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THE ELECTROMAGNETIC AND MECHANICAL PROPERTIES OF 

STRUCTURAL COMPOSITES: A THEORETICAL AND 

EXPERIMENTAL DESIGN STUDY 

FINAL TECHNICAL REPORT 

1.0      Abstract 

In this ONR funded project investigators at the University of Delaware's Department of Electrical and 
Computer Engineering and Center for Composite Materials developed and validated new models to 
predict the electromagnetic properties of woven fabric composites over a broad frequency range. 

2.0       Introduction and Background 

The U.S. Navy is moving towards a vision of integrated ship topside where antennas will be an integral 
part of the load carrying structure. This integrated multi-functional structure combines both structural 
and electromagnetic requirements, while meeting other topside integration requirements including 
signature control and isolation. 

To accomplish this goal will require the marriage of traditional ship materials, such as structural 
composites, with radiating antenna elements, frequency selective surfaces and other electromagnetic 
based components. In doing so it will be necessary that these materials maintain their mechanical 
properties while creating an electromagnetic environment (e.g. low loss, wideband, isotropic ...) that is 
conducive for efficient radiating systems and other electromagnetically based applications. 

During a previous ONR funded effort the PI has shown that it is feasible to create composite materials 
with "engineered" electromagnetic properties by pattering their surface on a subwavelength scale. Using 
this approach a number of composite samples were designed and experimentally validated to have nearly 
zero reflected losses over a wide band of frequencies and incident angles. However, while reflective losses 
were minimized using this approach, material losses were still present and in some cases would pose 
significant difficulties in integrating antenna elements either within or behind structural composites. \n 
this project investigators from the University of Delaware's Department of Electrical and Computer 
Engineering (ECE) and the Center for Composite Materials (UD-CCM), in collaboration with the Naval 
Surface Warfare Center. Carderocl< Division, conducted a comprehensive theoretical and experimental 
study on the electromagnetic and mechanical properties of structural composites. This resulted in a 
new and validated numerical model for predicting the electromagnetic properties of woven fabric 
composites over a very large frequency band. We were able to use this model and the experimental 
measurements to create a "recipe book" or set of design tools that can be used by Navy scientists and 



engineers to optimize the electromagnetic and mechanical properties of composites for any particular 
application. 

3.0       New Electromagnetic Model of Woven Fabric Composites 

Woven fabric composites are a popular core building block material of many commercial and military 
platforms in addition to being a common substrate for circuit board manufacturing. The composite's high 
strength to weight ratio, low cost and good thermal properties are among some reasons for their 
popularity. Conventional composites are composed of layers of woven fabrics, usually consisting of glass, 
polymer or carbon fibers that are held together by a polymer matrix or resin. Decades of military, 
academic and industrial research have gone into the design and manufacturing of composites whose 
mechanical properties are optimized. Much more recently, material researchers have begun to 
investigate ways to create composites that have other attractive material properties beyond their 
mechanical strength, such as electromagnetic (EM) properties. By tailoring the electromagnetic 
properties of structural composites (e.g. complex permittivity and permeability), it may be possible to 
integrate antennas, frequency selective surfaces and other electromagnetic components directly into the 
structural skin of future commercial and military vehicles and structures. Such applications would be 
greatly aided by good predictive models that could be used to select the proper base materials (i.e. fabric 
type, fabric architecture and resin) and layered configuration to create a structural composite with 
attractive electromagnetic and mechanical properties. The literature reports several approaches for 
simulating the electromagnetic properties of woven composites. The first uses effective media theory to 
provide closed form approximations for the composite's effective dielectric constant as a function of the 
dielectric properties of the fiber and resin components and the geometrical architecture of the fabric. 
Although attractive from a computational perspective, effective media theory is accurate only for fabric 
architectures in which the length scales (i.e. fabric's unit cell size) are much smaller than the wavelength 
of illumination. As the wavelength approaches the periodicity of the fabric, referred to as the resonance 
regime, the assumptions on which these closed form expressions are based are no longer valid. For most 
structural fabrics, this occurs well within the microwave region, and for composite substrates used in 
circuit boards, the resonance regime shifts to even higher frequencies due to weaves with smaller unit 
cells. 

A second predicts the dielectric properties of unidirectional composite fabrics and laminates by 
constructing equivalent lump circuit representations. The circuit models, consisting of parallel RC circuits, 
were shown to accurately predict the effective dielectric properties of composite laminates within the X- 
band (8-12 GHz). The circuit analog method becomes less accurate as the frequency increases to the point 
in which the wavelength approaches the unit cell size. 

A third approach utilizes rigorous electromagnetic models. Although computationally more difficult, this 
approach can generate accurate results for woven composites of any fabric architecture. Several different 
rigorous electromagnetic methods can be used for this purpose, including the finite element method 
(FEM), finite difference time domain (FDTD) and modal based solution methods, such as the rigorous 
coupled wave (RCW) algorithm. The major disadvantage of employing rigorous methods is the 
computational expense. A FEM model that incorporates the exact geometry of the unit cell, including 
the fiber bundle, requires hours of computation time on a medium sized workstation. 

