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Introduction

(Thisintroduction is not part of IEEE Std 1302-1998, | EEE Guide for the Electromagnetic Characterization of Conduc-
tive Gaskets in the Frequency Range of DC to 18 GHz.)

An electromagnetic interference (EMI) gasket is a conductive material that is used to improve the electrical
bonding between metallic parts of an electronic chassis, equipment enclosure, or electromagnetic shield. A
wide variety of materials and techniques are used to produce EMI gaskets. The effectiveness of gaskets in
the closing of seams and jointsis dependent upon the properties of the gasket and the method of installation.
Several techniques are available to measure the electromagnetic properties of EMI gaskets. Unfortunately,
measurement results are often inconsistent between techniques.

This document provides guidance on the use of recognized techniques for the electromagnetic performance
characterization of EMI gaskets. It does not recommend one technique over another. It is recognized that
some or all of the “alternative” techniques may, at some time in the future, become widely accepted and
practiced. At that time, this guide will be revised to reflect their adoption. It is also recognized that efforts are
currently underway to revise the measurement techniques currently covered in this guide. These revisions
will beincluded in future updates of this guide.

The theory of gasket behavior given in this guide is highly simplified, and is intended to illustrate primary
principles only. For agreater understanding of the electromagnetic interactions that occur in agasketed joint,

the reader is advised to consult the many excellent mathematical treatments in books and papers available
through the |EEE and other technical publishers.
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IEEE Guide for the Electromagnetic
Characterization of Conductive
Gaskets in the Frequency Range of
DC to 18 GHz

1. Overview

1.1 Background

The ideal electromagnetic shield is an infinitely conductive enclosure with no apertures or penetrations of
any kind. The functional requirements and practicalities of design and construction, however, prevent this
ideal from being realized. Penetrations for power, signals, and ventilation must be provided. Access aper-
tures for calibrations, controls, and adjustments must exist. The different pieces of chassis and enclosure
must be joined for the final product.

Electromagnetic energy exits or enters the shield at apertures, along conductive penetrations, and through
imperfect seams. To restrict this coupling of energy to levels that are sufficiently low to comply with regula-
tions and to permit interference-free operation, these unwanted coupling paths must be closed. Filters are
used on the penetrations; screens and covers may be used over the apertures. Seams and joints, however,
require special attention. For shielding, metal-flow processes such as welding, brazing, and soldering are the
preferred methods for making joints and seams. Many situations arise, however, in which these techniques
cannot be used, and in which direct metal-to-metal contact does not provide an adequate electromagnetic
seal. In these cases, an el ectromagnetic interference (EMI) gasket must be installed in the joint.

EMI gaskets are conductive materials that are designed to conform to joint surfaces and to provide a low-
impedance path. EMI gaskets are made from a wide variety of materials, such as beryllium copper, gava-
nized steel, stainless steel, electroplated steel, aluminum, and conductively loaded polymers. Conductor
types include spring fingers, spiraled bands, perforated sheets, knitted wire mesh, conductive fabric, rein-
forced foil, and oriented wires. Materials added to polymeric binders to achieve conductivity include copper,
silver, carbon, aluminum, and nickel as flakes, powders, wires, and coated spheres. The shapes available
include sheets, strips, washers, tubes, and customized geometries.

The term “EMI gasket” is consistent with the generic industrial definition of a gasket. The electromagnetic

fields that are being shielded impinge upon the conductive materials of the enclosure. The incident field
induces currents in the enclosure walls. Seams represent discontinuities in shield current paths, with result-
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ing voltage differentials across the seams. The purpose of the EMI gasket isto reduce the voltage differential
across the seam because the strength of the field emanating from the seam is directly proportional to this
voltage.

Depending upon function and application, electronic equipment must operate in an extremely wide range, in
both intensity and frequency, of electromagnetic environments. The environments can vary from that of the
home to that of the battlefield. Since thereis no “one sizeltypefitsall” gasket, the challenge that faces equip-
ment designersisthat of choosing the most cost-effective gasket for their particular application.

An essential parameter in this selection process is the degree to which the gasket prevents the electromag-
netic energy that impinges on one side of the metal joint containing the gasket from coupling through the
joint to the other side (i.e., the gasket’s el ectromagnetic sealing capability). Many factors determine the el ec-
tromagnetic seal provided by an EMI gasket, including

@) Thegasket material

b)  The gasket construction

c¢) Thegeometry of thejoint

d) The condition of the contact surfaces
e) Themethod of fastening

f)  Theclosure pressure

g) Thenature of theimpinging field

Theidea EMI gasket measurement technique would reveal the full range of effects caused by mounting sur-
face variations, aging, and fasteners, and would provide results that indicate the behavior that is expected
from the gasket as installed. Currently, no single measurement technique does this over the frequency range
of dc to 18 GHz.

1.2 Scope
This guide provides guidance on the selection of the best technique for measuring EMI gaskets for particular
applications, identifies limitations and sources of errors of the commonly accepted techniques for measuring

gaskets, and provides a basis for comparing the various accepted techniques. It encompasses measurements
of the as-installed behavior of gaskets aswell as manufacturing related, quality-control measurements.

1.3 Purpose
The purpose of this guide is to provide information that will allow the user of conductive gaskets to select
the best measurement technique for a given application and to correctly interpret the data that is provided by
each technique.

2. References

This guide shall be used in conjunction with the following standards. A bibliography is included in
Clause 10 for further information.

ANSI/NCSL Z540-1-1994, Calibration—Calibration Laboratories and Measuring and Test Equipment—
General Requirements.t

1ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor,
New York, NY 10036, USA.
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ARP 1173-1988 (Reaff 1991), Test Procedure to Measure the RF Shielding Characteristics of EMI Gaskets.?

ARP 1705-1981 (Reaff 1991), Coaxia Test Procedure to Measure the RF Shielding Characteristics of EMI
Gasket Materials.

ASTM D4935-89 (1994), Standard Test Method for Measuring the Electromagnetic Shielding Effectiveness
of Planar Materials.®

Def Stan 59-103 (17-Sep-93), EMI/EMP Gasket Componentsh4
IEEE Std 100-1996, |EEE Standard Dictionary of Electrical and Electronics Terms.”

IEEE Std 299-1997, |IEEE Standard for Measuring the Effectiveness of Electromagnetic Shielding Enclo-
Sures.

MIL-G-83528B (1993), General Specifications for Gasketing Material, Conductive, Shielding Gasket, Elec-
tronic, Elastomer, EMI/RFI .6

NCSL RP-12 (4/95), Recommended Practice for Determination and Reporting of Measurement Uncertain-
ties.”

3. Definitions, acronyms, and abbreviations

3.1 Definitions

All terms used in this document are in accordance with |EEE Std 100-1996.

3.2 Acronyms and abbreviations

ARP aerospace recommended practice
dBuV/m decibels above amicrovolt per meter
dBuA/m  decibels above a microampere per meter
EME electromagnetic environments

EMI electromagnetic interference

MSC mode-stirred chamber

SAE Society of Automotive Engineers

SE shielding effectiveness

TEM transverse electromagnetic

2Aerospace Recommended Practices are available from the Society of Automotive Engineers, 400 Commonwealth Drive, Warrendale,
PA 15096, USA.

SASTM publications are available from the American Society for Testing and Materials, 100 Barr Harbor Drive, West Conshohocken,
PA 19428-2959, USA.

“4Defence Standards may be obtained from the Ministry of Defence, Directorate of Standardization, Kentigern House, 65 Brown Street,
Glasgow, Scotland, G2 8EX.

SIEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, PO. Box 1331, Piscataway,
NJ08855-1331, USA.

SMIL publications are available from Customer Service, Defense Printing Service, 700 Robbins Ave., Bldg. 4D, Philadelphia,
PA 19111-5094, USA.

NCSL publications can be obtained from the National Conference of Standards Laboratories, 1800 30th Street, Suite 305B, Boulder,
CO 80301-1032, USA.
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4. Factors affecting gasket performance

Figure 1 illustrates a typical application in which the EMI gasket is placed underneath the lip of a cover in
order to close the gap between it and the base enclosure. Other similar applications are under connector
shells, waveguide flanges, filter cans and meter flanges, and in seams. The objective of the gasket is to pro-
vide an electrical path across the gap in the shield, such that the impedance of the path through the gasket
approaches that of a comparable span of the base shield. The impedance of the gasket is a function of its
materials and construction, its geometry, and the interface between the gasket and the shield.

