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Abstract

Techniques to monitor and quantify the shielding performances of hardening
fixes for windows and doors of aircraft are presented for the frequency range
of 0-200 MHz. This frequency range includes resonance frequencies of some |
larger doors. A characterization of the drivers to be used for monitoring

tests is also described. Comparisons between the quantification predictions

and some experimental results are reported.
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1.0 INTRODUCTION

> The hardening against electromagnetic (EM) pénetration through apertures can
be provided by such elements as screens and gaskets which, once installed,
become permanent parts of the airframe. These EM hardening fixes may degrade
with time, thus making the onboard periodic monitoring a necessity. In this
note, we suggest several approaches to monitor the shielding performance of
these hardening fixes for window and door apertures whose sizes range from
being electrically small to dimensions comparable to wavelengths. The note
starts with a description of monitoring approaches and simple analysis to
quantify the pehetration through hardened/unhardened apertures (Seétions I1
and III). In each approach, an appropriate driver is suggested for generating
electromagnetic fields. The driver selected for monitoring will be either a
parallel-plate or a two-wire (rhombic) simulator. By properly choosing the
parametérs of the driver, highly uniform fields over the area covering the
aperture can be obtained, as will be described in Section IvV. Recently,
measurements of EMP penetration onboard a testbed aircraft have been taken in _
the frequency range of 0-200 MHz [Ref. 1]J. A comparison between the test and
analytical results is made in Section V. Finally, a brief/sumnary and some

'conc]uding remarks are given in Section VI.
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2.0 MONITORING AND QUANTIFYING PENETRATION
THROUGH ELECTRICALLY SMALL APERTURES

An aperture is considered to be electrically small if its perimeter (p) is
small compared to the wavelength (i) of the driving field (say, p < 1/8).
Fori-the frequency (f) range of interest from DC to 200 MHz, thfs is generally
true for windows of most aircraft but is no longer true for most doors except
in the low end of the frequency hand (say, f s 10 MHz). The monitoring
techniques and the analytical approximations given in this section are thus
intended for windows up to 200 MHz and doors up to about 10 MHz. More general
techniques and analytical approximations applicable for electrically larger

doors will be discussed in the next section.

The electromagnetic penetration through an electrically small aperture can be
decoupled into the electric and magnetic field penetrations [Ref. 2]. The
following is a discussion of several techniques to monitor these penetra-
tions. The discussion will divide the apertures into two categories, hame]y,
simple apertures such as windows and open doors, and hatch apertures such as

closed doors with slits.

2.1 Penetration Through Simple Apertures

1

The quantities to characterize the penetration are the maximum magnetic
flux ¢ for magnetic penetration and the total electric flux Q for electric
penetration. When the aperture is not hardened, these fluxes are [Refs.

3 ’4 ’SJ
¢ =~ H_y 12/4 : - (1)
sc¥o ) ' ‘

Q= Ej e Ar2 (2)
where ¢ is the effective diameter of the aperture, A is the area of the
aperture, Mo is the free-space permeability, €0 is the free-space
permittivity, and Hsc and Eg. are, respectively, the short-circuit magnetic
and electric fields, Equation 1 is applicable for an aperture with low
eccentricity (i.e., length = width = 2) and is derived from the field
distribution at a circular aperture given in Ref, 4, while Equation 2 is

directly quoted from Ref. 5.



When
these

and

the aperture is hardened by either wire meshes or conductive coating,

fluxes are reduced by the factor [Refs. 2, 3]
fh = (1 +>sLa/Zh)-1 | (for magnetic penetration) (3)
f§?= (1+ (s(:(_j‘ze)'l)_1 (for electric penetration) (4)

L = 2uoM/p, C, = 8e A/p

a
Sp.a a
[+ 0°S S .
Zw ag +—5—=1n (anw) (wire mesh)
Zh = |
(on)” (conductive coating)
-1 .
(sCq) = = 3n/(4sC,R,) (ere mesh)
Ze =
(on)~ (conductive coating)
"o 2 -1
' = (nrwow)

Pe a
e r S
e T T, "7 lagn (o

)7

as, ry €ps O = separation, radius, dielectric constant, conductivity of
the wire meshes '
o, A = conductivity and thickness of the conductive coating

s = Ju = jonf

To monitor the electric penetration through such an aperture, one can use a

monitoring wire/bowl to collect the penetrant electric flux (Ref. 6, Fig. la).