In our model we developed a hybrid electromagnetic model that combines effective media theory with a 



rigorous electromagnetic method (i.e. RCW method). The end result is a computationally efficient model 
that predicts the electromagnetic properties of woven fabric composites, including resonance effects, at 
frequencies as high as 50 GHz. IVIoreover, this method can be easily applied to complicated 2D and 3D 
weave architectures and to multilayered laminates. In this project, experimental validation from 4-50 GHz 
is provided for single layers of dry structural grade woven glass fabrics and for the same fabrics infused 
with a vinyl ester resin. 

WOVEN FABRIC ARCHITECTURES 

Fiber-reinforced plastic (FRP) structures use a large variety of structural grade woven fabrics. These 
fabrics vary in fiber type (e.g. glass, carbon, kevlar or aramid), thickness, weight and geometrical 
architecture of the weave. For most applications, a number of fabric layers are stacked in specific 
orientations and infused with a polymer resin (e.g. thermosets such as epoxy, vinyl ester or polyester) to 
create a FRP structure that satisfies the mechanical requirements of the application. In creating 
electromagnetically functionalized composite structures, choice of the proper fabrics and resins must also 
take into account the electromagnetic requirements (e.g. low loss, low scattering, etc.). The broadband 
electromagnetic properties are sensitive to the choice in fiber type, weave, bundle size and bulk dielectric 
properties of the resin. 

The most common weave architectures are shown in Figure 1. These include unidirectional and common 
two-dimensional weaves. A unidirectional 
fabric, shown in Figure la, is composed of a 
periodic arrangement of fiber bundles 
aligned along the same axis. It should be 
noted that each fiber bundle, shown in the 
figure, is actually composed of thousands of 
small cylindrical fibers. The cross sectional 
shapes of the bundles typically form 
elongated ellipses with an eccentricity close 
to unity. 

In two-dimensional weaves, the fiber 
bundles are aligned along two orthogonal 
axes. The most common two-dimensional 
weaves are the plain, twill and satin weaves 
(Figure lb through Id, respectively). There 
are a number of other 2D and 3D weave 
types that can also be modeled using the 
methods described previously. Here we 
concentrate on modeling only single layer 
fabrics - both dry and infused with a 

polymer resin. However, the described methods can easily be applied directly to the analysis of multi- 
layered composite laminates. 

"I 
4 harness satin weave 

Figure 1.  Common weave architectures used in woven 
fabric structural composites. 

APPROXIMATE ELECTROMAGNETIC REPRESENTATION 

In this section, we describe the approximate electromagnetic representations of the woven fabric 
composites.  The objectives of the model are: (1) to create an EM model that accurately predicts the 



electromagnetic response of a woven fabric composite over a broad range of frequencies (DC-50 GHz) 
wfiere effective media theory becomes invalid, (2) to create an EM model that can be applied directly to 
a wide variety of fabric and resin types and weave architectures, and (3) to create a model that is 
computationally efficient and can be integrated subsequently into an iterative design algorithm. 

Our approach was to combine effective media theory, where valid, with an efficient rigorous EM 
algorithm. To this end, we employed the following approximations to model a single woven fabric layer. 
We assumed that: 

(1) The fabric weave has adequate uniformity so that it can be modeled as an infinitely periodic structure. 
(2) The dielectric properties of the individual fiber bundles shown in Figure la-Id can be approximated by 
their effective bulk anisotropic properties. This is a reasonable approximation for the frequencies of 
interest here (i.e. <50GHz) since the diameter and spacing of the individual fibers is very small compared 
to the wavelength. The specific effective media model used for the fiber bundles is discussed in more 
detail later. 
(3) For regions in which two fiber bundles overlap, such as the 2D weaves shown in Figure lb-Id, the 
electromagnetic properties are insensitive to the order (i.e. insensitive to which bundle is on the top) . 
Moreover, the dielectric properties within the overlap region are assumed to be an average of the x- 
directed and y-directed fiber bundle properties. This is a reasonable approximation as long as the 
thickness of the fiber bundle is small compared to the wavelength. For most structural grade fabrics, the 
bundle thickness is less than <0.5 mm. Consequently, this approximation will begin to break down as the 
frequency increases much beyond 50 GHz. 
(4) The cross sectional shape of the fiber bundle, which is typically an elongated ellipse, can be 
approximated as a rectangular cross-section of the same cross-sectional area. This is again a reasonable 
assumption as long as the thickness of the fiber bundle is thin compared to the wavelength. 