ENCLOSURE

VI I I IIIIIS

COVER PLATE

GASKET

N\ \\\\\\\\\X\

A\ \\\\\

VI T I TV I I IIIVIS

Figure 1—Typical gasket application

All gasket materials have resistive, inductive, and capacitive properties that may exhibit themselves over dif-
ferent portions of the frequency band. Which property determines the gasket’s predominant characteristic
depends upon the materials and construction of the gasket, as well as the geometry of the joint. Most gaskets
can be considered resistive at low frequencies. Those gaskets that are constructed of metal filaments (ori-
ented wires or wire meshes) and fingers or spirals typically appear as an inductance in series with aresis-
tance. Gaskets that are formed from conductively |oaded polymers typically appear as a shunt capacitancein
parallel with a resistance. These complex impedances determine the effectiveness of the gaskets as fre-
guency increases. Therefore, reliance on volume resistivity data taken at dc or at power frequencies can be
very misleading.

All gaskets behave as complex networks of resistors, inductors, and capacitors at frequencies at which their
physical dimensions become significant fractions of a wavelength, or the spacings between constituent ele-
ments approach or exceed resonant dimensions. Furthermore, the gasketed joint is polarized. This polariza-
tion is the consequence of the joint being long and narrow, and of the conductors of the gasket being
preferentially aligned with afield component of the incident wave.

The gasketed joint can behave like a section of waveguide that is filled with conductive materials. When this
happens, the gasket and aperture will exhibit complex radiation and transmission properties. Coupling
through this apertureis likely to be of greater importance to shielding effectiveness than the enclosure itself.
Where the gasket does not appear homogeneous, it is not safe to assume that the current through the gasket
isuniform or that it is determined by the shield. The characteristics of theincident field must also be consid-
ered; the radiation characteristics of the total aperture must be recognized; and the propagation of the cou-
pled wave through the “loaded” aperture must be taken into account.

Shield current encounters both the contact impedance between the gasket and the impedance of the gasket

itself. On the contact surfaces, there are often films of metal oxides and sulfides, paints, cleaners, dust, dirt
and environmental deposits. Such filmswill likely be present on gasket surfaces as well.
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NOTE—Many surface films are nonconductive. Depending upon the compression-deflection properties of the gasket
material, the nature of its conductive elements (e.g., “ gritty” particles, oriented wires, knitted wires, etc.), and the closure
force applied, certain gaskets will “bite” through such films more effectively than others. This “biting” may or may not
be desirable, depending upon the application environment, asit may open a site for corrosion or galvanic action over the
life of the equipment. Environmental testing should be considered for every application.

The path for current from the shield to the gasket will be through the ridges and valleys on the mating sur-
face that result from machining or casting imperfections to the contacted portions of the gasket materials.
The contact impedance between the gasket and the parent shield can be a significant factor in the overall
behavior of the gasket. This contact impedance will have reactive components in addition to resistance. For
example, there is usually some capacitive coupling between the contact surface and the conductors in the
gasket.

In addition to the impedance of the gasket and the gasket-to-shield interface, the shield current encountersthe
resistive and inductive elements of the shield itself, and a portion flows around the gasket viathe stray capac-
itance between the two pieces of parent material. Thus, the current path through a gasket is a complex net-
work, as illustrated in Figure 2. As complex as this network appears, it is actually somewhat of a
simplification. At very short wavelengths, in particular, the gasketed joint will also behave in roughly the
same manner as the braid of a coaxial shield. The openings in the braid permit energy to leak through.
Depending upon the specific configuration of the conducting elements of the gasket, these openings can ren-
der the gask8et practically transparent at particular frequencies or over certain frequency ranges, see Quine,
eta. [B20].

BASE SHIELD

L CONTACT
IMPEDANCE

AY|
J

Y
J1

SHIELD-TO-SHIELD IMPEDANCE
Al
J1
Y
J1
GASKET IMPEDANCE

CONTACT
IMPEDANCE

Al
Jl

BASE SHIELD

Figure 2—Equivalent circuit of current path through a gasket

Coupling through the gasketed joint will aso be influenced by the length of the joint, the number and spac-
ing of fasteners, and the degree to which the gasket material conforms to the joint’s gaps and irregularities

8The numbersin brackets preceded by the letter B correspond to those of the bibliography in Clause 10.
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and maintains electrical continuity between the shield members. As the joint or seam approaches a resonant
length, or as the spacing between fasteners approaches resonance, coupling through the aperture can be max-
imized or minimized according to the impedance match to the incident field.

Minimal power transfer from a source to aload occurs when their impedances are severely mismatched (i.e.,
high-to-low or low-to-high). Typicaly, the maximum mismatch is provided by an open or short circuit.
Since the goa of a shield is to minimize the power transfer from a radiating source to either a susceptible
load or the environment, the shield, including any gaskets, must present a high degree of mismatch to the
impinging wave or to its load, which islikely to be free space. Both the impedance of the shield-gasket com-
bination and that of the incident field affect this match.

5. Electromagnetic behavior of gasketed joints

A propagating electromagnetic wave has an impedance that is defined by Jordan [B8] as

- E
Z, = = (1)
where
E isthe electric field component in volts per meter; and
H is the magnetic field component in amperes per meter at the same point on the wave.

Theintrinsic impedance, n, of any medium is defined as

_ |_jwp
= Jo+jwe @
where
w isthe radian frequency of thefield;
V] is the permeability of the medium;
o] is the conductivity of the medium; and
€ is the permittivity of the medium.

(In general, p and € are complex quantities that contribute both phase shift and attenuation to waves passing
through the medium. For the purpose of this discussion, however, no loss of generality arises by considering
themto bereal.)

In homogeneous, isotropic material, n is a constant with the direction of propagation. In anisotropic mate-
rial, n) is dependent upon the direction of wave travel and the polarization of the wave. Both types of material
can exhibit an n that varies with frequency.

Inair,c =0, i =g, £ =&y and

No = JgQ = 120mt= 377 Q 3
0
where

Mo  isthe permesbility of free space and is equal to 47t x 10~ H/m; and
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gy isthe permittivity of free space and is equal to 8.85 x 10712 F/m.

Inthefar field of asource, Z,, = ng =377 Q. Thefar field isadistance that is dependent upon the source radi-
ator geometry, and is typically defined as A/2m for thin, wire-type antennas and as 2D/ for other types of
radiators. In either case, A isthe wavelength of the radiated field, and D isthe largest dimension of the radia-
tor. At closer distances, the impedance of the field is a function of the impedance of the generating source
and of the separation from the source. In the near field, the electromagnetic field will be predominantly a
high-impedance (E >> H) electric field or alow-impedance (E << H) magnetic field. Except for static (i.e.,
dc) fields, every electromagnetic field contains both E and H components. At separation distances that are
short relative to a wavelength, the E-field component predominates near voltage sources (high impedance)
while the H-field component predominates near current sources (low impedance). Examples of voltage
sources are predischarge electrostatic fields, short monopole antennas, and unterminated PC board traces
whose sources have rise times that are greater than 20 ns. Examples of current sources are ac power lines,
loop antennas, transformers, inductors, and power supply traces on PC boards. As the distance from the
source increases, the field impedance approaches that of the intrinsic impedance of the propagating medium,
as illustrated in Figure 3. Thus, in the far field, the impedance of the radiated wave approaches ng. In the
near field, Z,, > ng for electric field sources, and Z,,, < ng for magnetic field sources.

DISTANCE RELATIVE TO A211

0.001 0.01 0.1 1 10 100 1000
1000
3]
100
7 ELEQTRIC DIPOLE
i
s
5 1
2
w
=
F=
< 1
w
2
i)
(@]
Z o
[m]
w
o
= MAGNETIC DIPOLE
Y oot
<
=
0.001

Figure 3—Field impedance as a function of distance from the source

Onceinstaled initsfina application, the typical gasket will be exposed to both electric and magnetic fields,
as well asto plane waves. Both voltage and current sources exist inside equipment. At sufficiently high fre-
guencies, plane waves may aso impinge on the shield from inside the enclosure. The equipment may be
located near both voltage and current sources. It may also be exposed to plane waves from the environment.
Thus, in general, it is difficult to say what the impedance of the illuminating field will be.

