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ABSTRACT

Metallic mesh thin film coatings have been used for many years to provide electromagnetic interference (EMI) shielding
on infrared windows and domes. Thedeof EMI shielding effectiveness (SE) of metallic mesh coatings when used in a
high frequency application is understood and characterized. Conversely, the level of SE of these metallic mesh coatings
when used in a low frequency application has beendcadte question. In a recent study, we applied an appropriately
designed metallic mesh coating to a sapphire window, mounted that window in a fixture, and tested the SE of the
window assembly over a frequency range that envelopes the various militaoyrptatiovered in MIESTD-461 (10

kHz to 18 GHz) for a radiated emissions test. The test plan was devised in such a way as to independently assess the
individual contributions of the aperture, the mounting, and the metallic mesh coating to the totalgshidldiresults of

our testing will be described in this paper. Additionally, the test results will be compared to the predicted SE for both the
aperture and the metallic mesh coated window in order to validate the predictive model. Finally, an assegsment o
appropriateness of the use of metallic mesh coatings for EMI shielding in a low and / or broad range frequency
application will be made.
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1. INTRODUCTION

Proper electronmgnetic shielding is an importaféctor inproviding protection for sensitive equipment in both military
and civilian applications, such as sensddsdesirable radiationan causelectromagnetic interference (EMhich

can takethe form ofdamage oother unacceptable response®peration. Often, testingfor various military
applications conformito MIL-STD-461, which specifies electromagnetic compliance (EMC) for conducted emissions,
conducted susceptibility, radiated emissions and radiated sildlitgpt Susceptiblecomponents t&MI are often
located behind mtics. System designers establish functional exposure levels for internal citcuiteysideor

controlled radiationtesulting in theflowing downof the proper requirements to the maatfirer of the optic or optical
assembly.Thus,shielding against EMis used to reduce radiated emissions from a system or reduce radiated
susceptibility of a system and the term often used for such a specificagiielding effectivenegSE).
Fundanentally,SE s the ratio of the incident wave to the transmission wave for either the electric fieldc@moabn)
or magnetic field, whether in the nefgld or farfield.

This effort attempts to move closer to a definitive answer téotfeving quesions
1. Are the appropriately designed metallic mesh coatings a viable solution to a broadband EMI shielding problem?
2. Can metallic mesh coatings provide shielding at the lower frequencies range?
3. Can atest method be developed that quantifies the contritefttbe metallic mesh coating and substrate to the
overall shielding effectiveness of a test assembly?
4. Doesthe existingmodel accurately predict the SE of a metallic mesh coated window from 10 KHz to 18GHz?

This paper describes the results of modeling experimentation specifically designed to address those questions for a
metallic mesh coating on a sapphire window. Battelle Memorial Institute deposited the metallic mesh coating and
provided the theoretical model. Exotic Elee®ptics provided theabricated sapphire windoand conducted the

testing and analysis
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2. GRID COATING DESIGN AND MODEL PREDICTION

Metallic mesh coatings are routinely deposited on infraredovirs to provide electromagnetic shielding to the
electronics and sensors operating behind the windows. An example of a metallic mesh coating using a square mesh
pattern is shown ifigurel.

@
Setiel

Figure 1: Typical Square Mesh Coating 5 um wide lines, 50 pm centeto-center line spacing.

The advantage of a mesh coating over a continuous conductive coating is that the mesh will providioleighd

infrared transmittance while also providing high micese and RF shielding. Continuous conductive coatings such as
indium tin oxide, In,SnOs, or ITO, can be used to provide shielding for visible window applications, but for many
applications mesh coatings can provide higher optical/IR transmittance,dffeetive sheet resistance, and higher
shielding. ITO and most continuous conductive coatings do not transmit well in the infrared.

Thevisible and infrared transmittance of a mesh coating is a function of the geometry of the mesh. Viwklztal
infrared transmittance of the mesh is equal to the percent open area of the mesh. Due to diffraction by tfislied at
and infrared wavelengths, the transmittance of the mesh through therderar main diffraction lobe is approximately
equal to tle square of the percent open area.

Several factors control tH&E of a metallic mels coating. Thicker metal will deease the effective sheet resistance of
the mesh, increasing the shielding, especially at the lower frequencies. Increasing the limefvedtiesh and reducing
the spacing between the lines will also increase the shielding, but these changes will also rediibketed infrared
transmittance.