With these approximations in mind, the electromagnetic representations for the unidirectional and 2D 
weaves shown in Figure 1 are now presented. 
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Unidirectional fabrics 

Figure 2a shows a typical unidirectional 

composite fabric. It also shows the thin 
polymer stitching thread used to hold 
the fiber bundles in place. The stitching 

thread takes up less than 2% of the total 

fabric volume and, as a result, its 

contribution to the fabric's 

electromagnetic properties was 

considered negligible. Figure 2a 

illustrates a single layer of a dry fabric in 

which all spaces not occupied by a fiber, 

both internal to a fiber bundle and 

between fiber bundles, are assumed to 

be free-space. However, in the vast 

majority of applications, this fabric is 

infused with a resin that fills in all these 

unoccupied spaces. 

Figure 2. Electromagnetic model used to analyze unidirectional 
composite fabrics. 

Figure   2b   shows   the   approximate 

electromagnetic representation of the 

unidirectional fabric.   Here we applied 

three   of   the   approximations   listed 

previously. Namely,     that     the 

electromagnetic properties of the fiber 
bundles were modeled as an effective anisotropic material and that the cross sectional geometry of the 

fiber bundles was approximated using a rectangular geometry.  It is clear that for the unidirectional fibers 

our electromagnetic representation is simply a ID dielectric grating with anisotropic material properties. 



Two dimensional woven fabrics -four region nriodei 

Figure 3 illustrates a standard orthogonal 2D woven composite fabric with a plain weave. It is constructed 

with two sets of orthogonal fiber bundles running along the x and y axis.      The approximate 

electromagnetic representation of this fabric is presented in Figures 3 and 4.   Applying the four 

approximations described previously, we construct a unit cell composed of four regions.  Region 1 is the 

portion of the fabric in which the x-directed and y-directed fiber bundles overlap; regions 2 and 3 contain 
only the y-directed and x-directed fiber bundles, respectively; and region 4 is completely unoccupied by 

fibers. To account for the region where the fiber bundles overlap, the total thickness of the unit cell is 

twice the thickness of the fiber bundle (i.e. 2 s p^rifloiicsrBvite a comple 
replicated with periods of Ax and Ay along the x and y axes, respectively. 

Unit Cell 

Region 2 
(y directed fibers) 

Region 1 
(overlap region) 
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(x direction 
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Figure 3. Planar view of the 4-region model used to 

represent the unit cell of 2D woven fabrics. The fabric is 

assumed to be infinitely periodic in both the x and y 

directions with a periodicity of x and y, respectively. In 

should be noted that the periods along the x and y axes may 

not be identical as weaves can be non-symmetric. This 

could lead to anisotropic electromagnetic properties. 



Figure 4. (a) Detailed 3D view of the 4-region model used to 
model the fabric's unit cell. In the z-direction the model is 
composed of two equally thick layers with dielectric properties 
shown in (b) and (c). 

In the z-direction, each unit cell is broken into two equally thick layers (Figure 4a). The thickness of each 
layer is assumed to be the thickness ( z) of a fiber bundle. The bottom layer (Figure 4b) contains the non- 
overlapping fiber bundles as vjeW as the overlapping region. The top layer (Figure 4c) only contains the 
overlapping region. All regions unoccupied by fibers are assumed to be filled w/ith air (fabric model) or 
resin (composite model). Figure 4 shows the dielectric properties within each of the various regions. 
Specifically, f^, £2, £3 and 84 denotes the effective permittivity in each of the four regions illustrated in 
Figures 3 and 4. In regions 2 and 3 the permittivity will depend on the orientation of the fiber bundle (e.g. 
X or y directed fibers) and the polarization of the incident field (e.g. x or y linear polarization). This can be 
described mathematically as permittivity tensors given by 

(1) 

r (y) 
'A: 0 " 

t2 = 
0 

0 
f3 = 

0 £^^^ ^y . 

where the superscripts in (1) refer to the orientation of the fibers and the subscripts denotes the 
polarization state of the incident field. For the case in which the fiber bundles oriented in the x and y 

directions are identical (the most common case) then £x — £y and e^-^-* = Sy^-* . In region 1 of Figure 

3 (i.e. overlapping region) we assume the effective permittivity is simply an average of regions 2 and 3 
and is given by 

1 
2(^2 + ^3) 

(2) 

In region 4 the permittivity is scalar equal to the bulk properties of the resin,   A- resm. The proposed unit 
cell description is similar to "mosaic model" used in fabric mechanical property prediction models . In the 



end, the 4-region model of 2D woven fabrics resembles a double periodic dielectric grating structure in 
which the dielectric properties within the grating are the effective anisotropic properties described above. 
Once the effective properties are calculated, the electromagnetic response of the grating can be 
determined using a rigorous electromagnetic algorithm described in more detail later. 

It should be noted that the electromagnetic representation for 2D woven fabrics remains the same across 
the standard weave configurations shown in Figure 1. This results from the fact that the only variation 
between these weaves is the order, in which the fiber bundles overlap. Since we are assuming that the 
EIVl properties are insensitive to that order the same general model can be employed. Experimental 
validation for this assumption is provided later in this report. 

