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A new shielding effectiveness measurement method based on a
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Abstract. We propose a new convenient material shield- ness of jointed metal panels (Fit) is, which are screwed

ing effectiveness measurement method based on a skin-effetbgether. In any case, the shielding effectiveness of such ma-
transmission line coupler. The method is somewhat simi-terials can only be calculated for simple shielding geometries
lar to the arrangement with two coupled TEM cells known (Klinkenbusch 2005. In most cases it must be measured,
from literature. The transmission line coupler consists of aaccording to a suitable method.

pair of identical transmission line 2-port devices. Each de- Depending on the purpose, some methods based on cables
vice contains a coaxial waveguide, with a circular inner con-(ASTM D4935 1999 Kinningham and Yenni1988, cou-
ductor and an outer conductor having a square cross sectiopled TEM cells Nishikata et al. 2006 or antennaslEEE

One side of the outer conductor is left completely open asStd 299 1997 MIL Std 285, 1956 EN 50147-1 1997 Wil-

a slot. The slot is surrounded by a large metal housing toson et al, 1986 are described in literature, all with specific
contact the two halves. As a measure for the shielding effecadvantages and disadvantages. In many cases the results de-
tiveness the coupling between the two devices is measuregend on the individual test arrangement, and it is difficult to

in terms of scattering parameters after the test material iseparate these influences and assign an uncertainty to the re-
brought between the two halves. The devices can be usegults. Obtaining material specific attenuation properties that
in a range from low frequencies to a few GHz. are geometry independent remains difficult. The method and
equipment described in the present paper is based on a trans-
mission line coupler consisting of two separate halves be-
tween which a planar sample can be pressed @iglt is
similar to an arrangement with two coupled TEM cells, but
easier to handle. However, it has also certain limitations. The
measured material sample must be thin enough (thickness at

plications in very diverse areas of our technical environment. s ) o
Modern electronic equipment usually contains sensitive cir-€aStin the order of the skin depth) and must have sufficiently
high conductivity from low frequencies to a few GHz. How-

cuits and/or clock oscillators, and proper shielding of these q - calibrati p bil it f
components is often required to comply with eIectromagneticever’ a vantagtlas are: (’;?' ratllor:j an trlaceg ! lt)f/ W'tl a ;e )
compatibility regulations. Especially for high-volume pro- erence material, a small required sample size of only a few

duction of consumer devices the conventional metal shielde&mz' very little crosstalk and rapid measurements with a vec-

enclosure is often prohibitively expensive, therefore alterna.to" network analyzer (VNA), offering fast and simple trace-

tives had to be found, e.g. metal coated plastic materialsf"ble ca.llbrat|on.
Another example of a rather unconventional shielding mate- !N this paper we present our new measurement method
rial is conductive textile used to make protective overalls for@nd describe its numerical modelling based on the method
workers in possibly hazardous electromagnetic fiefdgy ~ ©f moments. In order to verify our calculations we compare
et al, 1987 Hoeft and Tokarsky2000. Also in traditional shleldmg effecuveness.measurements on steel foils of knpwn
applications like shielded room construction new modularthickness and conductivity to our numerical results_. We find
concepts rise the question how good the shielding effective® 900d agreement of measurements and calculations, espe-
cially for low frequencies. Finally we present first applica-
Correspondence tdf. Kleine-Ostmann tions of our new method by verifying the shielding effective-

(thomas.kleine-ostmann@ptb.de) ness of assembled shielding panels and comparing the atten-

1 Introduction

A variety of unconventional shielding materials finds vast ap-
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Fig. 1. Panels for modular construction of shielded rooms (left:

separate zinc panels, right: copper panels screwed together). The b b4
') e g

measurement positions of the couplers at the position of a screw
(dotted line) and between two screws (dashed line) are indicated.

Fig. 3. Four-port representation of an ideal transmission line cou-
pler.

measured input and output return loss shows that by the me-
chanical design, the coupler devices are well matched up to
3 GHz, ensuring a low voltage standing wave ratio (VSWR)
on both coaxial lines. If both devices are attached to oppo-
site sides of the separating metal plate, the crosstalk between
the two coaxial compartments of the 4-port is strongly re-
duced depending on the shielding properties of the material.
If the metal plate is removed and the devices are directly con-
nected, there is a maximum coupling between the electric
and magnetic fields in the two slots. In this configuration the
4-port behaves like a conventional directional coupler — but,
of course, here directivity and bandwidth are not optimized
for that purpose. Fig3 shows the 4-port representation of
uation of different possible reflector materials for a new openth€ transmission line coupler indicating the wawgs..., a4

area test site which is currently under construction. in the forward direction andl, ..., b4 in the backward direc-
tion. In the ideal case it is loss-less and reciprocal. Therefore
it can be described by scattering paramesgys-Sx; with

Fig. 2. Skin-effect transmission line coupler.