Inthetypical shield, o >> we. Thus, the shield impedance, ng, becomes

jw
ne = [5oF @

which is significantly less than ng and, consequently, far less than the impedance of afield that is produced
by avoltage source. Note, however, that unless L > g, asit isfor ferrous materials and for special high-per-
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meability materials, ng may not be low relative to the impedance of a field that is produced by a current
source, particularly at audio frequencies.

When a “canonic” (plane, cylindrical, or spherical) electromagnetic wave impinges on a shield, part of the
wave is reflected and part is transmitted into the shield, as described by Schelkunoff [B22]. The portion of
the wave that is reflected is given by

E _ H _ Zgiaa—2Zy (5)
E Hi  Zgigat Zu
where

Ej and H; are the components of the incident field;
E; and H, arethe reflected components;

Zgield is the shield impedance; and

Zy is the impedance of the incident wave.

The portion of the wave that is transmitted into the shield is given by

Et — = (6)
E w Hi  Zgigat Zw

For illustration purposes, consider a plane wave that impinges on a semi-infinite sheet of a good conductor
(0 >> we). Here, Z,, isng and Zg,jgq 1S N Since the shield impedance is much lower than the wave imped-
ance, the field-reflection coefficients of Equation (5) can be simplified as follows:

Os 4
5 = Ns—No = No :O_l = -1 (7)
E NetNo Ng,, O+1

No

Thus, for a good conductor, the reflected E-field component is approximately equal in amplitude and oppo-
site in phase to the incident E-field. The reflected H-field component is nearly equal in amplitude to, and in
phase with, the incident H-field (i.e., H, /H; = 1). Similarly, expressing Equation (6) as

=0 andﬂ—t:—zno =2 )
Hi  No+ns

=
[
+
=
o

shows that E; inside the sheet will be very small; and H; at the surface (i.e., the surface current density, Jo)
will be approximately twice H;. Note that, although this relationship is derived using only plane waves for
simplicity, the conclusion isvalid for waves of all impedances.

Since the current induced in a conductor by a changing magnetic field is orthogonal to the field, that portion
of H; that is parallel to a gasketed seam induces a current in the surface of the shield that is perpendicular to
the seam. This current flows through the gasket and produces a voltage, Vg, across the output face, asillus-
trated by Figure 4. (The dashed line of Figure 4 depicts the decrease in amplitude experienced by awave that
is propagating through the lossy gasket, where the path through the gasket is significantly greater than the

Copyright © 1998 IEEE. All rights reserved. 8



skin depth in the gasket material.) The voltage developed across the gasket, divided by the current per-unit
length, is defined as the transfer impedance, Z,, of the gasket, such that

<
o

Zt = (9)

[

1]

Note that the units of Z, are ohm meters, since the units of Jg are amperes per meter.

Figure 4—Relationship between output voltage
and input current in a uniform gasket

The field attenuation, or shielding effectiveness (SE), of a gasketed seam is directly related to Z;, see
Kunkel [B9]. For example, consider a semi-infinite shield with a straight seam that is parallel to the H-field
vector. The current that isinduced in the shield will flow through the gasket, assuming that no paths around
the seam exist. H; = E;/Z,,. Since J5 = 2H;, the voltage, V(, across the gasket will be

Vo = JZ, = ? Z, (10)

w
As an example of the shielding effectiveness of a gasket of uniform height and thickness (t) in a simple con-
figuration, note that Eq = Vg/t, and invoke the standard definition for SE:

E 27
SE = 20log,, E‘I’ = 20log,, ZV-V-; (11)
Thus, knowing the transfer impedance of the gasket and its thickness, the shielding effectiveness of a gas-
keted seam can be determined if the impedance of the impinging wave is known. However, as pointed out
earlier, the fields that are incident on installed gaskets are typically unknown and can vary from a very low
impedance to avery high impedance. Thus, using Z; to predict the shielding effectiveness of a gasketed seam
to an incident field of unknown impedance can produce misleading results.
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To evaluate a gasket’s behavior under the wide range of wave impedances that it encountersin use, radiated
testing techniques are employed. The radiated techniques typically employ one or more metal cavities
wherein energy is coupled through awall via a seam that contains the gasket under evaluation. The gasketed
seam is exposed to low-impedance magnetic fields, high-impedance electric fields, and plane waves. The
gasket commonly is placed underneath a cover plate that is positioned over an aperture in the wall. Straight
dlots are also used. Electric-field monopoles, magnetic loops, and plane-wave radiators are used to generate
fields on one side of the aperture or slot. The fields coupled to the other side are measured with and without
the gasket in place. Since the gasketed seam is strongly polarized, the coupled fields may be measured at a
variety of viewing angles.

Figure 5 is across-section of atypical seam.

SHIELD

Figure 5—Cross-section of a gasketed seam with uniform
separation between base materials

When
a) Thegasket fills the overlap between the two surfaces (i.e., |, and |, = 0);
b) 7 issmall compared to the radiation resistance [Rg(Z5g)] per unit length seen by an infinitely long
seam that looks into free space; and
¢) Thegasket thickness, t, is uniform;

the power radiated per unit length by this seam is, from Quine and Pesta [B21],

2 1 2 2 2
Prad = ‘VO‘ ReEt E = ‘VO‘ Grad = “]s‘ ‘Zt‘ C""rad (12)
rad

Here, Z,,qis the radiation impedance and G,y isthereal part of the admittance:

Yraj = ZA = Grad+ jBrad (13)
rad

For free space (see Marcuvitz [B12)]),

G, = - 14
rad no)\ ( )
An dternative expression for P4 is

Prag = ﬂo\Hi\ZWeﬁ (15)
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where W (called “ETW” in Quine and Pesta [B21]) is the effective transmission width of the gasketed
seam.

Realizing that J5 = 2H;, and combining Equations (12), (14), and (15), produces

‘ZHi\z‘Zt\ZEh_T[)E = No|H{*West (16)
0
from which
2
Wy = A'_T[EL (17)
2
NoA

If the power loss through the gasket aperture is small relative to the wall losses of the enclosure (see
Quine[B17]), the SE of an enclosure that contains a gasket can be expressed in terms of Z; (from
Quine [B16] and [B21]) as

2
SE = 3V — 3”0\/ - (18)
Werl AQ  41,Q|z|
where
\Y, is the volume of the enclosure;
lg isthe length of the gasket; and
Q is the ratio of energy stored in all resonant modes in the enclosure to that which would be stored

with no losses.

Equation (18) gives the shielding effectiveness of an enclosure that contains a gasket that is characterized by
its effective transmission width. Note that the SE exhibited by the enclosure is directly proportional to the
volume of the enclosure in which the gasket isinstalled, and is inversely proportional to the Q of the enclo-
sure, the length of the gasket, and the sgquare of the magnitude of the transfer impedance of the gasket. Con-
sequently, different values of SE will be observed with different sized enclosures. Variations in the measured
SE can aso result from additions of new test instrumentation into the test chamber or from relocations of
existing instrumentation, both of which could change the Q of the enclosure or could change the mode struc-
ture.

Equation (18) also indicates that the same gasket, under identical conditions of mounting, environmental
exposure, aging, fastener torque, etc., will behave differently between a small and alarge electronics cabinet,
or between an enclosure that is filled with electronics (low Q) and an empty (high Q) enclosure, such as a
measurement chamber.

6. Gasket measurement techniques

Standardized measurement techniques consist of the transfer impedance measurement of ARP 1705-1981
and the aperture transmission implementations of ARP 1173-1988, Def Stan 59-103 (17-Sep-93), and
MIL-G-83528B (1993). Salient features of these techniques are listed in Table 1.

Each technique possesses particular strengths and offers unique advantages in specific situations. For exam-

ple, the technique of ARP 1705-1981 provides a direct indication of the transfer impedance of the gasket or
of a gasketed joint and, consequently, of the H-field attenuation through the joint. If the impedance of the
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Table 1—Comparison of standardized gasket measurement techniques

M easurement technique
Def Stan 59-103 MIL-G-83528B
ARP 1705-1981 | ARP 1173-1988 (17-Sep-93) (1993)
M easurement Current Aperture Aperture Aperture
principle injection attenuation attenuation attenuation
Parameter Transfer E/H/Plane-wave | E/H/Plane-wave E/H/Plane-wave
measured impedance attenuation attenuation attenuation
Unit of measure dB/Q-m dB dB dB
Test sample Circular Rectangular Circular Rectangular
configuration
Samplesize 150 mm diameter | 300 x 300 mm 409 mm diameter | 610 x 610 mm
Fregquency range dcto2 GHz 400Hzto 10 GHz | 10kHzto 18 GHz |20 MHzto 10 GHz
Typical dynamic 60-150 dB 60-100 dB 60-120 dB 60-120 dB
range
Typical repeatability |+ 2 dB * (6-20) dB + (6-20) dB +(6-33) dB

incident field is known, transfer impedance can be used in Equation (11) to determine the shielding effec-
tiveness of the gasketed seam.