Effective Dielectric Constant of individual Fiber Bundies 

Each fiber bundle within a composite fabric is itself a heterogeneous mixture of thousands of individual 
cylindrical fibers packed within a background material or resin (Figure 5). If we assume that the diameter 
of each individual fiber is small compared to the wavelength, then we can employ effective media theory 
to represent the bundle properties as an effective anisotropic bulk medium. Since the diameter of most 
standard glass or carbon fibers within structural composites is less than 25 |am, this is a reasonable 
assumption well into the millimeter or even terahertz frequency regimes. 

Fiber bundle 
Figure 5. Illustration of fiber bundles used to create the woven 
fabrics.  Each bundle is comprised of thousands of individual 
cylindrical fibers. 

A number of investigators have explored effective media approximations of composite systems that we 
can apply to our system. Of those formulas, Bruggeman's approximation for 2D parallel cylinders was the 
most representative of the fiber bundles encountered in structural composite fabrics. Without any loss 
in generality we will assume the fiber bundles to be oriented along the x-axis. Bruggeman's formula 
calculates the effective anisotropic dielectric properties when the electric field is polarized parallel to the 
fiber direction as 

1-Vf ^fiher~^x      I ^i 

^fiber   ^resin ;;V 
NV2 

(3) 



where Vf denotes the volume fraction of fiber within the bundle, Sf,bcr and 8resin denote the bulk permittivity 

ofthe fiber and resin components, respectively, and E^ represents the effective permittivity for the case 
of an x-directed fiber bundle with the incident field polarized parallel to the axis of the fibers. If the 
incident electric field vector is oriented perpendicular to the fiber axis, then the effective media 
approximation is simply given as a straight volume fraction average. 

4""^ = Vf ■ Sfiber + (1 - Vf)£resin (4) 
(x) 

where 8y represents the effective permittivity of the x-directed fiber bundle for the perpendicular 
polarization case. 

The properties for the y-directed fiber bundles of (1) are easily derived from (3) and (4) by a simple 
substitution of "x for y" and "y for x". It should be noted that the effective dielectric properties of the 
fiber bundles, calculated using (1) through (4), are reasonably sensitive to the bundle's volume fraction of 
fiber to resin, Vf. Unfortunately, there is always some uncertainty in determining f. In theory, the 
maximum theoretical value of Vf for a tightly hexagonally packed bundle is 92%. However, in reality the 
bundles are never perfectly formed and the volume fraction can be as low at 60%. To arrive at a more 
accurate estimate, we used cross-sectional microscopy to measure Vf for a number of fiber bundles. The 
micrograph image of Figure 6 illustrates the imperfect arrangement of fibers within a typical bundle. 
Based on a statistical sampling of various fiber bundle measurements, we arrived at an average volume 
fraction of fiber-to-resin of 70%. Thus, throughout the remainder of this report, we assume Vf = 0.7 for 
all numerical simulations. 

Figure 6. Micrograph image of the cross section of a typical 
fiber bundle. The white objects denote the fibers. The image 
clearly indicates that fiber packing is far from ideal. 

It should be noted that Bruggeman's formula is applied only for the case of non-twisted fiber bundles. 
While we believe the model will still be accurate in the case of fabrics in which the fiber bundles have a 
slight twist, it would likely need to be revised for the case of highly twisted bundles (e.g. rope like bundles). 
Fortunately, the vast majority of structural fabrics do not have twisted bundles. 

ELECTROMAGNETIC MODELING OF WOVEN FABRIC 

A. Rigorous Coupled Wave Analysis 

To predict the wideband electromagnetic properties of woven fabric composites using the models shown 
in Figures 2 and 4, we chose to implement the rigorous coupled wave (RCW) algorithm originally 
presented by Moharam and Gaylord. 

10 
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Figure 7. Solution domain used by the rigorous coupled wave 
theory to solve for the reflected and transmitted fields from 
woven fabric composites. 

Using this method, we define regions within the solution domain illustrated in Figure 7. These are (1) an 
incident region that is assumed to be an infinite half-space filled with a lossless dielectric of index nine, (2) 
an exit region that is assumed to be another infinite half-space filled with a lossless dielectric of index nexit, 
and (3) a layered grating region that contains multiple layers of dielectric slabs with periodic structures. 
The total thickness of the layered region is 

^ZAZ„ (5) 

where Az„ denotes the thickness of each layer and N denotes the total number of layers. The first step in 
the RCW method is to represent the electromagnetic fields in each of the three regions. 

Incident Region 
Within the incident region, denoted as region I, the electromagnetic fields consist of an incident plane 
wave plus all of the diffracted orders reflected from the structure.    This is written for the electric fields 
as 

E,=ii cxp{-jk, •?)+!; E^„,„ exp(-y(^,,„,„ -F)) (6) 
HI=-oo rt=-aD 

where A:^and M denote the wave vector and unit polarization vector of the incident plane wave, 

respectively. The second term in (6) accounts for all the reflected diffractive orders. Since each of the 
components in (6) represents a plane wave, the magnetic field equations can be easily derived from these. 

