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1. Introduction 
Metallized glass fiber (MGF) is a glass fiber substrate with a metal coating 
that is manufactured as a multifilament continuous strand. MGF can be 
processed into typical fiberglass reinforcement configurations and used to 
modify the properties of polymeric composites [1]. MGF can be incorpo- 
rated to improve the thermal and electrical conductivity of reinforced com- 
posites, and an optimum design can retain the desired physical properties 
[1,2]. The U.S. Army Research Laboratory (ARL) is interested in evaluating 
such materials as an alternative to metals for electromagnetic (EM) shield- 
ing [3]. MGF in a random-orientation mat could provide good electrical 
properties that are roughly isotropic at frequencies below a few hundred 
megahertz. 

The material considered here (product name RoMHOglas™) is an E-glass 
fiber (average diameter 0.7 mils) metallized with aluminum. RoMHO- 
glas™ is available from Lundy Technical Center, Pompano Beach, FL, in 
36-in. wide rolls of MGF nonwoven mat (Vi or XA oz/ft2). In this prelimi- 
nary study, the MGF mat was left uncured so that we could investigate the 
basic properties of this material before it was incorporated into a rein- 
forced composite. The thickness of the nonwoven mat is nonuniform but is 
estimated to be Vu in. in the relatively compressed state when taken off the 
roll. The metallized layer is a continuous Al film bonded to the glass fiber 
with 50- to 100-percent coverage. The average dc resistance of the 
monofilament MGF is 2.5 ohm/cm, and by weight the mat is 37-percent 
glass and 63-percent Al [1]. 

Assuming a uniform Al coating on an 18-um-diameter substrate and a con- 
ductivity, CTA1, of 2.9 x 107 mho/m, the above dc resistance implies a metal 
thickness d ~ Vk um. The EM absorption in the Al layer depends on the skin 
depth, <5A1 = l/^TtfiGptf, where fj. is the permeability and/is frequency. 
The absorption in one Al layer is small (compared to the surface reflection) 
because SAl is much greater than Ö for the frequencies of interest. When 
formed into a mat, the MGFs lead to an effective sample conductivity, a^, 
which is the parameter of interest for EM reflection. For cured samples, 
this aeff increases exponentially with the fibers loading density and is 
about 400 mho/m (based on the measured Rdc) for 50-percent loading of 
0.5-in. chopped strand [1]. We prefer to determine cr^ from the measured 
SE, under conditions for which the exact solution is available, as Rdc mea- 
surements can be complicated by poor electrical contact to the sample. Pre- 
vious results for the EM characterization of RoMHOglas™ (f< 100 MHz) 
indicate that for cured samples, of MGF mat (i.e., high loading densities), 
Ogff - 2000 mho/m [4]. However, uncured samples exhibit practically no 
EM reflection at these frequencies, which implies an extremely low a^. 

We used the ARL Scale Model Facility (SMF) to investigate the shielding 
effectiveness (SE) of the uncured MGF mat for/> 100 MHz, by measuring 
the "fast" (i.e., wideband) pulse attenuation of a planar sample. The 



fore spurious reflections or edge diffractions are observed. In this manner, 
the SE of the sample can be characterized in the frequency range from 100 
to 2000 MHz. The measured SE for the uncured MGF mat provides a refer- 
ence for the EM properties of this commercially available composite mate- 
rial. We will similarly test samples cured in various ways to identify the 
approach that maximizes oeff. 



2. Experiment 

Table 1. 
Instrumentation for 
pulse penetration 
experiments. 

The ARL SMF can radiate a repetitive, horizontally polarized electric (E-) 
field pulse with a nominal riserime = 0.2 ns and pulse width = 1 ns. Time- 
domain sampling techniques allow signal averaging of sensor responses, 
which greatly enhances the signal-to-noise ratio (SNR) of the measured 
transients. More detailed descriptions of the SMF pulser and data acquisi- 
tion instrumentation are available elsewhere [5-9]. EM sensors, calibration 
techniques, and data compensation algorithms have been developed for 
accurate recording of picosecond regime events [6]. 

The instrumentation for these experiments is listed in table 1. The field 
sensor used is an asymptotic monopole that responds to the time deriva- 
tive of the electric displacement field (D-dot). The test setup is shown in 
figure 1, which indicates the physical relationship between the source di- 
pole antenna (shown in fig. 2) and the D-dot sensor. 