6
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Figure 1. Monitoring approaches to measure electric or magnetic
penetration.
a. side view - electric penetration.
b. side view - magnetic penetration.



The signal picked up by the monitoring wire/bowl can be estimated by using the
circuit described in Fig. 2 where Cp is the capacitance of the monitoring ~/

wire/bowl with respect to its surrounding. In the circuit, one can set
R, =0 and then use a current probe to measure the current through the load,

L
in which case one has

Ip = sQ fefz (5)

where fz is a function of the Tocation of the monitoring wire/bowl introduced
to account for the reduction in the measured flux when it is unable to collect
all the penetrant electric flux.

If the current probe has a transfer impedance equal to R @, then the recorded
voltage is

vp = RIp = sOR fof, (6)

One can also take R = 50 @ and measure the voltage across the resistor, which

is given by
+ R - -

L
VR = sQ 1 : stRL fefz

Since Cp is about 10'11F, with R| = 50 @ and for frequencies below 200 MHz one

(7)

has

Vo = SOR, fef£ (8)

-,

for R > R monitoring with R gives higher sensitivity,

Since the measuring technique is intended for monitoring the shielding
performance of a hardening fix during its life cycle, one would maintain the
same driver and monitoring arrangement. That is to say, to keep Q and fl
approximately unchanged. Under such a condition, a change in vp (or VR) will
be a direct indication of change in shielding performance.

To monitor the magnetic penetration, similar techniques may be used. The

monitoring wire can be either next to the window or receded from the window.
When the monitoring wire is next to the window it has the maximum f1ux
linkage, whereas the linking flux is reduced if the wire is moved away. The
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Figure 2. Circuit representation o

f monitoring scheme for electric
penetration.
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Figure 3. Circuit representation of

monitoring scheme for magnetic
penetration.
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equivalent circuits shown in Fig. 3 can be used to relate the measured

responses to the}pehetrant flux. Here Ly 1S the inductance of the monitoring

wire and fg (similar to f2 for electric field penetration) is a geometrical
factor to quantify the reduction when the monitoring wire is receded from the

window. From Fig. 3, one has for the measured current

In = ¢ ffg/(sky + R)

Since the precise value of Ly is difficult to obtain, one would use a load

resistance such that R >> IsLml. Thus

Im = S fhfg/RL
which can be monitored by a current probe. For a typical window, to maintain
Ry >> lsLmI up to 200 MHz, the required R, could be larger than 1 kg. Such a
high resistance may reduce the measured quantity to a level of very low
signal-to-noise ratio. Since this technique is primarily intended for moni-
toring the shielding performance of a hardening fix during its life cycle, the
knowledge of the absolute value of fﬁ is not necessary. The important quan-
tity‘is how fh varies from a baseline value obtained when the hardening fix
met its specified requirement. Thus, it is suggested that a R. = 50 @ be used
as an alternative. This can be accomplished by- soldering one end of the moni-
toring wire to the center conductor of a 50 g coaxial cable which is grounded
to the airframe and connected td the monitoring instrument. This arrangement
will have less problem concerning low signal-to-noise ratio. If the moni-
«toring driver and wire are kept unchanged, the shielding performance variation
is simply the change in the measured current Im, which is equal to Vn/50, Vin
being the measured voltage.

2.2 Penetration Through Hatch Apertures

The quantities to characterize the penetration through a hatch aperture are
again ¢ for the magnetic penetration and Q for the electric penetrat10n. To
simplify the discussion, only rectangular hatch apertures will be considered.
Hatch apertures of other shapes can be approximated by rectangular ones.