In Equation (6), R^^ and kj^^ denote the vector reflection coefficient and wave vector of the mn-th 

reflected order in region I, respectively. The vector components of kj „„,, result from the phase matching 

and Floquet conditions, and are given by 

2mn 
I,mn 

+ u. 

Kn,^sin(e.Jcos(^.„J- 

^a«,„c sin(^,„ J sin((*,.„ J - —- 
A., 

(7) 

-".^/z,„,» 

where Gkc is the polar angle and ^^c is the azimuth angle of the incident plane wave. 
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The z component of the wave vector, given in (7), is written more explicitly as 

^     J 4i».cKf-Kj -'kj,kj +ky.: <i'h.Xf     (8) 

where k^^ and ^^ „ denote the x and y component of the wave vector given in (7).  It is easily deduced 

from (7) and (8) that, if the grating periods Ax and A^ are small compared to the incident wavelength 
(A. /nine), only the (m=n=0) diffractive order will propagate in reflection and transmission (i.e. all other 
diffractive orders will be evanescent).  This condition is written mathematically as 

■ A, <^ ^ ,, A, <—7 ^^ ,        (9) 

Exit Region 
Within the exit region, denoted as region III, the electromagnetic fields consist of all the diffracted orders 
transmitted through the structure.   This is written for the electric fields as 

OC 00 

^/.= Z Zt,exp(-y(^„,,„.„-F)) (10) 
m=-co n=~QO 

Here f    and £„,„„ denote the vector transmission coefficient and wave vector of the mn-th transmitted 

order in region III, respectively. The wave vector in region III takes the same mathematical form as (7) 
and (8) with the one exception of replacing nine with nexit. Using a similar analysis to that of region I, it can 
easily be shown that, to avoid any propagating diffractive orders in the transmitted region other than the 
m=n=0 term, the grating periods must satisfy the relations 

A,<-— ^ -,A< ^  (11) 
«„,(!-sin(^,Jcos(^„J)     '    n^4-sin(0,Jsmi</,,J) 

Multi-layered grating region 
Between the incident and exit regions is a unit cell of the woven fabric composite models illustrated in 
Figures 2 and 4. 

In the RCW method, the electric and magnetic fields within each layer of the grating region, denoted by 
the superscript p, are written as a Fourier expansion of spatial harmonics given by 

QO OO 

(12) m=—00 «=—OO 

I CO » 

where U^„(z)and 5^^„(z)represent the amplitudes of the spatial harmonics in the p**" layer for the 

magnetic and electric fields respectively [16]. Substituting (12) into Maxwell's two curl equations and 
eliminating the z component results in the following coupled system of first order differential equations 
for the spatial harmonic amplitudes of (12). 

12 



■     ^^"""^^^=-[7^ (z) + :^y y^/-       r_^ t/p +^ [/p ■) (13) 

^^.L,(^) _   Y    Y     ;, ^p    +A!ILfi.      CP      _t     CP     "1 

In (13), f„^„ and ^^„ denote the Fourier components for the permittivity distribution, £-''(x,y), and the 

inverse permittivity distribution,   1/ of the p'^ layer given by 
A''ix,y) 

-jjs''ix,y)cxpi- 1 

^>^   0  0 

2mnx    2miy 

1     '"'"'      1 
^,L =—^ f f exp(-y 

(14) 

)dxdy 

For the geometries of interest here, shown in Figures 2 and 4, (14) can be solved analytically. 

After substituting (14) into (13) and enforcing boundary conditions across all planar interfaces, an 
eigenvalue problem results that can be solved numerically for the reflected and transmitted diffracted 

orders R^^ and r„„. Our custom RCW code, developed using the Matlab™ programming environment, 

was used to calculate the complex transmission and reflection coefficients from woven fabrics. 

B. Low Frequency Effective Electromagnetic Properties of Woven Structural Fabrics 

At frequencies where the wavelength is much larger than the periodicity of the woven fabric ( 
A„»A,,A„»A^) the electromagnetic properties of woven fabrics can be approximated by a bulk 

anisotropic permittivity derived using simple volume averaging. For the ID unidirectional weaves, 
illustrated in Figure 2, the effective permittivity of the fabric is given as 

(15) 

(e//) _ ^x^f^ + (A;c - ^xyresin 
""       ~ A 

ieff) _ ^^^y^ + '^^x - Wx)^resm 

'' ~ Ax 

where 4^ and £y ^^ denotes the effective permittivity of ID weaves when the incident field is linearly 

polarized along the x and y axes respectively. Also in (15), 4^^ and E^^^ denotes the effective dielectric 

properties of the x-directed fiber bundles, described in (1), (2) and (3), and Wx and Ax denote the width of 
the fiber bundles and periodicity of the geometry of the fabric (illustrated in Figure 2), respectively. 