A 106 x 106-in. planar sample was constructed from three strips (36 in. 
wide) of XA oz/ft2 RoMHOglas™, overlapped by at least 1 in. in two places, 
and taped together with nonconductive tape. Electrical contact between 
the sheets of MGF nonwoven mat was maintained only by the pressure 
provided by tape on each side of the sample. This approach was designed 
to model the layup of MGF mat where no special provisions are made for 
overlapping laminates. This RoMHOglas™ sample is placed between the 
source dipole and D-dot sensor, which are at a height of 3.7 m above 
ground, as shown in figure 3. Polarization effects were not investigated, 
and the results correspond to an incident E-field oriented across the strips 
of MGF (i.e., across the vertical seams). This corresponds to the worst-case 
polarization for seam leakage that would be resonant for frequencies 
above 50 MHz. 

The experimental objective was to measure the horizontally polarized E- 
field pulse with and without the MGF barrier placed between the source 
dipole and D-dot sensor. The barrier was suspended so that it could be re- 
moved without disturbance to the physical positioning of the measure- 
ment sensor relative to the radiation source. The dimensions of the source 
antenna, the MGF barrier, and the experimental arrangement are such that 

Instrumentation      Description 

D-dot sensor 

Rf cables 

Pulse generator 

Antenna 

Data acquisition 

Data processing 

ARL asymptotic monopole (model D-4) 

Andrews heliax cable 

ARL pulse generator (1 kV into 50 fi, with 
154-ps rise-time and 1-ns pulse width) 

ARL SMF dipole antenna 

Tektronix 7854 sampling oscilloscope 
Tektronix 7S12 time-domain sampler 
Tektronix S-6 sampling head 
Tektronix S-53 trigger recognizer 

386 PC and MATLAB™ 



Figure 1. Physical 
relationship between 
dipole antenna and 
sensor (drawn to 
scale). 
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Figure 2. Scale model 
facility (SMF) dipole 
antenna. 
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Figure 3. Physical 
relationship between 
dipole, MGF sheet, 
and sensor (drawn to 
scale). 
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a nominal 4-ns "clear-time" window is obtained at the measurement loca- 
tion. In this manner the incident (or attenuated) pulse can be recorded be- 
fore complicating effects such as reflections are observed. The MGF 
sample is sufficiently large that the attenuated pulse can be recorded be- 
fore the effects of edge diffraction are observed at the sensor location. 
These attenuation measurements can be used to determine SE, but since 
the incident pulse may not be a true plane wave, the results may not be 
completely equivalent to plane-wave SE. 

2.1      Plane Wave Approximation 

In these SE experiments, the sample must be sufficiently close to the SMF 
source antenna that we obtain an adequate SNR for the attenuated meas- 
urement. For this reason the sample is located so that the field incident on 
the MGF mat (fig. 3) only approximates a plane wave. For a source of 
maximum dimension, D, the far field conditions are [10] 

r> 2D2/X (1) 



r » D, and (2) 

r » X , (3) 

where r is the observation point (1.5 m) and X is the wavelength. If the ob- 
server is located at a point that satisfies all these relations, then far-field ra- 
diation and plane-wave conditions would be obtained. If equations (1) to 
(3) are satisfied over the entire sample, then the incident field can be as- 
sumed to be a plane wave, which allows simplification in the EM analysis 
of SMF experiments. 

Because of the impulsive nature of the SMF source, the radiating section of 
the antenna is that which is "seen" during a given time. For the SMF 
source antenna, D is twice the length of the biconic feed section over which 
the pulse could propagate during the time of interest. Based on the sam- 
pling theorem in information transmission [11], we associate early times 
with high frequencies according to t ~ 1/2/. So for propagation at the speed 
of light, c = 3 x 108 m/s, we estimate the maximum antenna dimension in 
terms of frequency as 

D«2rf»^ = A. (4) 

Then equation (1) implies that r > 2X, while equation (2) implies that r » 
X. In these experiments, equation (1) is satisfied above 400 MHz, but equa- 
tion (2) is only weakly satisfied in the range from 400 to 2000 MHz. Condi- 
tions (1) and (2) are required for the amplitude approximation to the far 
fields [10], but since (2) is only weakly satisfied, the incident wavefront is 
not planar. Condition (3) is weakly satisfied in the frequency range from 
400 to 2000 MHz, and all three conditions would be fully satisfied above 
2000 MHz. Thus we consider the plane-wave approximation to be reason- 
able for frequencies above about 400 MHz. 