The aperture transmission measurement techniques provide results in decibels, which are very attractive to
equipment and system designers who tend to visualize gasket performance in such terms. However, the field
attenuation that is exhibited by a gasketed seam is strongly dependent upon the nature of the electromagnetic
field on theilluminated side of the seam, and on the particular field component that is being measured on the
“receive’ side of the seam. The effects of the aperture that is used for measurements can overshadow the
attenuation that is provided by the gasket alone. Because of the many factors that can affect measurement
results, data taken under different test conditions can be markedly different. Furthermore, test results are
hard to relate to the gasket’s intrinsic transfer impedance.

The standardized aperture transmission techniques measure the signal through the gasketed aperture at spe-
cific orientations and look angles. As noted above, however, the signal coupled through the gasket is strongly
influenced by the measurement antennalocations relative to the aperture and by the surrounding enclosures.
To fully characterize the coupling through the gasket, the illuminating antennais often moved about, so asto
expose the seam to various incident field conditions, and detailed field measurements over the hemispherical
volume on the output side of the gasketed joint are made. Since each possible antenna pairing involves a
measurement of the coupling with and without a gasket present, the level of effort required to perform the
evaluation is high.

The effects of enclosure and fixture resonances must be recognized. Fixture resonances currently limit the
transfer impedance technique to below about 2000 MHz. The chambers used with radiated techniques are
resonant cavities. Once their longest dimension (typically the distance between diagonally opposite corners)
reaches one-half wavelength, resonant modes exist from that frequency upward. Some of these resonances
can be very sharp. Consequently, very small changes in antenna position inside the chamber can produce
very large changes in the measured signal level. In addition, the size of the aperture influences the attenua-
tion of the field that is coupled through it. If the aperture is significantly |ess than one wavelength, the atten-
uation through it is very high, and is inversely proportional to frequency. This attenuation limits the lowest
frequenciesthat can be effectively measured, and can restrict the types of gaskets that can be accurately eval-
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uated. Chamber resonances and aperture dynamic range reguirements tend to restrict radiated tests to above
about 200 MHz for the size of chambers and apertures that are typically used in the measurement of gaskets.

Between about 200 MHz and 2000 GHz, the potentia for direct comparison between the standardized tech-
niques exists. Both below and above these overlap regions, however, direct comparison is difficult. For
example, below the overlap region, the transfer impedance technique provides information on the plane
wave and magnetic field behavior of the gasket, whereas the radiated techniques largely provide information
on electric and magnetic field behavior. Above the overlap region, the transfer impedance fixture exhibits
strong resonances, which make comparison of its results with the plane-wave data of the radiated techniques
difficult.

6.1 Transfer impedance

The gasket illustrated in Figure 5 is atwo-port network with a2 x 2 impedance matrix that has components
of Zy14, Zoo, Z15, and Zyq. Zy, is the input impedance and Z,, is the output impedance of the gasket. The
mutual impedances, Z,, and Z,,, are both equal to the transfer impedance, Z;. With sufficient attenuation (at
least 15 dB or so0) through the gasket, Z,; is approximately equal to the characteristic circuit impedance of
the parallel-plate transmission line that is filled with the material comprising the gasket. Thus,

le =n gt/I g
where

Ng  isthecharacteristic wave impedance, as determined by Equation (2), for the gasket material;

t is the thickness of the gasket between the plates; and
lg is the gasket length.

Since transfer impedance is a mathematical concept only, Z; is not a physical resistor that can be measured
directly. Its behavior, however, can be effectively characterized with the ARP 1705-1981 fixture of Figure 6.
The coaxia transfer impedance test fixture characterizes the Z; of the gasket by forcing a current to pass
through an outside boundary of the gasket and by measuring the voltage drop across the inside boundary.

DRIVEN
CAVITY

GASKET
UNDER TEST e

SENSING
CAVITY

OUTPUT, V,

Figure 6—ARP 1705-1981 coaxial transfer impedance test fixture
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If the dimensions of the gasket are small relative to wavelength, and the gasket is electromagnetically
homogenous across the aperture, then the current induced in the shield may be assumed to flow uniformly
through the gasket. Under these conditions, Z; may be viewed as a simple resistor. Figure 7 is the equivalent
circuit of the transfer impedance test fixture of ARP 1705-1981. The gasket-under-test is represented by Z,.
Thefixtureis driven with asignal generator that has a source voltage of V5 and an impedance of Zg. The volt-
age of the applied signal and the voltage devel oped across the gasket are measured with areceiver that has a
characteristic impedance of Z,. A seriesresistor, Z;, is incorporated into the fixture to provide a proper load
to the source, to establish a common measurement reference, and to ensure that the current through the gas-
ket isindependently determined. Z¢ is chosen such that it is much larger than Zg. The source voltage and cur-
rent, Vs and |, therefore remain constant with variations in Z. Thus, the voltage, Vo, developed across Z is
directly proportional to Zy. The current, 1, through the gasket must first be determined. Note from the circuit
of Figure 7 that

g = Vs (19)
L+ 72+ 7,

o]
Zf
lg
Zs / Zg Zr
SIGNAL GENERATOR Z,; FIXTURE RECEIVER

Figure 7—Simplified representation of the transfer
impedance measurement technique

Typically, Ztis 50 Q. Then, if Zyismuch lessthan 50 Q, | ; can be measured directly by using a50 Q receiver
that is connected across Z; and Z, as shown by the upper switch position in Figure 7. Under these circum-
stances, 14 =V, /50, where V, is the voltage measured across Z; plus Z;. Next, the receiver is switched to the
lower position in Figure 7, so as to measure the voltage, Vo, developed across Z, asillustrated in Figure 6.
Vpisequal tolg x Z or

Thus,
Zy= 50\\/LO (21)
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Since

v
Z, = Zyxly = 50\/—0><|gJ (22)

r

the measured voltage ratio is multiplied by 50 and by the length of the gasket sample to produce the transfer
impedance in ohm meters.

The transfer impedance test fixture of ARP 1705-1981 is typically constructed as two cylindrical cavities,
with the gasket-under-test providing the coupling between them. The input cavity is driven with a 50 Q
coaxial signal source. A 50 Q seriesresistor inside the fixture properly terminates the source and ensures that
the current through the gasket is determined by the source. The voltage that is devel oped across the gasket is
monitored with a coaxial attachment to the output cavity. Thus, 50V,/V, times the length of the gasket sam-
pleisadirect indication of the transfer impedance of the gasket.

Z; provides an excellent indication of the relative quality of the gasket, and is extremely useful for comparing
different materials and construction techniques. Unless the test fixture surfaces, mounting techniques, and
fasteners closely emulate those of the equipment in which the gasket is used, however, test results can be
misleading.

To ensure that the transfer impedance measured is that of the gasket and not of the contact surfaces, the fix-
ture's mating surfaces should be plated with a noncorrosive and highly conductive material, such as gold, to
maximize the conductivity between the fixture and the gasket-under-test. If the transfer impedance of the as-
installed gasket is desired, the fixture's gasket contact surfaces should be of the same material as the final
enclosure, should have the same coatings, and should be machined in the same way. The effects of aging,
corrosion, or other operating and storage conditions on the gasket's transfer impedance can be determined
by subjecting the gasket and fixture contact plates to various environments.

6.2 Relative aperture transmission

Three radiated measurement techniques are in current use. All are based on the aperture transmission princi-
ples, and are derivatives of MIL-STD-285 (1956) [B13]. These techniques are ARP 1173-1988, MIL-G-
83528B (1993), and Def Stan 59-103 (17-Sep-93).

MIL-STD-285 (1956) [B13] was first approved in 1956 as a US military standard for measuring the shield-
ing effectiveness of military shelters. It wasin use until it was cancelled in favor of IEEE Std 299-1991. ARP
1173-1988 was developed as an aerospace recommended practice (ARP) by the Society of Automotive
Engineers (SAE) Committee AE-4 on Electromagnetic Compatibility. It was developed to measure the
shielding effectiveness of EMI gaskets in general. MIL-G-83528B (1993) was developed as a procurement
specification document for specific types of military conductive elastomer EMI gaskets. Shielding effective-
ness test requirements are included along with many other electrical and mechanical requirements.
Def Stan 59-103 (17-Sep-93) was developed as a means of standardizing gasket performance parameters
and measurement methods. This standard addresses many types of EMI gaskets in use by the military and
paralels MIL-G-83528B (1993) in many respects. Unlike MIL-G-83528B (1993), it imposes no perfor-
mance requirements.