For the 2D woven fabrics illustrated in Figures 3 and 4, the effective permittivity of the fabric is given by 

13 



^x      ~ ^resin  ' 
^x^y {^?^ - ^resi-,^ + ^y^^x (^x^ " ^resir?) 

lA^Ay 

^xVi^y (ff ^ - ^resin) + ^y^x (4^^ " ^resin) eff _ , 
£y      - ^resin + ^.^ 

(16) 

where £^    and f^    denotes the low frequency effective permittivity of the 2D weaves when the incident 
field is linearly polarized along the x and y axes respectively. 

4.0       Experimental Validation of Electromagnetic Model 

To experimentally validate the performance of our model, we fabricated over 100 different samples and 
measured the transmissivity and reflectivity from 4-50 GHz. 

A. EXPERIMENTAL CHARACTERIZATION 

To measure the electromagnetic response of the samples over a broad frequency range, we employed 
the free-space focused beam approach illustrated in Figure 8, and described in numerous publications. 
To cover the entire 4-50 GHz frequency band, we varied the type and size of the antennas and lenses into 
four bands. Specifically, within the lower 4-18 GHz band we used a custom made focused beam system 
available at the Naval Surface Warfare Center, Carderock Division. This system integrates custom made 
large (~18" diameter) dielectric lenses to cover the lower frequencies range. Within the K-band (18-26 
GHz), Ka-band (26-40 GHz) and U-band (40-50 GHz) we used commercial lens antennas purchased from 
QuinStar Technology, Inc. Using these systems we measured the transmittance of each sample using a 
Agilent PNA vector network analyzer and calibrated using Agilent's standard calibration kits. Time gating 
was used to remove undesirable reflections from the dielectric lenses and other components within the 
system. No other post-processing of the measurement data was conducted. 

''\/-'' I composite   '"■'■--\_/.-''''        / 

lens " 1.^ horn 

Figure 8. Free-space focused beam system used to characterize the 
electromagnetic properties of woven fabrics from 4-50 GHz. 

14 



B. SAMPLE PREPARATION 

To validate the model presented here, over 100 different samples were prepared and tested. The samples 
varied in fiber and resin type as well as in bundle size and weave architecture. For all the samples 
characterized to date, the measured and modeled results show good agreement. For the sake of brevity, 
detailed results from five of the samples are presented here. Three of the five samples were a single ply 
of dry woven fabric (i.e. no resin) with different weave architectures. The other two were a single ply of 
the same woven fabrics infused with an epoxy vinyl ester resin (Derakane 510A) and cured. To create the 
infused samples, we used the standard vacuum assisted resin transfer molding (VARTM) process. All 
samples were mounted in 12"xl2" frames and characterized using the free-space focused beam system. 

Table 1 lists the relevant material and geometrical information from those samples. Table 3 presents the 
effective dielectric properties of the fiber bundles. The listed values are calculated using (2) and (3) and 
assuming a glass to resin volume fraction of 70% and the bulk dielectric properties given in Table 2. Here 
we assumed the bulk properties of the glass and resin to be frequency independent. However, since the 
RCW model is a frequency domain technique it can easily handle dispersive materials without 
modification. 

Table 1. Composite samples used to validate EM modeling 
Samplel Sample2 Samples Sample4 Samples 

fiber 
type 

E-glass E-glass E-glass E-glass E-glass 

resin 
type 

no-resin 
(dry) 

510A no-resin 
(dry) 

5 IDA no-resin 
(dry) 

^  weave 
type 

ID 2D plain 
weave 

2D plain 
weave 

2D plain 
weave 

2D plain 
weave 

Fabric 
weight 
(oz/yd2) 

16 18 18 24 24 

Wx (mm) 1.6 4.4 4.4 4.6 4.6 
Ax (mm) 1.9 4.5 4.5 5.3 5.3 
Wy(mm) NA 3.9 3.9 4.6 4.6 
Ay (mm) NA 6.6 6.6 6.6 6.6 
thickness 

(mm) 
0.4 0.7 0.7 0.7 0.7 

Table 2. Bulk dielectric properties [www.agy.com] 

E-Glass 510A Resin 
dielectric 
constant 

6.2 3.0 

tan(5) 1.5e-3 1.67e-2 

Table 3.Anisotropic effective media properties of the bundles 
 Samplel      Sample2      Sample3      Sample4      Samples 

efandEf 3.04 4.93 3.04 4,93 3.04 'i 

tan(5) 6.6e-4 6.9e-3 6.6e-4 6.9e-3 6.6e-4 
ff'andEf 4.64 S.24 4.64 S.Z4 4,64 

tiin(S) 1.5e-3 4.2e-3 1.5e-3 4.2e-3 1.5e-3 
A<:rn 5.91 4.66 3.38 4.64 3.29 
tan(S) 6.Se-4 6.9e-3 1.2e-3 6.9e-3 1.2e-3 

4.77 4.60 3.08 4.62 3.16 

tan(S) 8.4e-4 7.4e-3 9.7e-4 7.1e-3 1.3e-3 

m. 
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C. RESULTS 

In the following sections, experimental results for the samples described in Table 1 are compared to 
predicted results using both the low frequency effective media theory and our model based on the 
rigorous coupled wave algorithm. Results are provided for incident fields linearly polarized in the x and y 
directions with respect to the fabric geometry. This is illustrated in Figure 9. 