Since the SMF source antenna does not produce a plane wave over the en- 
tire MGF sample at all frequencies, the measured attenuation may not be 
directly related to plane-wave SE. For a spherical wave, decaying inversely 
with distance from the SMF antenna feedpoint, the incident-field ampli- 
tude at the edge of the MGF barrier would be 41 percent less than at the 
center. An average of incident-field measurements could be about 20 per- 
cent less than the incident field measured under uniform illumination, and 
the measured attenuation would be 1.6 dB less than for plane-wave SE. 
The phase difference from the sample center to edge at 2000 MHz is 11° or 
59 percent. Although these variations over the MGF sample may not be 
negligible, they do not introduce large errors when the SMF is used to ap- 
proximate plane-wave SE measurements. 

The incident-wave impedance is also important for SE measurements since 
it determines the surface reflection. For an arbitrary source, the wave im- 
pedance of the radiated field, Zw, approaches that of free space, Z0 = 1207T 
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ohms, when r becomes large compared to wavelength. The wave imped- 
ance of a high-impedance (E-field) source, such as the SMF dipole antenna, 
is 

Z" = Z°2^forr-Ä'and (5) 

ZW = Z0 for r>^, (6) 

provided that D « A [12]. In these experiments Zw ~ Z0 at frequencies 
above 32 MHz, but D ~ X, so that the incident field only approximates a 
plane wave. Small discrepancies in the incident-wave impedance com- 
pared to Z0 would not lead to large errors in the correlation of these at- 
tenuation measurements to plane-wave SE. Correction factors based on the 
measured Zw could be used for removing this source of error in the corre- 
lation to plane-wave SE. The results for the uncured MGF sample imply 
that the dominant loss mechanism is EM absorption. In this case the plane- 
wave approximation is required only if we assume uniform illumination 
in the theoretical analysis of the experimental configuration. 

Although the SMF antenna is not electrically small in the usual sense, SE 
measurements using the SMF should still be representative of plane-wave 
SE. The wave impedance of the radiated field should be measured and 
used to correct the SMF SE data for any difference in surface reflection due 
to the incident-wave impedance. For large samples, the spherical nature of 
the incident wavefront should be taken into account. The incident and at- 
tenuated fields could be sampled across the barrier, and an average, 
weighted according to position, used to calculate SE. These techniques will 
be used in the future so that fast-pulse attenuation measurements can bet- 
ter correspond to plane-wave SE when conditions (1) to (3) and those re- 
quired for the validity of equation (6) are only weakly satisfied. The com- 
bined experimental error for the SMF SE measurement is estimated 
independently of the correlation of these data to plane-wave SE. 

2.2      Experimental Error 

The experiment was simplified by our use of the substitution method for 
quantifying the attenuation of the MGF barrier. The radiation source di- 
pole antenna and D-dot sensor remained at fixed positions so that physical 
positioning errors are minimized for comparative measurements. The D- 
dot sensor transient response is recorded with and without the MGF bar- 
rier. The measured data are numerically integrated, converted to E-field 
magnitudes, and transformed into the frequency domain. The difference 
(in decibels) between the frequency spectrum magnitudes (of the D-dot or 
E-field data) represents the measured SE. There is a random error in- 
volved, as some changes in the field strength and/or measurement system 
can occur between the incident and attenuated field measurements. Al- 
though the typical transient measurement repeatability is ±5 percent [9], 
the repeatability for small-signal measurements depends on the number of 
signal averages used in the data acquisition and can result in a ±10-percent 
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error [13]. We take the measurement repeatability for the incident pulse to 
be ±5 percent, but for the attenuated pulse we use a repeatability error of 
±10 percent. 