These techniques first establish a field reference level that radiates through an aperture in a high-perfor-
mance shielded enclosure. Depending upon the implementation, the aperture may or may not have a metallic
cover plate in place for the reference measurement. Next, the fields that are coupled through the aperture
with the gasketed cover plate in place are measured. The difference, in decibels, between the two measured
fields is defined as the shielding effectiveness of the gasket or gasket-plus-cover. Both measurements are
made at discrete frequencies and for particular illuminating fields. The nature of the illuminating field varies
with frequency and with the type of antennathat is used.
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The EMI gasket measurement techniques contained in these standards consist of magnetic field, electric
field, and plane-wave illumination of EMI gasketed joints. These gasketed joints consist of ametal cover that
is attached to ametal flange, which formsthe border of an aperture. The EMI gasket-under-test isinstalled in
the cover-to-flange joint. The apertureis of fixed dimensions. Several types of antennas are used to cover the
frequency range of the test, as well as the types of fields that must be generated and measured. Transmit and
receive antennas are initially placed on opposite sides of the open aperture to create a reference el ectromag-
netic field level. The EMI gasketed cover isthen installed, and another field measurement is made of the gas-
keted joint with the antennas |eft in the same position. The difference between the two received field levelsis
defined as the shielding effectiveness of the EMI gasket, in decibels.

Oneof themeasurement techniques(ARP 1173-1988) usesmetal spacersbetweenthecover plateandtheflange
to set up an additional reference measurement of the field level on either side of the slot that normally would
befilled with the EMI gasket. The difference between thisreference measurement and the gasketed cover mea-
surement isreferred to as the “shielding increase.” Similar modifications of the MIL-G-83528B (1993) mea-
surement procedure, which are not yet part of the current issue of the document, are also in current use within
theindustry. These modificationsinvolve the use of nonconductive spacersto create asimilar aperture, and the
use of nonconductive bolts to eliminate the effects of the fasteners on the measurement.

Figure 8 shows the setup for IEEE Std 299-1997 electromagnetic field reference measurements. In this case,
the reference electromagnetic field level is taken with the transmit and receive antennas in free space, sepa-
rated from each other by afixed distance that is determined, in part, by the thickness of the cover plate. This
type of field reference resultsin relatively high measured shielding effectiveness values for an EMI gasketed
flange. The MIL-G-83528B (1993) procedure establishes areference level, as shownin Figure 9, by aligning
the transmit and receive antennas through an open aperture in the wall of a shielded room. Thisresultsin a
lower reference level than for an IEEE Std 299-1997 measurement because of the aperture attenuation.

= =
REQUIRED SEPARATION
—— AND —
WALL THICKNESS
/N /N
ATTENUATOR
AMPLIFIER [
PRE-AMPLIFIER
SIGNAL
SOURCE RECEIVER

Figure 8—IEEE Std 299-1997 shielding effectiveness
reference level establishment
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Figure 9—MIL-G-83528B (1993) test setup

ARP 1173-1988 uses two el ectromagnetic field reference levels. One is the same through-the-aperture mea-
surement as for MIL-G-83528B (1993). The second involves measuring the electromagnetic field coupled
through the slot or gap formed by the cover plate that is being held off its mounting flange by metallic spac-

ers, but is fastened with nonconductive bolts. This significantly reduces the initial electromagnetic field ref-
erence level. Figure 10 shows the test setup.

SHIELDED ROOM

FIELD
INTENSITY METER

TEST ENCLOSURE MOUNTED AGAINST
SHIELDED ROOM WALL WITH RF
FEED THROUGHS THROUGH THE WALL

ELECTROMAGNETIC SOURCE

Figure 10—ARP 1173-1988 test setup
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Def Stan 59-103 (17-Sep-93) also uses two electromagnetic reference levels. One is the same as the MIL-
STD-285 (1956)/IEEE Std 299-1997 open field reference; the other is the same as the ARP 1173-1988 slot/
gap reference measurement. Figure 11 shows the measurement aperture.

16 x 6 mm DIAMETER STUDS
35 mm LENGTH

380 mm

14.5
mm

3 mm MILD STEEL 16 x 7 mm DIAMETER HOLES

452 mm

16 x 7 mm DIAMETER
HOLES

3 mm MILD STEEL
FINISH - ELECTRO TIN PLATE

Figure 11—Def Stan 59-103 (17-Sep-93) measurement aperture
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The antennas that are used for measurement consist of loops for magnetic field; dipoles, standard gain and
ridged guide horns, biconicals, log spirals, and log periodic antennas for electric field; and standard gain or
ridged guide horn antennas for plane-wave measurement. These different antennas are needed to generate
the three different types of electromagnetic fields to be measured, as well as to cover the frequency range of
measurement.

The aperture attenuation techniques define SE, in decibels, as

SE = 20IoglOE—1 = 20logqq —E—l (23)

2 2

where

E, or H; istheincident electromagnetic field on one side of the gasketed cover plate; and
E, or H, isthe corresponding field component on the opposite side of the gasketed cover plate.

The E-field can be expressed in volts per meter or dBuV/m (decibels above a microvolt per meter). The H-
field can be expressed in amps per meter or dBUA/m (decibels above a microampere per meter). The use
of the logarithmic expressions for the electromagnetic field strengths allows for simple subtraction of the
transmitted field strength value from the incident value.

ARP 1173-1988 also defines “ shielding increase” as the difference between the amplitude of the electromag-
netic field that radiates through the aperture that is formed by a cover plate and flange, and the amplitude of
the electromagnetic field level that results from the fully gasketed cover plate.

Note that the different electromagnetic field reference levels among these three standards makesiit difficult to
correlate their results. The smaller the aperture that is used for theinitial electromagnetic reference level, the
smaller the dynamic range that is available for test. In the case of ARP 1173-1988, in which the reference
level is taken through the slot or gap formed by the cover plate and flange, one is able to assess the metal
cover plate’s contribution to the shielding effectiveness measurement. This additional information allows an
assessment of what the gasket contributes to the overall shielding effectiveness of the test joint. Since, how-
ever, ARP 1173-1988 uses metallic spacers under the cover plate, and because the cover plate is quite rigid,
true EMI gasket performanceis not fully evaluated.

The following tabulations show the relative differences in the tests among the three techniques:

a) ARP1173-1988 test conditions:

— Test enclosure—305 x 305 x 305 mm (12 x 12 x 12 in) (internal dimensions) 1010 stedl,
6.35 mm (1/4 in) thick steel box, mounted to the internal wall of a shielded room.

— Cover plate—381 x 381 x 9.5 mm (15 x 15 x 0.375 in) thick electroless nickel-plated flange
with 0.025 mm (.001 in) maximum gap between the cover plate and the enclosure.

— Fasteners—12 equally spaced, nonconductive fasteners with metallic spacers (washers) on
each corner.

— EMI gasket-under-test—square “picture frame” gasket with a developed length of 1.372 m
(54in).

— Test frequencies:
— Magnetic field: 400 Hz, 1 kHz, 14 kHz, 50 kHz, and 200 kHz.
— Electricfield: 1 MHz, 18 MHz, and 100 MHz.
— Plane-wave field: 400 MHz, 1 GHz, 2 GHz, and 10 GHz.

— Receive antennas—|ocated inside test enclosure:
— 203 mm (8 in) long antenna.
— 203 mm (8 in) diameter loop antenna.

— Transmit antenna separation distance;
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— Magnetic loop and rod antenna: 152 mm (6 in).

— Dipoleand all other antennas.1 m (39.4 in).

EMI gasket measurement:

— Shielding increase due to EMI gasket (with and without the EMI gasket in the test joint).
— Total shielding effectiveness.

Calibration—calibration gasket used to check uniformity of gasket pressure.

b) MIL-G-83528B (1993) test conditions:

Test enclosure—610 x 610 mm (24 x 24 in) aperture with 25.4 mm (1 in) brass flange soldered
to the wall of ashielded room.

