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ABSTRACT
A formulation is developed for determining the sensitivity of posi-
ning a sense wire behind an aperture in an electromagnetic shield to
ntitate the flux leakage through the aperture. Both hardened and unhar-
ed circular apertures are considered. Comparisons with measured data

used to verify the analysis.
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INTRODUCTION

In order to quantitate the eiectromagnetic field penertration through
an aperture‘perforated shield, a sense wire circuit may be located behind
the aperture; and the vb]tage induced in the circuit measured [1]. A typi-
cal measurement configuration is shown in Figure 1. Here the resistor R is
selected to be sufficiently large so that the aperture is not appreciably
loaded. A measure of the magnetic flux penetrating the aperture‘is the

voltage induced in the circuit.

The sense wire circuit configuratibn is easily implemented for aper-
tures in flat surfaces with open regions}behind the aperture. However, for
apertures in curved surfaées and for apertures with restricted interior
regions, some spacing‘between the aperture and the sense wire may be
required. This paper presents an analytical study of the voltage and the
current induced inbthe sense-wire ciréuit as the spacing between the aper-

ture surface and the wire is varied.

A circular aperture in a perfectly conducting sheet is used to model
an apérture pérforated shield. The penetration field is obtained'by using
the approach presented by .Jackson [2]. Analytical expressions are derived“
for thevcomponents of the penetrating magnetic field for a uniform magnetic
field illumination. A quasi-static solution technique is used, but the
results are Va]id for general illumination provided the aperture dimensions

are small in terms of wavelength.

Faraday's law of induction is used to obtain the induced voltage in

the sense-wire circuit. The equivalent circuit for the sense wire is
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dIrived, and an expression is obtained for determining the sense-wire current.

rdened apertures as well as open apertures are considered.

Comparisons of computed sense-wire currents to measured currents are made to

rify the analysis.

II. ANALYSIS

In order to model a perforation in the wall of an electromagnetic shield, a

circular aperture in a perfectly conducting sheet is considered (see Fig. 2). The

magnetic field illuminating the aperture is considered to be uniform and directed

parallel to the sheet, i.e. Hoay. A magnetostatic solution can be obtained by
solving Laplace's equation for the magnetic scalar potential while imposing the
appropriate boundary conditions. Details of the procedure are given by Jackson
(2]. The resulting magnetic field distribution is essentially the same that would
exist if the aperture were immersed in a low frequency field (where the maximum
linear dimension of the aperture is small compared to the wavelength). 1In this

case, Hy is simply the surface magnetic field that would exist at the aperture

location if the aperture were absent.

Defining the magnetic scalar potential, ¥, as

H=- -V, (1)

it is easily shown that at low frequency the potential function satisfies

Vi, - 0 (2)

It is convenient to express the potential




oy = - Hy + 8 @) ror 250 (3)
- - @‘1)(?) for 2 < 0

According to Jackson [2] the solution for ¢(1)‘subject to the appropriate

béundary conditions for a circular aperture in the sheet is

o , - | |
oV (ry = -3ﬂ§3- J dk §;(ka) e |z] J;(kp) sin ¢ (4)

0

. “ |
jy(ka) = / Zoa J3/o (ka) s (5)

Here j1 is the spherical Bessel function of‘the first kind; order 1 and

where

1J1 and J3/2 are cylindrical Bessel functions of the first kind with orders

|1 and 3/2 respectively.

: , . -+
With (3) and (4) it is possible to develop an expression for H via the_
gradient operation, (1). An analytical evaluation of (4) is not possible

in general, but results for special cases are available. In the aperture

opening,
> 1 | ’
Hean = 2 Hoay B ' (6)
2H .
H,(p, ¢, 0) = — sin ¢ (7)

and on the shielded side of the sheet, for p 2 a [2]
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' 2Hqa cosd sing

Hy(or 0, 0-) = - 20 s ®

3 2

2Hpa sin
Hy(ps ¢, 0- ) s - - ’ ¢ -
LA pZ,/pz - az
| Ho . a a -1, @
- —[— /1 - — - sin" " (— 9
e =2 ()1
‘Using the dipole approximation for (4) yields'

2Hqa3 sin

o) (#) = St P e (10)

T v 23

2 > a2. Applying the gradient operator to (10) yields the dipole

when r
approximation to the magnetic field components. On the shielded side of

the sheet the dipole apphoximation yields for the field components,

- ZHO a3 .
H(p, ¢, 0-) = - - (—;—) cos ¢ sin ¢ (11)
ya. Mo a3 2, M a3
Hylp, ¢, 0-) = — ( 5 )7 sin" 0+ —— () (12)

It is clear from (8)-(12) that the dipole approximation 1s not adequate

for points in the vicinity of the aperture.

For a sense wire crossing the aperture, the determination of the total
flux linking the aperture requires an evaluation of the gradiént of (4).