Even for unhardened hatch apertures, two different situations need be

10
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considered. . A door is always connected to the airframe through hinges. The
hinges either provide or do not provide good electrical contacts between the
door and the door frame. For these two different sifuations, one '
correspondingly has different penetrant electric fluxes (Q) [Ref, 2]

e AE when hinges do not provide
0 sc good electric contact
0 = : (9)
' 1 -1 . .
e, AE (14 -7r———q when hinges provide good
/0 5¢ 3 CSLH electric contact
where N

cS x 2 € (2 +w) a/n
L = 2/(64 nh)
H uoﬂg

2 2n [4 (2 + w)/q]

to]
R

A

area of door

£, w = length and width of door

g = width of door slit
h, n = width and number of door hinges
The factor [1 + (szLHCS)'l]'l is of the order of 10-2 op lTower, for a typical

electrically small door. Thus, if good electric contact through the door
hinges is maintained, the hinges will provide at least 40 dB attenuation to

the electric penetration.

The electric pehetration can be reduced further if conducting gasket is
used. The conducting gasket has the effect of replacing [Ref, 2]

[1+ (s, by 1+ (szLHCs)-l +6/(sc)] !

in Equation 9, where

11



Gg = 209Ag (2 +w)/g

o, A = effective conductivity and effective thickness
of the conducting gasket

<¥ -
-

For chg/g = 10 S/m, ngL(sCS)] s of the order of hundreds or higher. From

i

the above discussion, it is clear that electric penetration should not be of
concern for an electrically small closed door, once a good electric contact is
maintained between the door and the airframe, either via hinges or conducting

gasket.
The maximum magnetic flux ¢ penetrating through door slits can be calculated

as follows [Ref. 1]

-2 kw/2
k {coscf,ﬁ ((RW{ &7/2] - 1} (10)

where ¢ is the length of the side of the rectangular door which is parallel to

.)
H , and
scC

2 2,2 :
k™ = -s7/c” - SnuoogAg/(Qg) | : (11)

Eduations 10 and 11 are applicable to doors with and without conducting
gaskets and are derived by using.the gq-version of the asymptotic antenna
theory [Ref. 7]. Because of its inherent low frequency approximation, one'Has
to be cautious when the frequency is high and especially near resonances. A
more general approach to deal with the high frequency situations is given in
Section 3. The effect of the door hinges on the magnetic penetration is not
as pronounced as on the electric penetration and is neglected in the

equation. In fact, there is almost no effect if the hinges are on the side

perpendicular to the short-circuit magnetic field.

For an electrically 'small door slit without conducting gasket,
k (¢ +w)/2 =af (2 + w)/c << 1, and Equation 10 is simplified to

12



: 2mp H ,
0 sc 2(g + 2w)

This is comparable to the penetration through a simple aperture of the same
dimensions.

When conducting gasket is used so that

2 M
K= ‘SﬂuqogAg/(ﬂg)

ke/2] > 1
Equation 10 can be simplified to

%9%
To monitor the electric and magnetic penetrations through a hatch aperture,
such as a door slit, techniques similar to those for monitoring the

penetrations through simple apertures can be employed.

13



3.0 MONITORING AND QUANTIFYING PENETRATION THROUGH
RESONANT APERTURES

The monitoring techniques presented in Section II have the deficiency that
when the frequency becomes high the response of the monitoring wire strongly
depené% on its detailed configuration. The resonances associated with the
length of the monitoring wire might even come into play to overshadow and
change the penetration behavior, such as shifting the aperture resonance
frequencies. In this case, the formulas given in Section II are also not
accurate, and the approximation of separating the electric and magnetic '
penetrations does not hold. That is to say, when the apertures are not small
compared to the wavelength, one mayfwant to resort to other monitoring tech-
niques, and develop new formulas to.estimate the corresponding responses. ‘In
this section, one of these techniques and approximate formulas will be given
for hatch apertures. It is appropriate to leave out simple apertures from
these more general considerations. This is because most simple apertures in
aircraft are electrically small in the frequency range of 0-200 MHz.