Cover plate—660 x 660 x 9.5 mm (26 x 26 x 0.375in) 6061-T6 aluminum.

Fasteners—52 1/4-20 metallic bolts spaced at 25.4 mm (1 in) intervals, torqued to provide gas-
ket deflection of 5% minimum and 10% maximum.

EMI gasket-under-test—25.4 mm wide x 1.75 mm thick x 660 mm x 660 mm (1 in wide x
.062 inthick x 26 in x 26 in) “picture frame” gasket.

Test frequencies—20 MHz to 10 GHz (electric field); swept frequencies are encouraged, but the
1, 2, 4, 6, and 8 times multiple of each frequency decade is allowed.

Receive antennas—Ilocated inside shielded room (outside room optional): biconical, dipole,
horn, and ridged guide horn antennas.

Transmit antennas—biconical, dipole, horn, and ridged guide horn antennas.

Transmit antenna separation distance—2 m (78.8 in) plus the thickness of the cover plate.
Measurement—total shielding effectiveness.

c) Def Stan 59-103 (17-Sep-93) test conditions:

Test enclosure—380 mm (15 in) circular aperturein 3 mm (0.12 in) thick mild steel, electro tin
plated 610 x 610 mm (24 x 24 in) penetration plate mounted on the wall of a shielded room.
Cover plate—3 mm (0.12 in) thick mild steel, electro tin plated, 452 mm (18 in) diameter.
Fasteners—16 equally spaced, 6 mm (0.24 in) diameter metallic studs mounted on penetration
apenetration plate.

EMI gasket-under-test— circular, “ picture frame” shape, with 1.35 m (53 in) developed length,
36 mm (1.4 in) wide.

Test frequencies:

— Magnetic fields: 10 kHz, 100 kHz, 1 MHz, and 10 MHz.

— Electricfields: 100 kHz, 1 MHz, 10 MHz, 100 MHz, and 400 MHz.

— Plane-wavefields: 1 GHz, 10 GHz, and 18 GHz.

Receive antennas—I ocated inside the shielded room: 305 mm (12 in) magnetic loop.

— Rod antennas for electric fields.

— Dipole, Yagi, and horn antennas for plane-wave measurements

Transmit antennas—305 mm (12 in) loop, rod, dipole, Yagi, and horn antennas.

Transmit antenna separation distance—305 mm (12 in) from cover plate for loop and rod
antennas for electric field and magnetic field tests, 1.83 m (72 in) from cover plate for other
antennas for plane-wave tests.

EMI gasket measurements:

— Shielding increase due to EMI gasket (joint tested with and without EMI gasket).

— Total shielding effectiveness.

6.3 Alternative techniques

In addition to the standardized techniques for evaluating the performance properties of conductive gaskets,
other approaches have been used or are under development. These variants encompass statistical character-
izations of the fields coupling through gasketed joints, measurement of the total power radiated through the
gasket aperture, adaptations of techniques used to measure the shielding effectiveness of planar materials,
and modifications of existing techniques to accommodate different gasket configurations.

Copyright © 1998 IEEE. All rights reserved. 20



6.3.1 Reverberation chambers

The electromagnetic environments (EME) that occur in such places as aircraft avionics bays, roomsin which
electronics are used, onboard ships, and in the streets of metropolitan areas are usually very complex,
encompassing a wide range of amplitudes, angles of incidence, and phase relationships. Predictions (see
Lehman [B10] and [B11]) and research results (see Freyer, et a. [B5]) have shown that the statistics of the
EMEs of all complex cavities are the same. By deliberately “stirring” the fields on both sides of an aperture
that contains the gasket, the power coupling through the gasket can be measured on a time-average basis.
Since the statistics of the EME in areverberation, or stirred-mode, chamber are expected to be the same as
those experienced in operation, the results that are obtained will be the bounding case for the gasket in itsin-
service configuration, and the results should be repeatable when tested in different reverberation chambers.

The aperture transmission techniques expose the gasket-under-test to discrete transmit-antenna-to-gasket
orientations (aspect angles) and polarizations. Reverberation or mode-stirred chambers (MSC), however,
expose the gasket-under-test to randomized fields by varying the electromagnetic boundary conditionsin the
chamber (see Hatfield [B7]). The gasket-under-test is thus exposed to fields of al aspect angles and polariza-
tions without having to rotate the gasket-under-test or change the transmit antenna position or polarization.
Through automated measurements, a statistical description of the field coupling through the gasketed joint is
obtained. The best case, worst case, and average, or mean, coupling are measured.

The basic concept of the reverberation chamber, or MSC, test method for gaskets (see Quine and Pesta
[B21]) isillustrated in Figure 12. Two metal enclosures are coupled via an aperture in a common wall. The
gasket to be tested is mounted under a cover plate over the aperture inside one of the enclosures. Each cham-
ber is equipped with a paddie-wheel tuner and antennas. The rotation rates of the paddle-wheels are adjusted
so that the speed of one paddle-wheel is high compared to that of the other. This allows for the measurement
of the maximum coupled fields inside one chamber as a function of the other chamber’s tuner position.
Shielding effectiveness is defined as the ratio of the power that is transferred into the second chamber, with
only acover plate over the aperture (Ppasaine), t0 the power that is coupled through the aperture with the gas-
ket-under-test inserted between the cover plate and the chamber wall (Pgoypieq), such that

SE (dB) = Pbaseline (dBm) - F>coupled (dBm) (24)
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Figure 12—Gasket measurements using reverberation chambers
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Both chambers must be operated above resonance so that a sufficient number of higher-order modes exist in
each chamber for the proper “stirring” of the fields. Specifically, tests are conducted at frequencies at which
60 or more higher-order modes are excited (see Crawford and Koepke [B3]). For a rectangular fixture, the
frequency at which 60 modes exist can be found by

N = g0 = 8mwh_(I+w+h) 1 (25)
38 A 2

where

I,w,and h are chamber dimensions; and
A isthe wavelength.

To illustrate the minimum dimensions required, acubic (I = w = h) enclosure is assumed. Since the influence
of the cubic term greatly outweights the other two, Equation (25) may be approximated as

smrir’
50 = 60 (26)

Thisyields I/A = 1.9275, or indicates that the minimum dimension of the chamber needs to be roughly two
wavel engths to support the necessary number of modes for good characterization. The lowest frequency will
be determined by the smallest chamber.

As the tuners in the chamber are rotated, the mode patterns are significantly changed. Both paddlie-wheel
tuners are typically rotated 360° in small steps using shielded motors. This results in a sufficient number of
boundary condition changes to generate afield that is statistically uniform over one paddie-whee! rotation.
Thus, during one paddie-whee! rotation, the gasket-under-test is exposed, on the average, to a uniform field
level. RF energy that leaks into the second enclosure is similarly stirred with the second paddle-wheel tuner.

Improper placement and orientation of the transmitting and receiving antennas can adversely influence mea-
surements. If adirect path exists between the transmit and receive antennas, or between the transmit antenna
and the fixture, the fields that exist within the “test zone” will be biased and will not be statistically uniform
over asingle rotation of the paddle-whedl. In order to avoid biasing the measurements, the transmit antenna
should be pointed toward a paddle-whedl tuner, or at a corner of the chamber, while avoiding a direct path
through the test zone.

The “nested” implementation of the reverberation chamber technique is illustrated in Figure 13. In this
approach, asmall chamber is positioned inside alarger one. A typical test fixture for the nested reverberation
chamber test is shown in Figure 14. In many cases, a single fixture can be adapted to test many gaskets. An
example of adapting a fixture to test a shorter gasket is also shown in Figure 14.

The mode-stirred chamber test conditions are

a) RF-tight enclosures (conductive material bolted or welded together).

b) Equipment that is capable of generation RF signals over frequency ranges of interest, typically
200 MHz to 18 GHz.

c¢) Directional, linearly polarized transmit antenna (i.e., log periodic or waveguide horns).

d) At least one paddle-wheel tuner, with conductive vanes whose dimensions are large with respect to
wavelength, that is mechanically coupled to a shielded motor or other device to turn the paddle-
whesl.

e) Fortesting long gaskets, a solid conductive lid may be placed over the top of the gasket and fastened
to the fixture with bolts. Nonconductive spacers are used when necessary to prevent damage to the
gasket-under-test.

f)  Measurements:

— Power received by antenna(s) in the second chamber (baseling).
— Power received by antenna(s) that are positioned in the fixture with the gasket in place.
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Figure 13—Nested stirred-mode method for characterizing EMI gaskets

Reverberation chamber tests can be very time-effective and cost-effective because testing to the same thor-
oughness using aperture transmission techniques requires the repeating of the test at a very large number of
aspect angles and polarizations. In addition, if the EME to which the gasket-under-test is exposed in itsin-
service configuration is complex, reverberation chamber testing can be the most representative method by
which to test the gasket.