Sources of error from the physical placement and orientation of the D-dot 
sensor are typically ±5 percent, but in the substitution method for SE these 
errors are minimized, as the experimental configuration is unchanged be- 
tween measurements. To bound the total error associated with the meas- 
ured data, we assign a random experimental error of ±10 percent due to 
undetected aspects such as measurement system gain fluctuations, varia- 
tions in the EM environment, data processing errors, etc. The total experi- 
mental error is the combination of these sources of error, which are as- 
sumed to be random and independent. So the total error associated with 
the incident pulse data is y/(0.05)2 + (0.1)2 = ±11 percent, while that associ- 
ated with the attenuated pulse data is <J (O.lj1+ (0.1)2 = ±14 percent. Then 
the measured SE, which is the ratio of measurements made before and af- 
ter the MGF mat is installed (with an uncertainty of ±11 and ±14 percent, 
respectively), has an estimated total error of ±18 percent (1.4 dB) when the 
fast-pulse attenuation technique is used. 

12 



3. Results 
The transient results are shown in figure 4, before and after insertion of the 
uncured RoMHOglas™ barrier. The peak radiated E-field at the sensor lo- 
cation is 197 V/m and has a high SNR, as shown in figure 4(a). The re- 
ceived pulse measured in the presence of the MGF sample has a peak am- 
plitude of 2.25 V/m, as shown in figure 4(b). The leading edge of this 
transient is an artifact of the numerical integration of the D-dot sensor out- 
put. The lower SNR of the attenuated data leads to a higher error bound, 
which can be reduced in future measurements by a moderate increase in 
incident-field level or by low-noise amplification at the sensor output. The 
D-dot sensor peak output without the MGF barrier and the minimum 
noise level with the barrier imply a typical measurement dynamic range of 
62 dB for these attenuation measurements. The results for this uncured lA 
oz/ft2 RoMHOglas™ sample indicate a time-domain SE of about 39 dB for 
the peak of the SMF E-field pulse. 

The results in the Fourier transform space are shown in figure 5. The useful 
frequency content of the incident pulse should be bounded to approxi- 
mately 100 to 3000 MHz (fig. 5(a)). The reduced amplitude and frequency 
content of the measurement made after the MGF mat is installed are due to 
the SE of the sample. The small-signal measurements required in this ex- 
periment have a poor SNR beyond 2000 MHz, as can be inferred from fig- 
ure 5(b). This leads to an ambiguous result for quantifying SE measure- 
ments above 2000 MHz. These attenuation measurements provide useful 
SE data in the range from 100 to 2000 MHz, but based on the plane-wave 
approximation, the use of this technique to estimate plane-wave reflection 
is limited to frequencies above 400 MHz. 

Figure 4. Electric field 
measurements 
(a) without barrier 
and (b) with barrier. 
Times zero of 
transients are not 
related. 

(a) 200 

2.5        3 
Time (ns) 

2.5       3 
Time (ns) 
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Figure 5. Electric field 
magnitude in Fourier 
transform space 
(a) without barrier 
and (b) with barrier. 
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10c 10 10' 
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The ratio (in decibels) of the measurements made before and after inser- 
tion of the MGF mat is plotted as a function of frequency in figure 6. The 
ratio was obtained with routines that filter the data [14,15] above 3000 
MHz, where the incident pulse spectral content is negligible. This allows 
the SE ratio to be calculated without problems caused by the high- 
frequency portion of the spectrum, which has a poor SNR. This transfer 
function (100 to 2000 MHz) represents the sample SE as measured with the 
fast-pulse attenuation technique, where the amplitude and phase varia- 
tions of the incident field over the MGF sample are neglected. The results 
can be interpreted as the plane-wave SE in the range from 400 to 2000 MHz 
with an uncertainty, compared to a truly planar incident field over the en- 
tire sample, of the same order as the total experimental error in determin- 
ing SE (1.6 dB). 

Although some error is involved in interpreting the SMF SE data as plane- 
wave SE, the results (fig. 6) demonstrate the expected trend for plane-wave 
illumination, in that the SE is roughly constant until absorption begins to 
dominate [12]. According to figure 6, absorption begins to become impor- 
tant above 200 MHz. This result indicates the increased attenuation associ- 
ated with EM absorption in good conductors, namely the metallized Al 
layers. The high-frequency variations are believed to be associated with 
the nonuniform (and possibly anisotropic) nature of the MGF mat. 