Figure 9. Coordinate system used to reference the polarization 
of the incident field with the principal axes of the samples 
measured. 

Low FREQUENCY EFFECTIVE MEDIA MODEL RESULTS 

Experimental results are first compared to the low frequency effective media approximations. The 
transmission coefficient, t, of the samples, assuming a bulk permittivity calculated using (15) or (16), is 
given as 

t = 
"^incident    J 1^e,ff cosi {^- \E,„d /(l + £,^)sinf-^. \e,ffd 

(17) 

where c is the speed of light in a vacuum, f is the frequency, d is the thickness of the fabric layer and Seff 
is the effective permittivity calculated using either (15) or (16). The transmittance is the squared 
magnitude of the transmission coefficient given as 

2 

"'transmitted 

^..„. 
(18) 

1) UNIDIRECTIONAL FABRICS 

Figure 10 compares the experimental results to the low frequency effective media predictions, calculated 
from (17), for the single dry layer of unidirectional fabric that is described as sample #1 in Tables 1 and 2. 
It is not surprising that both the prediction and the experiment show a distinct anisotropic response. As 
presented in Table 2, the dielectric constant of the fiber bundles has a significant polarization dependence 
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that will be reflected in the transmittance of the fabric. It is Interesting, however, that the simple effective 

media equations do an adequate job of predicting the electromagnetic behavior of the unidirectional 

fabrics over the entire frequency band studied (4-50 GHz). As will be shown later, this is a direct result, 

of the small fiber bundle size (1.6 mm) and the tight spacing between fiber bundles (0.3 mm). While 

resonant effects are expected to occur they are likely to be seen beyond the frequency range studied. 

—measured x-polarization 
—measured y-polarization 
—effective media theory y-polarization 
—effective media theory x-polarization |. 

20 25        30 
Frequency (GHz) 

Figure 10. Effective media theory prediction and experimental 
results from sample #1 as a function of frequency and polarization. 
No resin for this sample. 
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—measured x-polarization 
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en 
 t^JJs 

1 
"' 43 mm 414 mm: T"    !X " 
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Figure 11. Effective media theory prediction and experimental 
results from sample #3 as a function of frequency and polarization. 
No resin for this sample. 

17 



-measured x-polarizaiion 
"measured y-pofarization 
-effective media theory y-poiarization 
-etfedive media theory x-polarfeation 

jy.— 
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20 25 30 
Frequency (GHz) 

Figure 12. Effective media theory prediction and experimental 
results from sample #5 as a function of frequency and polarization. 
No resin for this sample. 

2) Two DIMENSIONAL WOVEN FABRICS 

Figures 11 and 12 compare the experimental results to the low frequency effective media predictions for 
the single dry layer of fabrics described as samples #3 and #5 in Tables 1 and 3. 

As with unidirectional fabrics, the effective media equations do a reasonable job of predicting the 
electromagnetic response up to approximately 30 GHz. Unlike the case with ID fabrics, however, the 
anisotropic nature of the response is largely diminished. This is clearly an effect of having two sets of fiber 
bundles running in orthogonal directions. 

An interesting effect that can be observed in the experimental results for the 2D fabrics is occurrence of 
large resonances beyond 30 GHz. These resonances, which are polarization sensitive, can significantly 
reduce the transmittance (-20dB) even for single layers of thin dry fabrics (i.e. fabrics that are much 
thinner than the wavelength). The polarization sensitivity of the response, shown very clearly in Figure 
12, are due to the asymmetric properties of some of the fabrics. Later we will show that these resonances 
are in fact guided mode resonance (GMRs) effects. GMRs have been studied for some time within the 
optics community [19, 20] but, to the best of our knowledge; have never before been observed in woven 
glass fabrics or in structural composites. The exact spectral locations, amplitudes and polarization 
properties of these resonances are a function of the fabric's weave architecture, as well as the bulk 
dielectric properties of the fiber and resin used. 

As a result of GMRs, simple effective media theory will not accurately predict the electromagnetic 
response beyond the frequency of the first guided mode resonance. For most structural fabrics, this 
occurs in the K to Ka band (18-35 GHz). However, for heavier fabrics in which the fiber bundles are larger 
and spaced further apart, the resonances can begin to occur at Ku or even within the X-band (8-18 GHz). 
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B. RIGOROUS COUPLED WAVE (RCW) RESULTS 

1) NORMAL INCIDENCE RESULTS 

Figures 13 through 17 compare the predicted transmittance curves using the new hybrid electromagnetic 
model to the experimental results for samples #1-5. The transmittance was measured using the two 
orthogonal polarizations described in Figure 9 at normal incidence. 

