Cl I Test Bex Number 6A Fig. CI2 Test Box Number 6S, Lid Soldered 

D6-8597-5 
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ANTENNA STUB FIELD 123 db ANTENNA STUB ATTENUATOR 46 db 
FREQUENCY 9.4 Kmc CALCULATED Smjn = 8 db FREQUENCY 9.4 Kmc FIELD-118 db 
ATTENUATOR 80 db 

Fig. C13 T»st Box Numbor 7 Fig. C14 Tost Box Number 7A 

ANTENNA STUB BACKGROUND 31db 
FREQUENCY 9.4 Kmc FIELD 123 db 
ATTENUATOR 80 db 

Fig. CIS Test Box Number 7B 

ANTENNA STUB BACKGROUND 31 
FREQUENCY 9.4 Kmc FIELD 123 db 
ATTENUATOR 50 db 

Fig. C16 Test Box Number 7C 

D 

L 
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[ 
[ 
[ 

ANTENNA STUB ATTENUATOR 50db 
FREQUENCY 9.4 Kmc BACKGROUND 35 db 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 28 to 
ATTENUATOR 60 db 

Fig. C17 Uat Box Numbor 70 
Fig. CIS Tost Box Numbor 8 

r 
t 
r. 
[ 
[ 
[ 
[ 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Sm¡n - 26 db 
ATTENUATOR 60db 

ANTENNA STUB 
FREQUENCY 9.4 db 
ATTENUATOR 60db 

FIELD 123 db 
CALCULATED Smin = 29db 

i 
I 

Fig.C19 Tost Box Numbor 9 Fig. C20 Tost Box Numbor 10 
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ANTENNA STUB FIELD 123db ANTENNA STUB BACKGROUND 31db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 58 db FREQUENCY 9.4 Kmc FIELD 118 db 
ATTENUATOR 26 db ATTENUATOR 30 db CALCULATED 

Fig. C21 Test Box Number 14 Fig. C22 Test Box Number 15 

ANTENNA STUB BACKGROUND 31db ANTENNA STUB ATTENUATOR 43db 
FREQUENCY 9.4 Kmc FIELD 127 db FREQUENCY 9.4 Kmc FIELD 123 db 
ATTENUATOR 4 db CALCULATED Smin = 87 db 

Fig. C23 Test Box Number 15S, Lid Soldered Fig. C24 Test Box Number 16A 
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ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED 
ATTENUATOR 60 db Sinjn = 26db 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED 
ATTENUATOR 85 db Smjn = 2 db GAIN 

Fig. C25 Test Box Numbor 16B Fig. C26 Tost Box Numbor 17 

t 
I 
I 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED 
ATTENUATOR 90 DB S^ = 3 db GAIN 

ANTENNA STUB FIELD 123 DB 
FREQUENCY 9.4 Kmc CALCULATED 
ATTENUATOR 60 db Smin=25db 

Fig. C27 Tost Box Numbor 18 Fig. C28 Tost Box Numbor 21 
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ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 12 db 
ATTENUATOR 70 db 

Fig. C28a Test Box Number 21 

ANTENNA STUB AHENUATOR 60 db 
FREQUENCY 9.4 Kmc FIELD 123 db 

Fig. C29 Test Box Number 22 

ANTENNA STUB FIELD 123 db ANTENNA STUB AHENUATOR 50 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 46 db FREQUENCY 9.4 Kmc FIELD 118 db 
AHENUATOR 40 db 

Fig. C30 Test Box Number 255 Fig. C31 Test Box Number 26 
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I 
l 
Í 

r 
r. 

ANTENNA STUB 
FREQUENCY 9.4 Kmc 
AHENUATOR 60 db 

FIELD 123 db 
CALCULATED Smin = 26 db 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 35 db 
AHENUATOR 49 db 

Fig. C32 T*jf Box Number 27 Fig. C33 Tost Box Nitmbor 28 

l 
c 
l 
[ 
c 
[ 
[ 

ANTENNA STUB 
FREQUENCY 9.4 Kmc 
AHENUATOR 80 db 

FIELD 123 db 
CALCULATED S^p = 9 db 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 27 db 
ATTENUATOR 60 db 

l Fig. C34 Tost Box Numbor 30 Fig. C35 Tost Box Numbor 31 

I 
I 
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ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 3 db 
ATTENUATOR 84 db 

Fig. C36 Test Box Number 33 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 3 db 
ATTENUATOR 84 db 

Fig. C37 Test Box Number 34 

ANTENNA STUB BACKGROUND 31db 
RAISED HORN FIELD 129 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 41 db 
ATTENUATOR5&db 

ANTENNA STUB FIELD 121 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 17 db 
ATTENUATOR 70db 

Fig. C38 Test Box Number 36 Fig. C39 Test Box Number 37 
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ANTlENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 0 db 
ATTENUATOR 85 db min 

Fig. C40 T*st Box Number 38 

ANTENNA STUB AHENUATOR 40 db 
FREQUENCY 9.4 Kmc FIELD 123 db 

CALCULATED $„,(„ = 48 db 

Fig. C41 Test Box Number 40 

ANTENNA STUB FIELD 123 db ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Sni¡n = 36 db FREQUENCY 9.4 Kmc CALCULATED Smin = 14 db 
ATTENUATOR 50 DB ATTENUATOR 70 db """ 

Fig. C42 Test Box Number 42 Fig. C43 Test Box Number 43 
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ANTENNA STUB FIELD 123 db ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED =35 db FREQUENCY 9.4 Kmc CALCULATED Smi« = 21 db 
ATTENUATOR 50 db AHENUATOR 63 db 