The maximum flux linkage occufs when the sense wire is located in the plane




~of the aperture so that it bisects the aperture in the direction perpen-
, - .

dicular to Ho‘ In this case the magnetic flux linking the sense wire cir-

cuit is
Ul ; ‘
7 H(p, ¢, 0) pdpdd o (13)
Mlmax O [ J z o
; 0 o
"Using (7) in (13) yields
2
Y = uHa (14)
M max ©0©
The voltage induced in the sense wire circuit is
Voo = Ju¥, (15)

For the sense wire configuration shown in Figure 1, the magnetic flux
| 1inking the sense-wire circuit is

0 /2

-2 H H p‘a ‘b’ Zz
max 0 I J 'y( )
- -h 0

¥

M= ?M ' dpdz (16)

$=0

Substituting (3) and (4) into (1) to obtain the magnetic field and using
the result in (16) along with (14) yields
- | ] 2/2
¥, = uHal | 1- —%- I dk jl(ka)-I dz ek? J dp Jl(kp)/p (17)
0 -h o 1
The foregoing may be simplified by evaluating the integral over z and

applying a change of variables.

- 2/2
. ¢~ uh/a (ut/za)

2 |, .4 | | ]
YM = poHoa 1 - I du jl(u) - dv Jl(v)/v. (18)

0 o

Uhfortunate]y, (18) can not be evaluated in closed form. However, a
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numerical evaluation can be accomplished as described in the Appendix A.

->
If the sense wire is not perpendicular to HO the magnetic flux

‘ linking the sense wire 1s reduced Suppose the angle between the Sense

wire and the direction normal to H is a. Then (13) yields

YM poHoa cos a : (19)

max, d

It is expected that (18) would be reduced‘by a corresponding or greater

amount.

vSense-wire Circuit

The excitation of the sense-wire current involves both inductive

coupling and capacitiVe coupling; Ankanalysis of inductive coupling has

~been developed. A similar analysis of capacitive coupling may be'developed

by considering the electric flux penetrating the circular aperture while

utilizing the'quasistatic approximation. The magnetic coUpling introduces /}
an equivalent series voltage Source driving the sense wire, and the capaci-

tive coup]ing’provides an‘equivalent shunt current source [1]. If the

sense wire is thin and the aperture small then the inductive couplingv

should be significantly greater than the capacitive coupling.

Generally‘the measurement of the voltage induced in the sense wire is
accomplished by inserting a large resistance in series with the wire and
measuring the induced wire current. If the resistance is located midway
across the aperture then the electric flux coupling provides no excitation
of the resistor current. Consequently, the electric flux excitation can be

ignored.




An analysis of the sense wire excitation bégins with the equivalent
‘circuit shown in Figure 3. A discussion of the development of the equiva-

lent circuit is presented in Appendix B.

- When the aperture is hardened, i.e., covered by a transparent conduc-
tive film on a glass br plastic insert or by a wire mesh bonded to the rim,
the reduction in the sense-wire excitation can be modeled by an aperture

load 1mpedanée, Zz [3, 4]. For the circular aperture
3n ,
ZE=T[ZS+2“RCJ

where Zs is the equivalent sheet impedance of the covering and Rc is the
contact resistance between the covering and the rim of the aperture [4].

For convenience in illustrating the presented analysis, only unloaded aper-

tures are considered.
~ RESULTS

First, the reduction in the magnetic flux linking the sense wire cir-
cuit is Studied. This also represents the reduction in the open circuit
voltage voc’ From (18) it is noted that

| h 2
Yy = Yy(— »—)

"|Results are presented in Table 1; here it is noted that the flux reduction

is more significant for largér L.

Second, the reduction in the wire current is studied for an open

(Zz = =) aperture and Rw = 0. For maximum wire current the sense wire




| should extend across the aperture opening (h = 0, 2 = 2a). The resulting

maximum wire current is

¥y(h = 0)
I.(h=20)= - (20)
w =
, La + Lw(h 0)
where the inductance for a straight wire is (51,
Hog 24 ‘
L(h=0)=—-~T[1n — - 0.75 '
wlh = 0) = 2= [ In — - 0.75:] (21)
; W
Here a, is the sense wire radius. The inductance for a small circular
aperture is approximately,
1 | . .
La = T poa ‘ ‘ (22)

Note that in deriving (20), the image contributions of the equivalent cir-

cuit in Figure Bl are not required.

The measured data for the shorted sense wire were obtained at 3 fre-
quencies 10, 50, and 90 MHz. Table 2 presents the average and standard
deviation from the three measurements. The calculated data are obtained’by
considering the sense wire to be 12 gauge, aw = 1 mm. These results indi-
cate that for a small sense wire separation, h < 0. 4a the reduction in

’ the sense wira current is primarily due to the reduction in flux linking

the sense wire.