Metallic mesh coatings do have the disadvantage of diffraggosuscontinuous coatingsAlthough diffraction cannot
be eliminated when using a mesh, the effects can be reduced by randomizing the pattern and/or selactifpen
pattern.

Shielding Effectivenes$redictions

SEis the attenuation of an incident electromagnetic plane\iald as it is transmitted through the mestated
window,

SE= 20log,, E
E,
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whereE; andE; are the incident and transmitted electric fields, respectively. As long as the thickness of the mesh coating
i s much | ess twhaetheakingdpiis defireeags follows: U ,

5= |2 @)
[0)Tle}

w =2nf,

M = permeability,

o =conductivty, and
f =frequency,

the SE is almost entirely due to reflection of the incident plane wave at the air to mesh intéefdceoatings are
usually less than 1 or 2 pm thick and the skin depth of gold at 18 GHz igu,5® the mesh a@tings are generally
much less than a skin depth for microwave and lower frequencies.

The transmission coefficient of an infinite metallic sheet of thickhdas to a normally incident plane electromagnetic
wave is given by transmission line thedrfor thin continuous conductive films the transmission coefficient an8Ehe
is independent of frequency and can be characterized by the sheet resistance of théRgoating,

3

1
"

As long as the thicknesss less than the skin depth and the conglaatoating has low intrinsic impedance compared to
free space, ignoring the effects of the substrateSHig?

SE=20log,, 1
1+£
2R, (4)
where
o= o
&y

The SE of a metallic mesh coating depends on frequency as well as the sheet resistance of the metal comprising the
mesh, thenesh geometry, the permittivity of the window material, and the thickness of the window.

At low frequencies, as long as the incident fields are plane waves, a metallic mesh coating performs as a continuous
conductive coating. The SE is given by equafipasing an effective sheet resistariRg, in place ofR.. The effective
sheet resistance of a square mesh coating is

Rer = IQ R 5)
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whereg is the line spacing ands the line widthAs the frequency increases, the frequency dependence of the mesh

mustbe taken into account. Battelle has modeled the plane wave transmittance of a mesh coated window as a function

of frequency. The model is based on the transmission coefficient analysis for arbitrary layered medid bydRack

empirically developed &quencydependent model for the impedance of the finitely conductive metallic mesh coating.
Based on a Battelleds model of t he pSEnfmenetallia mesh coatirgn s mi t t
with 5 micronwide lines and 50 micron lingpacing as a function of frequency is showfigure2. Taking into

consideration the continuous metal sheet resistance, the effective sheet resistance of this mesh coating is 0.2 ohms/sqg.
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Figure 2: Predicted shielding effectiveness of 8x50 square mesh coating on 0.28ch thick sapphire

The SE of a continuous coating with a sheet resistance of 0.2 ohisspgroximately 60 dat DC At low
frequencies, where the apertures in the mesh are rmalkes than a wavelength, the mesh will perform exactly like a
thin continuous conductive film of the same sheet resistance.

At higher frequencies, where the wavelengths are nearer to the dimensions of the apertures in the mesh, the mesh begins
to leakand theSEis reduced as frequency increases.

3. PANEL AND TEST FIXTURING CONFIGURATION

A patterned conductive mesh coating and buss bergapplied by Battelléo one side of 40 %2 x 8 %2 x ¥ inch thick
polishedsapphirewindow fabricated by Exotic Ele-Optics.The mestcoatingwaspatternedn the central $2x 7 ¥

inch areaandterminated with a solid buss bus bar applied around the entire perimeter of the coated side of the panel.
Themeshcoating and the buss bar hate samenetal stack composin. The test frame and retainer are made out of
6061 T6 aluminum. The retainer is held to the back of the frame by 182 8tainless steel socket head cap screws. The
recess irthe frame was sizkto holda 0.125 inchthick conductivesiliconegasket MIL -G-E352B), the mesttoated
sapphire window, and @125 inchthick silicone gaskefThe compression in the conductive gasket dewslaphen the
retainerwastorqued dowrl5-25%. The frame is mounted to the test chamber wall Ustmg/+20 steel socket headp
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screws.The assembly is built up in the following sequerfcemei conductive gaskét conductive side of windouv
silicone gasket retainer. Figures 3 and 4shows the

test assembly.