SE data for RoMHOglas™ are shown in figure 7 from 100 to 1000 MHz (re- 
produced from Warf el [1]) for a 50-percent loading density, Vs-in.-thick, 
cured sample. These data are characteristic of E-field SE in that they de- 
crease at 20 dB per decade increase in frequency until plane-wave condi- 
tions are obtained [12]. Since Warfel does not provide the details of the test 
technique [1], the relationship of these measured data to plane-wave SE 

14 



Figure 6. Shielding 
effectiveness of MGF 
sheet versus 
frequency. 

Figure 7. SE data for 
0.5-in. chopped-strand 
MGF, 50-percent 
loading density, Vs-in. 
thick cured sample. 

Frequency (Hz) 

Frequency (Hz) 

cannot be confirmed. However, if we assume ceu~ 400 mho/m for these 
cured samples, the plane-wave SE (neglecting multiple reflections) at 200 
MHz would be about 50 dB [12], which is consistent with figure 7. For un- 
cured samples, the nature of the nonwoven mat implies a nonuniform and 
very low surface resistance owing to the poor electrical contact among the 
MGFs. 
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The aeff concept is not really appropriate for uncured MGF, and an un- 
cured sample provides very little EM reflection. One possible model for 
the SE of an uncured mat is an extremely low o^r, combined with some EM 
absorption in the metallized Al. The calculated reflection, R, is shown in 
table 2 versus frequency for o^= 10 and 100 mho/m. The Vi6-in.-thick non- 
woven mat could contain at most 90 fibers oriented perpendicular to and 
stacked across the sample thickness. For uncured samples, the MGFs are 
not in close contact, and 45 fibers across the sample thickness would prob- 
ably be a better estimate. In the limiting case of 50-percent Al coverage on 
each fiber, we would have 45 Al layers, whereas for 100-percent coverage 
we would have 90 Al layers. Included in table 2 is the calculated absorp- 
tion, A, for an EM wave passing through 45 and 90 Al layers of individual 
thickness 0.24 urn. The nonwoven MGF mat actually has a random and 
twisted fiber orientation, so that A could be highly nonuniform over the 
sample. We consider an Al thickness of 10.8 urn to characterize A, and a 
low Ogff to characterize R. For comparison to the measured SE, A for 10.8 
urn of Al and R for aetf = 10 or 100 mho/m are combined to form the total 
SE, neglecting multiple reflections (table 2). 

The combination of A and R (for of-= 10 or 100 mho/m) is shown in figure 
8 in comparison to the measured SE (fig. 6). Similar trends are evident, and 
the comparison demonstrates that EM absorption, even for a very thin Al 
coating thickness, dominates the SE of the uncured MGF mat. For cured 
samples, the cerr implied from the SE data and Rdc measurements of Warf el 
[1] is consistent with that determined by Latess et al [4] but is highly de- 
pendent on the details of the sample construction (i.e., fiber length, loading 
density, etc) and the curing process. The SMF SE measurements imply that 
the uncured MGF can have an extremely low cr,«, so A would be the only 
significant mechanism for SE. 

The MGF barrier had two seams (=3 m long), and some seam leakage 
above 50 MHz might be expected to reduce the attenuation. At higher fre- 
quencies, this seam leakage would dominate the measured SE. Since this is 
not apparent, the results imply that the overlapped seams provide an elec- 
trical continuity at least as good as the uncured MGF mat. We believe the 
drop in SE above 1000 MHz to be typical of mesh materials. In particular, 
for metallized textile materials, the SE can be complicated, especially for a 
surface resistivity greater than 30 mfl per square [16]. The reduced SE at 
high frequency typical of a simple mesh depends on the mesh spacing, g 

Table 2. Calculated absorption, reflection, and combined attenuation. 

Calculated absorption, Calculated reflection, Total SE for 45 Al 
A (dB) K(dB) layers (dB) 

Frequency 45 layers, 9C ) layers, 
mh 

= 10 Of =100 Of =10 
mno/m 

Of =100 
(MHz) d = 10.8 |j.m d = 21.6 |^m o/m mho/m mho/m 

100 10 20 21 31 31 41 
300 18 35 16 26 33 43 
500 23 45 14 24 36 46 

1000 32 63 11 21 43 53 
2000 45 89 8 18 53 63 
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Figure 8. Calculated 
absorption and 
absorption combined 
with reflection in 
comparison to 
measured SE. 