Fig. C44 Ttsi Box Numbor 44 Fig. C4S Tost Box Numbor 45 

ANTENNA STUB FIELD 123 db ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smjn = 37 db FREQUENCY 9.4 Kmc CALCULATED Smin = 19 db 
AHENUATOR 45 db AHENUATOR 70 db 

Fig. C46 Tost Box Numbor 46 Fig. C47 Tost Box Numbor 47 
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ANTENNA STUB BACKGROUND 31db 
FREQUENCY 9.4 Kmc FIELD 129 db 
ATTENUATOR 70 db CALCULATED Snijn = 18 db 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED S!nin = 43 do 
ATTENUATOR 43 db 

Fig. C48 Test Box Number 41 TS. Soldered Lid Fig. C49 Test Box Number 48 

ANTENNA STUB FIELD 127 db 
FREQUENCY 9.4 Kmc CALCULATED Smi„ = 84 db 
AHENUATOR 3 db 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 44 db 
ATTENUATOR 42 db 

Fig. C50 Test Box Number 48 TS, Lid Soldered Fig. C51 Test Box Number SO 
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ANTENNA STUB BACKGROUND 31db 
RAISED HORN FIELD 129 db 
FREQUENCY 9.4 Kmc CALCULATED Smin=84db 
ATTENUATOR 5 db 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin = 37 db 
ATTENUATOR 50db 

Fig. C52 Tm» Box Numbtr 50-S, So/dor«/ Lid Fig. CS3 Tos» Box Number 50-2 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin=36 db 
ATTENUATOR 50db 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED i.in=57 db 
ATTENUATOR 30 db 

Fig. C54 Tos» Box Number 50-2 Fig. C55 Test Box Number 57 
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ANTENNA STUB FIELD 127 db 
FREQUENCY 9.4 Kmc CALCULATED $„,¡„=84 db 
AHENUATOR 3 db 

Fig. C56 T»st Box Numbor 52 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED $«,¡«=13 db 
AHENUATOR 70 db 

Fig. C58 Tost Box Numbor 53 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED $-,¡„=22 db 
ATTENUATOR 65db 

Fig. C57 Tost Box Numbor 525, Soldorod Lid 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED $„,¡„=24 db 
ATTENUATOR 60db 

Fig. C59 Tost Box Numbor 54 
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ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 db CALCULATED $„.¡„=14 db 
ATTENUATOR 70db 

Fig. C60 Test Box Number 54Á 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin=22 db 
ATTENUATOR 63 db 

Fig. C61 Test Box Number 55 

ANTENNA STUB FIELD 123 db ~ ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin=24 db FREQUENCY 9.4 Kmc CALCULATED Smin=2 db 
ATTENUATOR 60 db ATTENUATOR 80 db 

Fig. C62 Test Box Number 56 Fig. C63 Test Box Number 57 



ANTENNA STUB FIELD 129 db 
FREQUENCY 9.4 Kmc CALCULATED $„,¡„-2 db 
AHENUATOR 90 db 

Fig. C64 Test Box Number 58, Raised Horn 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED $„.¡„=24 db 
ATTENUATOR 60db 

Fig. C65 Test Box Number 63 

ANTENNA STUB FIELD 123 db ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED $„,¡„=41 db FREQUENCY 9.4 Kmc CALCULATED Smin=i db 
ATTENUATOR 43db ATTENUATOR 80db 

Fig. C66 Test Box Number 67 Fig. C67 Test Box Number 68 



ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin=37 db 
AHENUATOR 50 db 

Fig. C68 Test Box Numbor 69 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED $min=28 db 
AHENUATOR 60 db m,n 

Fig. C69 Toat Box Numbor 70 

ANTENNA STUB ATTENUATOR 70 db ANTENNA STUB FIELD 123db 
FREQUENCY 9.4 Kmc FIELD 123 db FREQUENCY 9.4 Kmc CALCULATED 

AHENUATOR 60 db 

Fig. C70 Toat Box Numbor 71 Fig. C71 Toat Box Numbor 72 
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ANTENNA STUB BACKGROUND 31db 
FREQUENCY 9.4 Kmc FIELD 118 db 
AHENUATOR 33 db 

Fig. C72 Test Box Nu.vber 74 

ANTENNA STUB FIELD 123 db 
FREQUENCY 9.4 Kmc CALCULATED Smin=35 db 
ATTENUATOR 50db 

Fig. C73 Tost Box Numbor 75 
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LIST OF ERRATA 

Page 15, 

Page 33, 

Page 34, 

Page 77, 

Page 100, 

Page 102, 

Page 104, 

Following the equation in rule (6), change line of text to read "and 
the corresponding wave impedance, resulting from two separate 
waves, is" 

n w 
Equations (100), (101), and (102). In the expression 4^—, delete 

w 
the factor "4" and substitute "2' 

V 
first line. Delete "4" in expression 4^—, and substitute "2" 

Equation (103), first line. Delete ”4" in expression 4^- and 
\v 

"4" following the = sign, and substitute "2" in each case 

Equation (103), first and third lines. Delete "2.77" and substitute 
"1.39" in three places 

Equation (153). Delete "2.25" and substitute "25.5" 

Equation (165), fourth line. Delete "(n + 1 )A" and substitute 
"(n - 1 )A" 

Figure 40. Delete that portion of the straight diagonal line 
extending below the point at which it meets the broken line 

Line 8, beginning "So that". Add "from Equations (97) and (98)" 

Line 9, Delete expression "AS " and substitute "B " 
1 m2 m2 
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