When a door is closed or a window is equipped with hardening elements, major
penetrations take place at the thin circumferential slits. As the frequency
increases an efficient monitoring scheme is the one presented in Fig. 4, where
a 50 @ coaxial cable has its outer conductor grounded to the door or window
frame and the inner conductor connected to the door panel or window hardening
fixes (e.g., wire meshes or conductive coating). The door/window structure
thus behaves as a receiving antenna with signal picked up by the coaxial
cable. This slit receiving antenna with incident waves having magnetic fields
parallel to the door/window frame can be modeled as the Babinet's equivalent
of a lToop antenna illuminated by waves having electric fields parallel to the
plane of the loop. Furthérmore, since most doors and windows have lengths
approximately equal to their widths, the loop antenna will be modeled as

"~ circular.

The coupling to a circular loop antenna can be obtained from the equivélent

circuit in Fig. 5, with the circuit elements Izcn’ V4 and vgcn given byv

L,Nn
[Ref. 7]
] )
e Zan,z Jl(sa sin ei) (14)
2,0 ", ao_JzaZi/"o

14
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i .. . n
Iscf . 2aE0,2 [Jn+1(ka sin ei) - Jn_l(ka s1nAei)]J cos(n¢i) Lo ,

¢.n n a - JZazi/no
Z, = dnw(2 -6 )7l [a - j2azi/n ]
2,n 0 no n ve
oc _ .Ssc
Vf,,n - If.,n Zzgn
where
) L 0, n#o
Gno = Kronecker delta function = 1, n=20

n, = 120m, k = w/c

Jn(-) = Bessel's function of the first kind

Zi = impedance per unit length of the equivalent Tloop
2
= ogAgno/(49)
E; 20805 = electric field strength and incident angles of the incident
, .

wave for the loop antenna

and, a, the radius of the equivalent circular loop is approximaté]y taken to
be (¢ + w)/v for a rectangular door/window with length ¢ and width W,

a, is a very complicated function of frequency, a, and the slit width g. In
fact, for a >> g, a can be approximately calculated using the following

equations [Ref. 7]
_ ka n2

an = —?'(Kn+1 * Kn-l) " Ta K (15)

K =1 n(8a 1 fka[n (x) + 3J _(x)] dx
o Tw AMgT) 7] 8(x) + 4d,
o 2ka
Kn N K—n = %'[Ko(gg) Io(gg) + Cn] -'% g [an(x) * jJZn(x)] dx

KO(-); IO(-) = modified Bessel functions

17



n-l -1 | : A
Cn = 0.57 -2 1 (2m+]) + 2n(4n) ;
m=0

Qm(x) = sin(x sing - me) de

3 |
oO*—=

By applying the Babinet principle, one can then obtain, from the above Toop
equivalent circuit, the equivalent circuit for the coupling to the slit
antennaﬁ_ This. slit equivalent circuit is given in Fig. 6, with circuit

elements ‘Vgcn » Zs pn and I:f given by

n

Vgco = E; s 23 fl(:a 812{322) (16)
’ » 0 J TloOg g g
i : N
voc - i [Jn+l(ka sin e;) - qn_l(ka sin ei)]J-COS("¢i) e
SN 0,S an - JanoogAg/(Zg)
Jn, . 1
Zson = "% e, - Jangogay/(29)] 77 (2 - 800)
sc¢ _ ,0c
Ison = vs,n/zs,n

Since the frequency range of interest is only up to a couple of resonance
frequencies, (say, ka < 2) the equivalent circuits can be simplified by
including only a few circuit eleméhts, say n < 3. In each frequency range
where ka = n (#0), the circuit elements associated with ap dominates, and the
behaviors of Zz,n and Zs,n change frym capacitive to inductive and from
inductive to capacitive, respectively. For the circuit elements associated
with a, Zz,o is always inductive, while Zs,o is capgcitive. With the above
understanding, the impedance elements in the equivalent circuits of Figs, 5
and 6 can be represented by resistors, inductors and capacitors as shown in
Figs. 7 and 8. The exact value of these resistors, inductors and capacitors,
again, are complicated function of frequency, a and g. However, they can be

obtained once a is numerically evaluated. In the low frequency range

(ka < 0.2) , an may be approximated by

18
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ao ~ éf.zn(4na/g) - j(ka)4/6 . (17)