Figure 3: Window and Test Fixture Configuration

Figure 4: The window is put in place with the conductive gasket making contact with the buss bar and the fixture.
A non-conducting gasket andetainer are placed on the opposite side to sandwich the window in place.
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4. TEST PROCEDURE

Approach

The goal of the testing is to
were performed that would allow fortkex t r act i on
performed for eacbf the four antenna seips

det er mi nSE Atsdries oftesirans r i
o f. The folwingiis a isboftideseas8r&ments

buti o

a) Open aperture (nothing in pass through): Establishes baseline for comparisandgasaltements
b) Solid Aluminum Plate: Measures leakage around frame mounting and permealalitsnofum.
c) Frame: Establishes baseline for womdSE contribution.

d) Frame + Solid Al Plate: Measures leakage around conductive gasket.

e) Frame + Window: Measure of the total SE of the test assembly.

Experimental setup

Testing was performed &torkGarwood Laboratoriedfco Rivera California).The setp at Garwood consists of two
chambersined with 1mm thick galvanized steel on both sides of 18mm thick particle board, and an opening between the
two rooms for a unit under test (UUT). The source antenna was platteddanger room with dimensions of@&m x

5.5m x 3.65m and the receiving antenmas placedn the smaller room with dimensions of 3.0Bx 3.65m x 3.65m

(see Figuré). The open aperture is 0fbwide and B5 m high (20 inches x 14 incheand located 1.5m up from the
conductive flor. Thetesf i xt ur e 8 s &026 m widerard 0.206sm higb (@Quinches x 8 inkhes

5.50m 3.65m

Aperture Size:
0.5m x0.35m
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Figure 5: Experimental setup: includes dimensions of the chamber, antenna spacing, and material composition of
chamber.

Different antennas were used for specific frequency ranges and are listed in Table 1. The biconical antenna was tested at
3 m separation and, though not listed in the tabseteagain at 6 m in an attempt to creaierao r e -w@lv &vb e
field.

Table 1: Frequency range for each antenna configuration. The wavelength range is also listed for reference.

Frequency Range Antenna type Total separation Wavelength

10kHz to 30MHz 12 inchloop 1m 30km to 10m
30MHz to 200MHz Biconical 3m 10mto 1.5m
200MHz to 1GHz Log periodic 3m 1.5mto 0.3m
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1GHz to 18GHz Horn (double ridge| 1 m 0.3mto 1.7cm
guide)

Different setups were used in hopes of achieving a more accurate SE result. The following pictures show the various
setups and antennas being used. The terms chodgpictures should aid in understanding the results following.

Figure 6: Loop antenna setup with the receive antenna Figure 7: Biconical antenna tested at both 3m and 6m

shown. separation. The one shown above is the latter, 4m from
the wall onthe transmitting side. Note the sparse cones
in the figure.

1 ’f I w"

‘\‘“

Figure 8: Log antenna on receiving side. Figure 9: Horn antenna on receiving side.
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5. COMPARISION OF MODEL PREDICTED PERFORMANCE AND TEST RESULTS

The results of th&E measurementsompared to the model predictions are showRigure 10andFigurell. The trend
of the measured data agrees with the model from about 1 to 18 GHz, although the measured SE is higher than expected.

The measumrk SE continues to increase as the frequency decreases as expected until the frequency reaches about 300
MHz. The measured SE drops below the expected value below about 300 MHz. This may be due to lowrsigeal

ratios at low frequency or becausdaat frequencies the measurements are in the near field and the incident radiation is
not in the form of plane waves. At 1 GHz, the wavelength is 0.3 meters. At 10 MHz, the wavelength is 30 meters. The
size of the aperture &267m by0.216m. The enayy that gets through the small aperture at low frequencies is low

even when there is no window present. Most of the energy is blocked by the small aperture.
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Figure 10: Predicted and measured shielding effectiveness oba50 square mesh coating on 062nch thick
sapphire, 1 to 18 GHz
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Figure 11: Predicted and measured shielding effectiveness o6a50 square mesh coating on 0.28ch thick

sapphire, 0 to 1 GHz

6. OTHER CONSIDERATIONS

The SE for the window was attained by exposing the apertureofthi xt ur e, al so

included the retainer and gasket, and then exposing the same configuration with the window iRqul#tee lowest

known

frequency band, 10 kHz to 30 MHz, a loop ami@ was used, which has a largagnetiefield component Aluminum
is a poor magnetic shield for the lower frequencies. This became ewviolent® kHz to 100 kHavhere there was
almostzero dB shieldingfor both the window anthe aluminum plateneasurementsWith limitations in shielding
agpinstmagnetic neafield, the data for the loop antenna is suspect.