2 Measurement method and setup

S (b S11~0812~1 S13  S14 ai
For the measurements a pair of identical transmission line| 3, So1x~1S0m~0 Sos Soa as
2-port devices are made from copper and fitted with N- | p5 | = Sa1 S32 S33~083a~1|| a3 (1)
connectors (Fig2). Each device contains a coaxial wave- \ p, Sa1 Sa2 Saz~1Suu~0 as

guide, with a circular inner conductor (length105 mm,

diameterd=3 mm) and an outer conductor having a square Of especial importance are the coupling strengthsand
cross section (6.5 mm x 6.5 mm, lengt#110 mm). One side  S4; since they can be used to characterize the shielding ef-
of the outer conductor is entirely left open as a slot, while fectiveness of the tested material. In the case of directly con-
the housing consists of a large metal area to contact the derected couplers without metal plate between theSgy| is
vices. If the slot is closed with a solid metal plate, the devicein the range of-50 dB whereasSs1| varies betweer-25 dB

is completed to become a precision &0coaxial line with and—50dB, showing oscillatory behavior as a result of the
low insertion loss and a low input reflection coefficient. The resonance length of the device.
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Fig. 4. Energy transport through metallic shielding material (sur-
face normal n and distanaeto the circular conductor) with spe-
cific conductivity and with thicknesg smaller than the skin-depth
8. The magnetic fieldd, of the circular conductor with alternat-
ing current! (¢) of amplitudely and angular frequenay causes a  Fig. 5. Computer model of the skin-effect transmission line coupler.
current density/, in the shielding material.

reverse direction (ports 1 and 4 as in F3), with the VNA

Shielding effectiveness measurements can only be made iports at opposite ends.
comparison to a reference material. The first reason why it is
not desirable to use the direct connection as 0 dB-reference
for measurements of shielding material is that the devices ar@ Numerical simulation model
no longer 5022 lines. The second reason follows from the
fact that the coupling mechanism is different, if very thin, For the numerical evaluation of the transmission properties
but highly conductive material is inserted between the twoof the empty coupler and the coupler with foil the method
devices. As with the bulk metal plate described above, bothof moments implemented in the program ConcepSihger
sides are then again 3D lines. The excitation signal on one and Biing 20069 seemed appropriate. This numerical pro-
side causes a current distribution which is nearly the samegram code offers a special feature, which seemed best suited
as if the coaxial lines were completely separated. In thisto calculate the transmission through highly reflective and
case the coupling into the second compartment is no longevery thin layers. It accurately calculates the penetration of
caused by electromagnetic fields in air, instead it may be bestvaves through highly reflective materials with high shield-
described by the skin effect, which makes a small fraction ofing attenuation — provided that the material is thin and highly
the current distribution on the excited input line side “visi- conductive.
ble” at the other surface of the thin material. This situation Under these circumstances the energy flow inside the ma-
is depicted in Fig4. The propagation of external fields into terial is perpendicular to the surface, and its propagation is
a conductive material under these conditions is discussed bwell described by a transmission-line approach, where the
Jackson(2002. The current density in the conductive ma- attenuation along the line is derived from the skin-effect for-
terial decays with the distance from the surface where thenula.
excitation takes place. The coaxial line at the output side is The problem was to define a geometrical model which was
excited by a low-impedance, travelling wave current distri- accurate enough to ensure an unidirectional energy flow and
bution on one of its surfaces — a situation which is difficult a proper smooth current distribution along the excited trans-
to model with conventional transmission line theory, becausemission line. Figures shows the simulated geometry. The
distributed generators would be required. model consists of two different dielectric bodiesrefl with

To test these assumptions, measurements as well as cadtleally conducting metallic surfaces and embedded conduc-
culations based on a numerical simulation model were pertors which represent the two coupler halves. The connections
formed for the coupling devices described above, separateffom the N-connector to the inner conductor are simply mo-
by foils of different thickness made from stainless steel. Ma-delled by 1 mm thick wires of 5 mm length which are con-
terials of 10um, 20m, 25,0m, 30m and 4Qum thickness  necting the conductors to the outer surface of the slot wave-
were available for this purpose. guide in which they are embedded. All wires are loaded with

The two ports of the VNA were connected to one port of a 50 impedance. A signal of constant power is fed in port
each device, with the other port of the transmission lines eaci.. Scattering parameters are derived from the currents ob-
terminated with a precision 50 load resistor. Two different  served on the wires.
arrangements were then measured, one with the port con- The two halves are separated by a conductive layer that
nectors in close proximity (referred as the forward direction, represents the sample under investigation for which thick-
ports 1 and 3 as in FigB), and the other with one line in ness and conductivity can be specified. The implementation
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Fig. 6. Comparison between shielding measurements and numerical
simulations forS41. Fig. 8. Measurement setup with increased dynamics.

verify our numerical simulations. The measurement dynam-
ics are in the order of 90 dB. Figu@shows a comparison

of measurements and simulations for the transmission in re-
verse direction §41) whereas Fig7 shows the correspond-
ing comparison for the forward directiosy;). Before the
measurement the VNA was calibrated. The 0 dB-line corres-
ponds to a through connection between the VNA ports.