2n .
) 1 2 22 . (ka) n+1
a, = - ;Ea(n - k®a%) gn(4na/q) - J ey nFyT 0" ? 0

With these approximations, the impedance elements in the equivalent circuits
of Figs. 7 and 8 can be explicitly expressed. 1In Fig. 7, these”impedance

components for the loop antenna are:

-

R

Lz,n Mo 2 zn(4na/g)/(? - Gno)

=
R

m, (ka)*/6

o
o
R

2 -1
2na chgno(Z-Gno) /(49)

o
n

2e0a[n21n(4wa/g)]-l, n+o0

2n ‘ '
(ka)" (n + 1)
e,n = ™o IRy (Zn ¥ I n+o0

==
R

In Fig. 8, these impedance components for the slit antenna are

_ ' -
Cs’n = 4L, ’n/no = 4e a (2 8no) 2N(4ra/g)
R. = n2/(R. ) =3 (ka)~4/ (2x)
s,0 Mo’y o "o T
Ren = no/ (4R ) = (2 - 6 ) (2vac s /g)-L (19)
s,n Mo/ %Ry n) = no’ '€T"0gA4/9
2 -
Ls’n = o Cz,n/4 *u, a [2n2 tn(4ua/g)] 1, n#+0
2 ( ) o r(2n) (2n + 1)
R = n-/(4R > v n+0
s,n A (ka) 2" (n+ 1)

It should be noted that R2 n and RS n are the radiation resistances of the
9 1] .

antennas.

The circuits given by Figs. 7 and 8, and Equations 18 and 19, evidently

provide appropriate reactive and radiative behaviors near the resonance

22
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frequencies. They also reduce to those one expects for electrically small
Toop antennas and door/window slits. In‘fact,‘for electrically small
door/window slits (i.e., ka << 1), the circuits are dominated by the
components associated with n = 0 and n =1. Then=0and n =1 components,
if one ignores the radiation resistances, agree with those presented in
Section 2 for electric and magnetic penetrations, respectively. At higher
frequencies, if there is no conducting gasket at the slits (i.e., Rz,n = «),
the presence of the radiation resistances Rs,n will amend the deficiencies
near resonance frequencies of Equation 10 in Section 2. When there are
conducting gaskets, even with a moderate value of, say, ¢ Ag/g =1S/m,

z = Rg n for frequencies neither too high nor too low e.g.,

s,n R
5> ka> 0.1 ). For this case, one has, for 6, = /2,

-
voe = 7 yoc _ Y Eo s .
S on=0 SN ng o0 /(2g)

I
o

[J, (ka)-205(ka)+20 (ka)-... ] “3[J5(ka)-2d, (ka)+29, (ka)-++.], ¢i'

}/2

{0, A : ¢1

[Jl(ka)-2J3(ka)+2J5(ka)----] + j[Jo(ka)-2J2(ka)+2d4(ka)----], ¢; = m

; ) [sin ka - Jy(ka)] - j cos «ka, $; = 0
JH g _
= 0, 6; = /2 (20)
99
[sin ka - J(ka)] + j cos ka, 6; = m

In Equation 20, one can take the difference between those of ¢; = 0 and $; = to
obtain a result equivalent to Equation 13,

Knowing the above equivalent circuit for the door/window slits, the voltage or
power picked up by the suggested monitoring coaxi al cable can be obtained
straightforwardly.
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4.0 CHARACTERIZATION OF MONITORING DRIVER

In this section, the driving sources for the monitoring techniques suggested

in the previous sections are discussed. Two kinds of drivers are proposed to

excite the apertures under test: parallel-plate and two-wire simulators. In
a parallel-plate simulator, as described in Fig. 9, th ratio between the
height h and the half-width b of the upper plate can be properly chosen so

that the characteristic impedance is 50 @. From Refs. 8 and 9, it is found that
when the lower plate is infinitely wide, the required ratio is h/b = 0.41. .If
the lower plate has a finite width, the ratio should be changed. A discussion
of parallel plate drivers of finite widths is contained in Ref. 10. Once the
ratio has been fixed, the choice of the actual values of the parameters is
subjected to the condition of field uniformity over the tested aperture. This
can generally be accomplished if the width of the upper plate is a little

larger than that of the tested aperture.