For h # 0 the equivalent circuit yields the sense wire current

2Y
I = M (23)

‘W
. La + 0.5 Lw

where Lw is the inductance of the sense wire circuit including the image,

ioeo,
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L, =—[2In ——— + 2h In ————— 4 24 -
we T B a(2hed) Tzl @4
whefé ‘ :
d = ¥(2h)2 + 22 (25)

Finally, the sense-wire current reduction can be expressed

Iy ¥m La + Ly(h = 0)
. |

I,(h=0) ¥y(h = 0) L, + 0.5 (26)

Calculated results for the sense wire current fatio are presented in
Tablé 2. Corresponding measured results are also presehted [6]. However,
the measured fesults were obtained for a square aperture. In order to make
meaningful comparisons the inductance for a square aperture is used in
(26). Since Lw'>> La generally occurs, using the square aperture induc-
tance rather than the‘circular aperture inductance provides only a small
change in the results. For the‘10“ X 10" square éperture the inductance is

284 nH [7].
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Table 1:

h/a

0.1
0.25
0.50
0.8
1.0
2.0

Magnetic Flux Linking a Sense-Wire Circuit
Behind a Circular Aperture

2/2a =1

1.0
0.9088
0.8005
0.6761
0.5869
0.5493
0.4689

11

: 2
YM/(uoHoa )

2/2a = 2

NA
0.8878
0.7516

0.5902

0.4689
0.4155
0.2923




Table 2: Reduction in Sense-Wire Current for a Circular
~Aperture, 2 = 2a = 10",

h/a ¥,/¥ (h = 0) 1,/1,(h = 0)
CALCULATED CALCULATED MEASURED

0 | 0 dB 0dB 0 dB

0.1 - 0.83 dB

0.25 - 1.93 dB

0.40 - 2.87 dB - 3.8dB - 4.0 £0.8 dB

0.50 - 3.40 dB

0.80 - 4.63 dB - 6.7dB - 7.7%2.2dB

2.0 :

6.58 dB - 1309 dB - 14.7 i 3.6 dB
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CONCLUSION

A formulation is presented for determining the sensitivity of posi-
tioning a sense wire behind an aperture in an electromagnetic shield to
quéntitate the flux‘leakage through the aperture. Hardened as well as |
unhardened apertures are considered. A quasistatic analysis is used to
’4 determine the magnetic flux linking a sense wire configuration behind a

circular aperture. Simple circuit theory is then used to 6bta1n the sense-

wire current.

COmparisons with measured data yielded excellent agreement.

13
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~ APPENDIX A

The evaluation of the double integral expression, (18), for the flux
lTinking the sense wire can be accomplished in.a straightforward manner. A
polynomial approximation may be used to obtain an analytical evaluatien of
the integrail,
- ug/2a

dv Jl(v)/v
o
Polynomial approximations to the integrand are available for the rangss

0sv<3and 3 <sv<e witha very small error bound [8]. Note that

ug/2a ug/2a
Ji(v) ug
dv —-i-—- = - dy () + J 3, (v)dv Y

0 0

and for ug/2a 2 10

ug
J, (—) > - 0.25 EA2
ug/2a v
0.75 < J Jo(v) dv < 1.25 (A3)
0
Therefore for uf/2a 2 10
ug/2a
l dv (V) < 1.5 (A4)
"
)

The foregoing will be used to bound the error in truncating the integral

over u.

The error in truncating the integral over u at some large Uy is for

(18)

15




since | §,(u) | < u2

so that the truncation error is less thanv10"4.

16
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. for u > Uge For the data that are presented u, = 100




~ APPENDIX B

In order to derive fhe equivalent cifcuit for the sense wire 1ﬁ proxi-
mity to the aperture, equiva]ent magnetic surféce currents are used to
represent the aperture‘excitation [9]. The resulting configuration with
'mages is shown in Figure‘Bl. Applying Faraday's law for quasistatic con-

ditions yield

S -»> > ->
QE-«de=- [M:ds ’ (B1)

c S

=

here C is the contour formed by the sense wire and its image, and S is the

(7,1

urface with boundary C.

It is easily shown that

#E -+ de o= (2R + JulL,) I, ' (B2)
C

N :

J M« ds=-2v, (B3)
S

- where Va is the voltage across the aperture and Lw is the inductance of the

sense wire loop with 1ts image. The open aperture may be representgd by a

Thevenin equivaient circuit with a shunt 1mpedance,'22, répresenting‘the

. aperture loading as shown in Figure B2. Here La is the aperture 1nduc£ance

and Voc is the open circuit vdltage given by (15). The aperture inductance

e

5 studied in a separate paper [71.

Combining the equivalent circuit for the aperture voltage with the

results from (B1) - (B3) yields the equivalent circuit shown in Figure 3.
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Figure 1:

Sense wire behind a circular aperture to
measure the magnetic flux leakage through
the aperture |
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Figure 2:

Circular aperture in a conducting sheet
with an asymptotically uniform tangential
~ magnetic field on one side. -
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Sense-Wire Inductance

L,/2

Sense-Wire Load Resistance

LBV

ZE . Aperture

Loading
v, oz
Figure3:  Equivalent circuit for the excitation of the

sense wire behind an aperture.
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w | sense wire
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! I
17 |
: image mag. current :
L __NANAN image wire
R

swW

Figure Bl: = Sense wire configuration in proximity to an
aperture. :

0 +

oc

| Figure B2:  Equivalent circuit for the aperture voltage
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