The primary disadvantage of reverberation chambers is the reduced coverage at low frequencies. By using
two large chambers, lower test frequencies can be used. From Equation (26), 3 m rooms permit testing down
to 200 MHz. The lowest usable frequency for testing gaskets using the “nested” approach will be approxi-
mately 500 MHz because of the size of the smaller chamber.

6.3.2 Effective transmission aperture

This approach (see Quine [B17]) characterizes the gasket viaadetermination of the total effective power that
is radiated through a gasketed aperture. From this power measurement, the effective transmission width
(W) can be determined. W is readily relatable to Z; [see Equation (17)]. The effective transmission aper-
ture characterizes the power-coupling properties of an aperture in amanner that is analogous to characteriz-
ing areflecting object viaits radar cross-section. Each characterization is a measure of the relative amount of
power that is transmitted or reflected by the aperture or object.

A conventional two-room, common-wall coupled reverberation chamber has been used to characterize gas-
keted seams in terms of their effective transmission area per unit length (see Quine, et a. [B18]). In this
approach, the gasketed seam is mounted on the common wall between two chambers. Mode stirring is
employed in one of the rooms. Rotatable linear-polarized excitation is employed, with absorbers in the
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Figure 14—Options for mounting the gasket-under-test

smaller chamber to suppress resonances. Since the typical seam is highly polarized, a wave polarized with
an H-field that is parallel to the length of the seam is used to characterize the behavior of the gasketed seam.
To extend the technique to even lower frequencies, miniature H-field probes have been employed (see
Quineg, et a. [B19]) for determining the H-field vectors immediately on both sides of the gasket. Combined
use of the probes and mode stirring allows for a determination of the effective transmission aperture per unit
length of the gasket over awide frequency range.
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6.3.3 Modified ASTM D4935-89 (1994) fixture

ASTM D4935-89 (1994) utilizes an enlarged, tapered, coaxial transmission fixture for determining the
plane-wave shielding effectiveness of thin, conductive planar materials. A proposed modification to this
technique (see Adams [B1]) incorporates a gasket holder that is inserted into the ASTM D4935-89 (1994)
fixture in place of the material holder. Shielding effectiveness is defined as the 10log;q of the ratio of the
power that is coupled through the fixture with the gasket present to the power that is coupled through the fix-
ture without the gasket. The technique is simple to use. Swept-frequency instrumentation can be used to
cover abroad frequency range in a single measurement. The results that are obtained appear to correlate well
with those that are obtained with a transfer-impedance fixture. The primary disadvantages are that only
plane-wave data are produced, and fixture resonances limit the use of the technique to below 2 GHz.

6.3.4 Slot aperture

This approach (see Peregrim [B15]) is a modification of MIL-G-83528B (1993) that substitutes a
3 x 500 mm (0.12 x 20 in) slot for the 610 x 610 mm (24 x 24 in) square covered aperture. In this way, the
contribution of the cover plate to the total measured attenuation is removed, and only the contribution of the
gasket is measured.

6.3.5 TEM-t and H-t fixtures

Thistechnique (see Catrysee [B2]) isanalogousto ASTM D4935-89 (1994) in that it inserts the sample to be
measured in series with a transverse electromagnetic (TEM) mode transmission line device. With this tech-
nique, a square coaxial fixtureis“cut” in the center, and the sample to be tested is inserted between the two
halves. Coupling in and out of the test sample is via capacitance. Thus, E-field characteristics are measured.
The output and input impedance of the fixture is 50 Q. By varying the orientation of the test sample, polar-
ization dependence can be evaluated. The frequency range of operation is reported to be 1-1000 MHz. To
evaluate the magnetic coupling properties of the test sample, the H-t fixture modifies the center conductors
of the TEM cell to incorporate small coplanar loops that are close to the test sample. The frequency range of
the H-t fixture is said to be 1-1000 MHz. In both variations, swept frequency measurements can be accom-
modated.

7. Selecting a gasket measurement technique

Most of the present standards (ARP 1705-1981, ARP 1173-1988, etc.) define test details, such as fixture
design, specimen configuration, mechanical loading conditions, and interface flange materials and surface
treatments. It is unlikely that these test conditions and details will replicate the actual gasket application of
interest. Therefore, each of the techniques should be considered as a“ platform™ from which minor modifica-
tions and adjustments can be made to more closely approximate the application in question. For example,
the fixture might be modified to alow different cross-sections or compressive loading conditions to be
tested. However, basic parameters of these techniques, such as aperture sizes, cavity dimensions, antenna
setups, and frequency ranges should not be modified without a careful evaluation of the effects of such mod-
ifications on dynamic range, accuracy, repeatability, power requirements, and other factors.

7.1 Measurement reference

The decibel is used to cope with wide ranges of measured shielding effectiveness. In order to compare differ-
ent gaskets in terms of decibel shielding effectiveness, they must be compared against a common reference.
Unfortunately, the different techniques do not establish a common reference. For example, M1L-G-83528B
(1993) establishes the reference field by performing a measurement of the field that transmits through a
610 x 610 mm open aperture, whereas ARP 1173-1988 defines the reference field as that coupled through a
305 x 305 mm aperture with the cover plate in place. In addition, MIL-G-83528B (1993) uses conductive
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fasteners, while ARP 1173-1988 uses honconductive fasteners. As noted above, differences in aperture size,
the presence of the cover plate, and the types of fasteners that are used can dramatically influence the cou-
pling through the aperture. With the references being different, the separation of the effects of the aperture
from those of the gasket can be very difficult.

A comparison of the results provided by four different measurement technigques on the same gasket samples
(see Freyer, et ad. [B6]) demonstrates that absolute decibel values of shielding effectiveness do not track
across techniques for the same gasket, and that relative performance between gaskets does not correlate from
technique to technique.

The units of Z; are ohm meters. Thus, to compare two gaskets in terms of their transfer impedances, their
respective lengths must be known so that they can be normalized to the same length.

7.2 Sample configuration

Most of the existing test methods define a gasket specimen configuration in terms of size, shape, and cross-
section. Table 1 describes the plan-view configuration and overall size of each method's gasket specimen.
Theterms*“circular” and “rectangular” refer to plan view, not to cross-section. Since most specimens are cut
from sheet material, they have rectangular cross-sections.

It is considered acceptable to vary the gasket cross-section, but not the overall (plan view) shape or size, for
all standardized test methods. For example, gaskets with square, “O,” “P” or hollow cross-sections could be
substituted for the specified rectangular cross-section specimens. Such modifications may enhance the rele-
vance of any of the methods for evaluating a particular gasket application.

7.3 Frequency range

The choice of frequency range is influenced by the end application. The type of field (E-field, H-field, or
plane-wave) that impinges on a gasket during a radiated gasket test is wholly determined by

a) Thetype of source excitation (current or voltage)
b) Thedistance from the source antennato the gasket-under-test
¢) Thesource frequency

Detailed guidelines on antenna types, antenna-to-source distances, etc., for performing these tests may be
found within the individual test standards.

Other factors that dictate the useful frequency range of radiated measurement approaches are related to
both the size of the sample and the measurement environment. The size of the sample will directly deter-
mine the lower frequency limit of the measurements being made. The measurement aperture acts like a
waveguide below cut-off or a high-pass filter. This means that frequencies below the cut-off frequency will
be strongly attenuated. The dynamic range, consequently, will be severely limited in this region. In the
case of MIL-G83528B (1993), thisrangeis around 200 MHz for the 610 mm square aperture.

The measurement environment also affects the integrity of the measurements being performed. Most radi-
ated gasket tests are made in simple shielded enclosures, since anechoic chambers are relatively expensive.
At lower frequencies, in which the physical dimensions of the room are on the order of one-half wavelength,
standing waves or resonances are produced. At the other end of the spectrum, numerous coupling modes
may interact to compromise the base measurements. The use of reverberation chambers is recommended
when maximum precision is required. This practice, however, once again carries a cost penalty.