A fwo-wire simulator above a conducting ground is alsc described in Fig. 9.
In addition to the wire half-separation b and height h above the ground, the
wire radius introduces another degree of freedom. This simulator can be '
driven ip either the common mode (same currents flowing along the wires) or
the differential mode (opposite currents flowing along the wires) by
installing proper 1aunchfng and terminating circuits. However, the
differential mode does not provide a good field uniformity over a highly
conducting airframe at the tested aperture. For this reason, only the common

mode excitation will be used.

For the common mode excitation of a two-wire simulator, a high field
uniformity can be achieved when h/b = /3 [Ref. 11]. The issue of field
Uniformity has been quantified using the two-norm error over the tested
aperture. Curves describing such two-norm error for different. values of h/b

can be found in Ref. 12.

It is very difficult to obtain a 50 @ characteristic impedance for a common

mode two-wire simulator unless very thick wires are used. However, for a
simulator operated at lTow power, one could use transformers to bring the

impedance down to 50 9. Table 1 lists some values of characteristic impe-
dances as a function of the ratio h/r, r being the radius of the wire for

h/b = V3.

24
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Figure 9. Schematic drawings of
(i) parallel-plate driver - top view
(1) two-wire simulator - top view
(iii) either of above - side view
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The exact field distributions of the two derers at the tested aperture are
rather complicated. In what follows, simple approximage formulas will be

given.

4.1 Parallel Plate: h
If the average power driving a matched transmission line (i.e., Rp, the

transmission-line load, equals to ZC) is P Watts, then

v

onN

1V 1 2
P=or =3 IRy

o

Where Vo is the peak voltage between the plates and Ip is the total current;
that - is, :
‘ - 172
Vo = (2 P2)™" < 1Ry ' (21)
The electric and magnetic fields at the shorted aperture can be approximated
by ‘

- . ] 1/2
Esc = g Hse = Vo/h = IpRo/h = (2 Pz,) /2 : (22)

If one takes Zc = 50 o and uses h/b = 0.41, Equation 22 becomes

Ese = ng M, = 49 vP/(2b) (V/m)

where 2b can be taken to be the linear size of the tested aperture.

4.2 Two Wires:

‘Similarly, if the average power driving the transmission line is P watts, then

V2

1
P=s

oMo

V. o= (2 pz 172
(0] N C



The electric and magnetic fields at the shorted aperture will be approximately

given by
Ese = no Hge = Vfe/h (23)
(2 pz)!/?2 ‘
=—x— T

where fo is the "electric field efficiency" defined in Ref. 11 and is given in
Fig. 1 of that reference. As mentioned earlier, the desired configuration

is h/b = /3. For such a configuration one has

Ece = molee = o, YP/(2b) (V/m) | (24)

f ~ 1.6 yZ f
c ‘E

P+E

A listaof fP+E for two wire simulator of various characteristic impedances is

also given in Table 1.

The table indicates that the conversion factor is about 10 and Esc and Hge are
about 1/5 of those of a parallel plate with the same P and b. :
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TABLE 1. CHARACTERISTIC IMPEDANCE AND FACTOR TO CONVERT POWER
TO ELECTRIC FIELD FOR A TWO-WIRE SIMULATOR

h/r ~ CHARAC. IMPED. fp, g
7 100° g 13
16 125 @ 12
36 150 q 12
80 175 @ 11
180 200 o 10
400 | 225 o 10
1000 250 @
2270 275 o
5400 300 o
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5.0 COMPARISON BETWEEN QUANTIFICATION PREDICTIONS
AND EXPERIMENTAL RESULTS

Measurements were performed onboard an aircraft using CW monitoring techniques

presented in Section II for electrically small apertures [Ref.1]. The driver
used was a 50 @ parallel plate transmission line terminated into a matched

impedance. A monitoring wire loaded with a resistance R_ was placed across
either doors or windows inside the aircraft and the ratio between the voltage
Vi écross the Toad R and the total current on the transmission line driver Ip
was obtained (see Fig. 9). This ratio is referred to as the transfer impe-
dance of the door or window. The results of the measurements were reported in”
Figs. 14 and 15 of Ref. 1, which are reproduced here in Fig, 10.

g

5.1 Penetration Through Windows

To measure the magnetic penetration, a sensing wire loaded with R = 240 2 (or
500 @ ) was placed transversally across a window, with the incident magnetic
field directed along the x-axis (Fig. 4).