In both cases we see a good agreement between measure-
ments and simulations for the lower frequencies, especially
for 10um and 2Qum thick foils. As the frequency increases,
the discrepancy between simulations and measurements be-

comes more pronounced, especially in the cas&;af We
00— ——— attribute this to the fact that the modelled geometry lacks a
Frequency / MHz sufficient level of detail to represent standing waves in the
output section correctly. Furthermore, the measured cou-
pling ranges below the simulated results. Obviously losses
Fig. 7. Comparison between shielding measurements and numericaire not sufficiently accounted for as the coupler housing is
simulations forSs;. assumed to be ideally conducting. Therefore, the reverse
(S41) direction should be preferred for the measurement of
the shielding effectiveness. For thin foils (k& and 2Qum
benefits from the symmetry of the devices with regard to thethickness), the coupling can be calculated with good agree-
cross section shown in Fig. which reduces the amount of ment between theory and experiment up to 3 GHz, whereas
variables and computation time by a factor of two. The si-for thicker foils accurate calculations are restricted to a few
mulations were performed with approximately 13500 com-hundred MHz, depending on the thickness. The results show
plex variables on a PC with 2 GByte RAM using swap files that the measured coupling strength can be reliably related to
on the hard disk. A single simulation run involved 60 fre- the thickness of the foil.
quency steps of 50 MHz up to 3 GHz and took approximately
three days.

IS, |/ dB

o Simulation
Measurement

5 Applications

4 Comparison of measurements and simulations First, we use our new method to verify the shielding effec-
tiveness of the panels shown in Fify. The panels under
We performed measurements with stainless steel foils ofnvestigation were stringed either with copper or with zinc
known thickness and conductivity to be able to relate ma-foil. While the 200um thick foil has almost perfect shielding
terial properties to their measured coupling strength and tgroperties in both cases (beyond the limits set by the mea-
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Fig. 9. Attenuation of different panel configurations.

zinc layer causes a complete decoupling, already. Although

our method does not measure its reflectivity, good reflection
surement dynamics), the connection between panels seenpgoperties of such a layer can be assumed as the transmission
critical. The interface between two adjacent panels is simplyparametetS»1| is close to 0 dB, representing a low attenua-
established by screwing panels together. This way blank coption of the signal along the line. A comparable zinc layer will
per or zinc surfaces on the panel sides are pressed togethetbe used for the new open area test site in Braunschweig.

In order to achieve higher measurement dynamics com-
pared to a simple VNA measurement, we use the setup shown ,
in Fig. 8. Precision attenuators of 50 dB followed by a 40dB © €onclusions

lifier (Amplifier R h 10w1 ted t -
amplifier (Amplifier Research 10W1000) are connected 0We demonstrated a new method to evaluate the shielding ef-

port 1 of the VNA. After calibration of the VNA and a test . ; A
gectlveness of planar materials, based on a transmission line

measurement of the empty coupler two of the attenuator oupler. Couplers are broadband devices with well-matched
are removed, increasing the measurement dynamics by gpoupier. P

6B.Nex. tn couplrs were placecrthogoaly cross 0TS S 008 A P [edicng ety
interconnection of two panels (see Fi, forcing the cur- P ' P

rents to flow across the contact area. Figlighows the re- methods, it is much easier to handle since it avoids antennas

sults for different measurement positions (at the position of a2 resonant cavities and allqws fast network analyzer mea-
urements. Furthermore, with other methods the reflection

screw and between two screws) and for different attachmeng - c € o
strengths (loose, hand tightened and wrench tightened), botﬁoeﬁluents at the VNA ports change significantly, when the

for copper and zinc panels. Only in the case of a loose scre%a;egglf; aan:gir'esn'gesitaegﬂ;h; Tvﬁiiug?& Tr;trs]ig%ri]nber#as_ed
which led to a visible crack between panels, a decoupling o P 9

approximately 80 dB was measured. In all other cases the det_erlals can be compared. . -
Measured and calculated transmission coefficients for the

coupling was beyond the measurement dynamics of at least o X . ; -
1OOF()ng y Y transmission line couplers and different metallic shielding

L oo materials are in reasonable agreement already (especially at
As a second application we compare the shielding effecy,q |o\y_frequency end), which indicates that the numerical

tiveness of different surface coating materials. This meéa e is adequate and suited for the problem discussed here.

surement was done to evaluate the performance of POSS{yq\yever, a further refinement of the simulated geometry wil

ble reflector materials for a new open area test site which isnelp to achieve a better match between measurements and
currently under construction at the Physikalisch-Technischqheory_ Further work that aims to relate material properties
Bundesanstalt. Since we were not sure that a thin metal Coabirectly to the observed coupling is under way

ing is sufficiently reflecting we tested its transparency for

electromagnetic waves assuming that an intransparent metaleynowledgementsThe authors thank H. Bns from the Insti-
layer would reflect most of the incoming radiation. Figife  tyte of Electromagnetic Theory at Technical University Hamburg-
shows the coupling facta$s; for metallized steel cloth, a  Harburg for his advice regarding the electromagnetic simulation of
double layer of anti-static foil, and two different zinc metal the device and A. Daneschnejad as well as Thomas Baron from the
layers sprayed on paper using a electro-thermal process confhysikalisch-Technische Bundesanstalt for the precise fabrication
pared to the previously measured/d zinc foil. The 5um  of the transmission line coupler.
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