Frequency limitations of a different variety are inherent in current transfer impedance approaches (such as
ARP 1705-1981). Since the test fixture is coaxial, the energy propagates in a TEM mode that, in effect, can
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yield data down to dc, which is very useful. High-order modes in the fixture, however, presently limit the
technique to below 2 GHz (see Freyer and Hatfield [B4]).

7.4 Dynamic range

Dynamic range refers to the difference, in decibels, between the minimum detectable signal with the gasket
in place in the measurement fixture and the maximum signal that is coupled through the fixture without the
gasket in place. The dynamic range will be bounded by the sensitivity of the measurement receiver and the
power output capabilities of the signal sources, or by safety considerations or regulatory constraints.
Dynamic range is predominantly a function of frequency. The direct impact of the cutoff properties of the
aperture on dynamic range at frequencies of less than 200 MHz [see MIL-G-83528B (1993)] was mentioned
previously.

Simplistically, the magjor contributors to dynamic range are source power, antenna gain, and receiver sensi-
tivity, al of which vary with frequency. Suggested power levels typically are outlined for both signal gener-
ator and amplifier combinations in the standards themselves. Furthermore, typical antenna types are
outlined. The choice of antennas is important because, for a given band, different gain antennas are avail-
able. Antennagain isrelated directly to the illumination characteristics of the antenna.

Perhaps one of the most overlooked contributors to the dynamic range of a measurement is the integrity of
the shielded room itself. Meaningful measurements require that the shielding effectiveness of the room be
much greater than that of the gasket-under-test. Otherwise, extraneous signals or noise will mask the desired
measurement.

These considerations suggest that it is desirable to estimate in advance what the anticipated shielding effec-
tiveness of the gasket-under-test and its fixture is likely to be. Knowing this will help define the required
parameters of the measurement approach.

7.5 Other considerations

It is often necessary and desirable to evaluate the effects of environmental exposures, mating flange finishes,
or varying degrees of compression or gasket performance.

Because the transfer impedance technique employs a bench-top fixture with a small and easily removable
gasketed test joint, it is especially suited to making measurements before and after environmental exposures.
Although such evaluations can aso be accomplished with the radiated techniques, some form of removable
adapter plate is required; and the environmental chambers would need to be large enough to accommodate
300 mm or 610 mm square test flanges.

The evaluation of gasket performance as a function of mating flange surface (such as plating, coating, or fin-
ish roughness) can be accommodated by any of the standardized methods. Likewise, the mechanical modifi-
cations that used to evaluate various compression or deflection levels can be accomplished with any of the
techniques. Fastener spacing, fastener torque, gasket cross-section, and mating flange flatness are some of
the parameters that are typically modified for such evaluations. For gasket cross-sections that can be
deflected with low compressive force, metal fasteners can be replaced with plastic fasteners to eliminate the
contribution of the fasteners to the field attenuation.

The type and location of fastenersisimportant. Metal fasteners establish aternative paths for current to flow
around the gasket. However, some users may want conductive fasteners to reflect actual usage in eguipment.
Conductive fasteners will cause fixture resonances at those frequencies at which the spacings are odd multi-
ples of half wavelengths. Consequently, fixtures that have different fastener spacings may produce markedly
different results.
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With al other factors remaining constant, the power that is transmitted through a homogeneous gasket is
proportional to its length. Thus, a fixture that employs long gaskets will show less shielding effectiveness
than afixture that employs short gaskets. So long as the gasket behaves as a uniformly distributed impedance
across the measurement aperture, its transfer impedance, its effective transmission area, or its shielding
effectiveness can be normalized to unit length. If, however, the measurement apparatus or the gasket itself
exhibits resonances, unit length data can be unreliable.

8. Repeatability

All gasket measurements exhibit variations from test to test and from sample to sample. These variations are
caused by differencesin test setups, normal variations in test instrumentation, differences between test sam-
ples, and aging and environmentally induced changes in the samples. The variations between the results that
are provided by different test techniques and by different test setups can easily be greater than those that
arise from the gasket itself. Differentiating between these variations can be difficult.

Test-to-test variations arise from normal differences between instruments, from differences between trans-
mitting and receiving antennas (including their positions) and, primarily, from differences between test tech-
nigques. Instrumentation-related variations include those variations that are caused by line losses, impedance
matches between instruments, cables and antennas, and cable positioning. These line losses and impedance
mismatches typically produce 26 dB variations between different test setups, but less than 1 dB variation
between test samples that are measured with the same test setup. Cable positioning, however, can be critical
during radiated measurements, and can easily cause 1020 dB variations in test results. To minimize varia-
tions due to cable position, all signal and power cables must remain fixed in place throughout a measurement
run.

The differences that are caused by the use of different test techniques can be dramatic. With the aperture
transmission techniques, for example, the shielding effectiveness of a gasket that is measured with a pair of
monopole (electric field) antennas will likely be much higher than that measured with a pair of loop (mag-
netic field) antennas. The results produced by these tests may not appear consistent with the results that are
obtained with plane-wave exposure. Plane-wave tests that are performed with the aperture attenuation tech-
niques use a variety of antennatypes, such as horn, biconical, spiral, and log periodic antennas. The unifor-
mity of the exposure of the gasket by the various antenna types varies with frequency and distance from the
test sample. At those frequencies at which the gasketed aperture or the gasket itself behaves as a multimode
antenna, in particular, only dlight differences in separation distance or incidence angle can produce large
changes in the received signal level (i.e., in the apparent shielding effectiveness of the gasket).

Unlesstest chambers are anechoic, they will exhibit very high Qs at resonances. Resonant effects, which can
be significant from approximately 0.8 f,, or about 85 MHz for a2 x 2 x 2 m enclosure, can result in changes
of 2040 dB in the received signal level that arises from very small changes in the location of the antennain
the chamber. In other words, small changes in the position of an antenna between samples, between test
runs, or between test sites can produce large changes in the apparent shielding effectiveness of atest sample.
Inasimilar vein, at frequencies at which the transfer impedance fixtures are resonant, small variationsin fix-
ture size or geometry can result in significant differences being produced by different test fixtures.

Correlations between shielded room sites can be difficult due to differences in the sizes of the shielded room
and/or test setups. The presence of test personnel inside the enclosure, and their relative positions, can affect
measured signal levels. Repeatability between measurements using the same shielded room site can be kept
within 6 dB with attention to the details of the measurement procedures. Even thisis difficult if different per-
sonnel perform the test.

Surface geometry and surface conditions of both the gasket and the fixture can be responsible for wide dif-

ferencesin test results. If the test fixture is bare aluminum, for example, it will have a very thin, nonconduc-
tive oxide film over the contact surface. Metallic gaskets that “bite” through this film will show much higher
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values of shielding effectiveness at lower frequencies than those that cannot penetrate the oxide film on the
fixture. Some conductively loaded polymers (such as those loaded with nickel-coated graphite particles)
have a particular morphology that allows excellent bite-through of oxide-coated surfaces. Environmental
exposure can cause significant changes in the surface conditions of the gaskets themselves.

The reverberation chamber approach accepts that variations occur along the length of the gasket, and seeks
to measure the maximum coupling through the gasket by collecting a statistically significant number of sam-
ples. Repeatability of reverberation chambersistypically on the order of 3-6 dB.

9. Measurement uncertainty

Measurement uncertainty is arange above and below a measured value that contains, with a specified proba-
bility, the true value of a measurand. The user of measured data must understand that the results obtained by
different investigators will vary because of differences in the instrumentation, the measurement technique,
and even in the requirements of the standard used to perform the test itself.

Most uncertainties are estimated based on the probability distributions that are assumed for, or assigned to,
the contributing quantities, the use of the tolerances of the instrumentation, the measurement setup variabil-
ity, and the technique of the tester in performing the test.

Typicaly, the overall uncertainty is estimated in part by identifying uncertainties and tolerances in the
instrumentation chain that is used in performing each of the techniques shown in Table 1 of this guide. The
figures associated with each technique show the basic components of the instrumentation chain. Each com-
ponent will need to be evaluated asto itsindividual uncertainties. The most common guidance document for
such evaluationsis NIS 81 [B14].

Another component of uncertainty is based on the variability of repeated measurements. In Table 1, this has
been estimated for each of the techniques shown. By combining this result with the estimation of the instru-
mentation uncertainty, using the technique contained in NIS 81 [B14], the overall measurement uncertainty
can be estimated. The measurement uncertainty associated with a set of data should be provided in accor-
dance with NCSL RP-12 (4/95). If not, the user should request it.
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