Equations 1, 3 and 22 give, for an electrically short sensing wire,

| | nfuoiz R
I+ = |V, /1 =
T L D. Zhno 'szfLm +‘RL'

fhngD (25)

For the window under consideration (9" x 12") the values of the parameters are

RD = 50 @ = parallel plate transmission line impedance
£ ~ 30 cm |

h =5 cm

Lm = 100 nH

Laz 164 nH

29

S



U1 1rmm

20.0 T T
5.3
1.4
0.4
") 0.1
£
=) 0.03
~ .
~ 0.007
0.002
0.0005 L 114144t 1 Lt
0.1 1 10
Frequency (MHZ)
(a) measured transfer impedance 9f an A/C window
| R R1LLLL | R ERALLILL
6.3
@
%% 1.13
~ 0.2
’_.
~ 0.036
4 Lol 11111y 1 L 111141
0.1 1 10

Frequency (MHz) | »
(b) measured transfer impedance of aft personnel door
REE TR

Figure 10. Measured penetration for (a) window, ggg (b) aft
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J (unhardened wfndow)

8syqy-1
)1} (wire mesh)
2wrw '

. as :SanS
fh'-z {1+5La/[T+Tf.n(

nr
WOW

(1+ ::,La(m)'1 (conductive coating)

Substituting the approﬁriate numerical values in the above equations one

T . g ( (

for the unhardened window. This value has to be compared with I; = 1.4 9
from Fig. 10a. It suggests that fg is approximately equal to 0.3, This value
of fg will be used for a hardened window discussed below. *

5.1.1 Metallic coating with conducting gasket

Assuming that the coating material has g =~ 1065/m, and A = 2 mils one has
o0& = 50 S. Substituting in Equation 25 one finds

Zr= 2.6 x 107 (a)  (at 10 MHz)

which compares well with the experimental result. In addition, using 50 S for
od in Equation 25, one observes that in the frequency range of 0.1 to 100 MHz,

ZT is almost frequency independent, in good agreement with the measured
transfer impedance.

5.1.2 Metallic coating without conducting gasket

The previous result indicates that penetration through a metallic coating is
small. When no conducting gaskets are used the penetration will occur mainly
through a circumferential slit around the rim of the window. This penetration

can be calculated using Equation 12 and assuming @ = 10 to obtain ZT =1Q at
10 MHz. This value is much higher than the measured data. This probably is

because that certain electric contacts were still maintained between the

coating and the window frame,
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5.1.3 Wire mesh

Using ag = 0.1, r, = 0.002", o = 10" $/m in Equ. 25, one obtains

Iy = 0.04 (a) . (at 10 MHz)

This value is a little bit lower than the measured one. This is because the
caltulation is performed for wire meshes in peripheral contagt with the window
frame, while the measurement was done for wire meshes clipped to the window
frame at discrete locations. Better agreement can be obtained if this effect

is included.
5.2. Penetration Through Door

Similarly to what was done for a window, a Sensing wire loaded with
ZL = 2000 @ was placed across a door in the x direction and the transfgg impe-

dance ZT was measured. The results for the aft personnel door are repréduced
in Fig. 10b [Ref. 1]. For a closed door one can use Equations 10 and 22 to

obtain

(2”)2f Yo cos [kw/2]
= { cos [K(w +2)72] 1} 50 ng (26)

Here fg is again introduced to account for the fact that the sensing wire does
not link all the penetrant flux, and T is introduced to account for the trans-

mission line behavior of the sensing wire when it is not short.