- 

1 

60  Measured .•■'- 

100mho/m 

— 10 mho/m 
50  Absorption 

/       \                 y 

1           \          y 
 1            \  y 

>/                       \               /                            -^                      V-A 
y                             ' ' ''             y                           \ 

m40 
jf                                                                                            *"    **                                                                                ^                   \~ 

■o 

LU /                                                          •*"     ""                                                                                                               '                                            1 

CO _^__———^      —     ""     ~"                                                                                                                                               / 

—     -                                                                                                                                                                                               '' 
__       —   —   —   """                                                                                                                              y 

30 y 
y 

y 
_ y ' 

y ' 
y ' 

y ' 
y ' 

20 „.-■" 

in "                      .                .           ......    i 

10" 
Frequency Hz 

10" 

(in inches), compared to wavelength. The attenuation associated with the 
openness of the material decreases with frequency,/MHz (in megahertz), 
according to [12] 

SE of mesh = 20 log 5906 IdB (7) 

Thus when the SE of mesh drops below the material SE, the measured at- 
tenuation will begin to decrease at 20 dB per decade increase in frequency. 
The measured SE (fig. 6) drops near 1000 MHz, which implies a seemingly 
large mesh spacing. Based on equation (7), g ~ 10 mils would reduce the 
measured SE to below 55 dB at 1000 MHz. Similar results were found by 
Fairneny [16] for metallized materials with a high surface resistivity, in 
that an equivalent thickness model based on the metal areal density 
showed poor agreement only for these types of materials. Using this 
model and a thickness of 10.8 (xm for the uncured MGF SE would imply an 
areal density an order of magnitude less than that of typical metallized tex- 
tiles [16]. For MGF nonwoven mat, the mesh spacing is nonuniform, and 
gaps much larger than the fiber diameter are not unreasonable. The meas- 
ured results indicate that the composite structure and electrical properties 
of cured and uncured MGF samples are drastically different. 
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4. Conclusions 
The versatility and excellent electrical properties of MGF make it an attrac- 
tive material for EM shielding concepts. Even in an uncured sample, the 
electrical continuity of the MGF mat is sufficient to provide some SE, but 
the uncured material exhibits a much lower CL^-than does a cured sample. 
This is as expected, since fiber-reinforced composites are typically cured 
under pressure, which would provide closer contact among the fibers. The 
nonconductive Al oxide layer associated with the coated fibers does not 
appear to prevent electrical continuity in cured samples, as the fibers are in 
close contact. However, the nature of the uncured mat implies that the fi- 
bers are not in close contact, and the sample would exhibit a low o>and a 
correspondingly high surface resistivity. 

Seam leakage would have been seen in the attenuated transient (depend- 
ing on the SNR) but there was not an obvious degradation, because seams 
were present. This result implies that the electrical continuity provided by 
the overlapped seams is at least as good as the sample surface resistivity. 
The obvious conclusion is that the uncured MGF sample has an extremely 
low t7gÄ and that A in the Al coating is the dominant mechanism for SE in 
uncured samples. This absorption should be retained in cured samples, 
while aeff would be larger but depend on the details of the sample con- 
struction and curing processes. It is believed that the drop in SE above 
1000 MHz is due to the high-frequency leakage typical of a mesh material 
(having a high surface resistivity), which would also depend on the details 
of the.composite structure for cured samples. 

The electrical properties of an MGF-reinforced composite sample depend 
on the layup and curing process, which could be optimized for SE perfor- 
mance. Closer contact, longer fiber lengths, higher conductivity or thicker 
metallized layers, or higher MGF loading densities could improve the re- 
sulting composite material's o^and hence the EM reflection. Future ex- 
periments will provide more definitive results for the applications of MGF 
in advanced shielding materials. These experiments include measuring the 
broadband SE of RoMHOglas™ cured in various ways to form planar and 
cylindrical samples. The layup and curing processes that produce the 
highest o^will be identified and used to construct enclosure-size struc- 
tures. Other shielding issues, such as the best way to form seams, embed 
metallic layers, or treat penetrations, can then be addressed. 
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