as

For the next frequeey range, 30 MHz to 200 MHz, adonical antenna was used. Again, theasured SE decreased as

the frequency decrease@o makethe measurementsio r e

increasedrom 3 m to 6 mbutno cleadifference was detected.

fwpvBd &n this region the antenrseparation was

The log riodic antenna was used in the frequency range from 200 MHz to 1 GHz. This datdldaethéotrendof

the biconical data and is mbccloser to the predicted SE, though the periodic nature is not fully under§tbedlouble
ridged horn antenna was used for frequencies greater than 1Taaips in the data are a function of the thickness of
the material, the frequency attiedielectric constant. The horn antenna was oriented in the vertical direction, as were

the other antennas (excluding the loop antenna), which passes througixthefcthe sapphire window. The dielectric

constant for this orientation is about 11.4.

A concern arises that the size of the aperture is reducingditent energ§ acting as a shielidself. As a rule of

thumb, theSEdue to the size of a rectangular aperture is approxinfately

SE e ~ 20l0g —0'? ,

(6)
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whereais the wavelength andlis the largest dimension, adds less than or equal to half & However, this is the

worst case scenario for aperture leakage, whereas our concern is with too much gsifighdirsgpertureand our

aperture orientation is witrespect to the smaller dimension, 0.2 meté&ssuch, the aperture shielding begins to play a
smalleffect when the frequency is just bel@about 79 MHz and plays an even greagffect as the frequency

decreasesFigure 12compares the aperture ddiag to the window shielding and the shielding of a small aluminum

plate. Whenthealuminum plate is substituted for the window, the results are nearly the same below 1 GHz. The

shielding of aluminum at these frequencies is expected to be high, alibd® 1€o the aperture appears to have an

effect on the results. When a comparison is ntddlee SE of the window with respect to the small aperture and the

window with respect to the large apertuaia,additional 5 to 20 dB of shielding was observed fatiout 30 MHz to 500

MHz, due to the larger aperturd compari son was made between the | arge me
the window fixture with the gasket and no clear difference was SEegre appears to be a strong dependence &the

results to the size of the apertuwrsed forthe incident energyThough thedata ofincident energy getting through the
aperture appears significant, a c¢l ear shieldingpas notbeemdonaf t he
The exct affect of the aperture will need further investigation in future studies.

Below 79 MHz the aperturand the antenna separation arethe order o wavelength.In general, he region vithin
about a wavelengtbf the antenna iknown as the reactt neasfield. The region between erto severalvavelengths is
known as the radiating nefield. The farfield is the region greatéhanseveral wavelengtifsom the antenna or where
the fields are nearly plane wavasd the impedance of the wave iiad space is equal to 377 ohndss the frequency
gets smaller anthe wavelength gets longervjth the separation distance remaining constant, the fieldsrieksss real
and more reactive, and consequehtlyegreater stored energyreactive energipecmmes far more difficult to
characterize antheaperture exposure assumptions may just bepeollyct of phase manipulatiohimitations exist
with reaching faifield conditions and exposing the proper size aperture, though methgelsaimund such lirtations
are being looked intoA clearer understandingft he ap er t uSEadveell as thd chaice of antenna Hmel
configuration ofthechamber neexito be obtained Anotherarea of interest ithe measurement ofboth the electric and
magneic fields SE at low frequeciesin what is called a dual transverse electromagn@t\V) cell.

Figure 12 Shielding effectivenessneasurement comparisons of the window and a small aluminum plate
substituted for the window, 1 MHz to 100 GHz, log scale 7KH WKHRUHWLFDO SUHGLFWLRQ RI WKF
also plotted, corresponding with the decline in the data.
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