For the personnel door (72" 34") the parameters assume the following values
w=0.8m
L =1.83m

h=0.17m
Q « 15

Substituting the parameters into Equation 25 or Equation 26, depending on
whether the door is open or close, one obtains

ZT = 52 ng (Q) (at 10 MHz)
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for the open door (note that at 10 MHz, R = 20002 >> 2xf Lps Ly = 600 nH).
From Fig. 10b it is found that fg = 0,12 will ensure good agreement, since at

this low frequency T =~ 1,

When x = 2(¢ + w), i.e., f = 55 MHz, the door exhibits the first resonance.
Indeed from Fig. 10b one sees that there is a peak in ZT around 55 MHz.
However, this peak is overshadowed by a more pronounced peak at a lower
frequency around 30 MHz. This is likely to be a resonance of the sensing
wire, resulting in a large T. Since the sensing wire is placed along the x
direction its length is longer than 1.83 m. Assuming its length to be a
quarter wave length of a resonant dipole, the resonant frequency is then
around 30 MHz. With the above discussion for an open door, the comparisons

for a closed door will now follow.

When the door is hardened by conducting gaskets, one has

= (2nf/¢)? - J2w2fuochg/(ﬂg) (27)

-~

The value of ¢ Ag/g varies with the pressure inside the aircraft. A larger
value for o A /g is expected when a higher pressure is applied. If it is
assumed that ogA /9 =1 S/m, the second term in Equation 27 will domlnate and

Iy w1]] be frequency independent at all frequenc1es in the range of 1-200 MHz.

This frequency independent behavior does not appear in the measured data.

This is an indication that ogA /9 is smaller than 1 S/m even when the aircraft
is pressurized. In fact, when it is not pressurized, ogAg/g can be taken to
be almost zero. Under the condition that chg/g = 0 it is found that

Z. = 2.5 (a),  (at 10 MH2)

which is a little bit larger than but in fair agreement with measurement data
(= 2a). When the aircraft is pressurized, it appears that a value of 0.1

S/m for ogAg/g can give good agreement with measurement data at 10 MHz and
below. Both curves for the closed door, whether pressurized or not, show
resonances around 30 MHz, at the same frequency as that of the open door.
This is a further indication that the 30 MHz resonance is associated with the
sensing wire rather than with the door structure. The door resonance in the
open-door data (1,e., about 55 MHz) disappears in the pressurized closed door

33



data. This is reasonable because the conducting gasket damps out the
resonance. However, all the measured data show that Zy increases with
frequency above 55 MHz, which cannot be accounted for using the simple model
for electrically small apertures. It is possible that what was measured at
higher frequencies had a strong contribution from electric penetration which
is not included in Equations 25 and 26. From all the above considerations, it
is concluded that the monitoring techniques and quantificatibn predictions for
electrically small apertures are satisfactory at low frequencies but are not
satisfactory at frequencies approaching and above the resonant frequencies of
the apertures. Therefore, different monitoring techniques such as those
proposed in Section III may be employed at higher frequencies.
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6.0 SUMMARY AND CONCLUSIONS

Techniques to monitor and quaﬁtitative]y predict EMP penetration through
apertures such as windows and doors of aircraft are discussed. It is first
shown that when the aperture is electrically small, the penetration is
decoupled into magnetic penetration and electric penetration, which can be
monitored independently by using a sensing wire located across the aperture.
The responses using these monitoring techniques are predicted and compared
with Some measurement data. The agreement is generally good when the aper-
tures are electrically small and are not satisfactory when they are not. This
is because the electric and magnetic penetrations can no longer be separated
when the aperture is not electrically small. Moreover, the sensing wire may
introduce spurious resonances related to its length, thus overshadowing the
penetration characterization of the aperture being measured. Thus, alterna-
tive monitoring techniques need be introduced for resonant apertures. A
monitoring technique which treats the aperture as a receiving antenna is then
introduced for this purpose. Its expected response is also formulated. For
all the suggested monitoring techniques, either a parallel-plate or a two-wire
simulator can be used as the driver. Their characteristics are also given,
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