1 

).5 

0-- 

—measured x-potartzation 
—measured y-polanzation 

— rigorous coupled wave theory x-pdarization 

— ngorous coupled wave theory y-polar^zalion 

20 25 30 
Frequency (GHz) 

Figure 13. RCW predicted and experimental results from sample #1 
as a function of frequency and polarization. No resin for this sample. 

20      2s       ao 
Frequency {GHz) 

Figure 14. RCW predicted and experimental results from sample #2 
as a function of frequency and polarization. Resin is 510A vinyl ester 
for this sample. 
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20 25 30 
Frequency (GHz) 

Figure 15. RCW predicted and experimental results from sample #3 
as a function of frequency and polarization. No resin for this sample. 

Figures 13 through 17 shows that our model adequately predicts the electromagnetic responses of all 
fabrics tested. This includes predicting the polarization dependent resonant effects seen at the higher 
frequencies. Comparing Figures 14 to 15 and Figures 16 to 17 also demonstrates how adding polymer 
resin to the fabric layers shifts the GMRs to lower frequencies and decreases their amplitudes without 
eliminating them completely. It should be noted the RCW calculations, shown in Figure 13 -17, were 
computed in less than 30 seconds using a standard desktop computer. This is well over an order of 
magnitude faster than the same analysis using the finite element method (FEM). In the next section, we 
will provide a brief analysis of the resonant effects as well as some simple expressions to predict when 
they are likely to occur. 

Figure 16. RCW predicted and experimental results from sample #4 
as a function of frequency and polarization. Resin is 510A vinyl ester 
for this sample. 
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Figure 18. RCW predicted and experimental results from sample #2 
as a function of frequency for several angles of incidence. Resin is 
510A vinyl ester for this sample. 

20 25 30 
Frequency. GHz 

Figure 17. RCW predicted and experimental results from sample #5 
as a function of frequency and polarization. No resin for this 
sample. 

It should be noted that the measured results in Figures 16 and 17 reveal two closely spaced resonances 
for each of the two polarization states. This double resonance effect is not predicted by the model. We 
believe this effect is due to the fabric weaves not being perfectly periodic as assumed by the RCW model. 
A slight spatial variation in periodicity produces multiple closely spaced resonances in the measured 
results. Further investigation of this effect is needed to fully understand the discrepancy. 

2) VARIATION WITH INCIDENCE ANGLE 

Figure 18 compares the calculated transmittance of sample #2 given in Table 1 as a function of incidence 
angle to the measured results. The elevation angle, mc, was varied from 0° to 20°. As predicted by our 
model, and confirmed by measurements, the resonances shift towards lower frequencies as the incidence 
angle is increased. In the next section we will describe the physical nature of these observed resonances. 

5. ELECTROMAGNETIC RESONANCES WITHIN A WOVEN FABRIC COMPOSITE 

It has been shown that, within the microwave regime, common woven fabrics exhibit distinct 
electromagnetic resonances. These 
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Figure 19. Illustration of guided mode resonances within a 
woven fabric composite. Transverse dielectric waveguide modes 
are excited within the fabric layer, or layers in the case of a 
laminate, and then reemitted, thus producing a strong specular 
reflection. 

effects depend on the architecture of the 
weave as well as the bulk dielectric 
properties of the fiber bundles and resin. 
They have two likely causes: (1) Bragg 
resonances and (2) guided mode 
resonances. Bragg resonances occur in 
periodic structures when higher 
diffractive orders transition from 
evanescent to propagating modes. Since 
woven fabrics to a first order appear 
electromagnetically as ID or 2D dielectric 
gratings, it is certainly possible that they 
could excite Bragg resonances. 

It is straightforward to determine the 
minimum frequency at which the Bragg 

effects would occur since it is a simple function of the fabric's periodicity (i.e. Ax and Ay) and the incident 
angle illumination Gmc- Specifically, the minimum Bragg frequency is given as 

/. 
Bragg 

min 
300 

maxiAxAxX'i-+sin(.e inc)) 
GHz (19) 

For all fabrics studied in this project (see Table 1), we calculated the minimum Bragg frequency to always 
be greater than 45 GHz at normal incidence. However, our results demonstrate resonances well below 45 
GHz. Moreover, our measured resonant frequencies vary significantly as the resin type is changed from 
air (i.e. no resin) to a polymer resin. Thus, the resonances we are observing are clearly not Bragg effects. 

The second likely cause of the resonances is leaky guided mode resonances. A guided mode resonance 
(GMRs) is a phenomenon in which leaky dielectric waveguide modes are excited in the transverse plane 
of the fabric and then simultaneously reemitted (illustrated in Figure 19). At specific resonant frequencies, 
GMRs can produce very strong reflections in the specular direction. 

To a first order, the guided mode resonant frequencies can be modeled by phase matching the Floquet 
modes of the dielectric grating (e.g. the fabric) with the transverse dielectric waveguide modes. The 
waveguide modes are calculated assuming a bulk effective permittivity of the fabric in the transverse 
plane. For the 2D woven fabrics, this results in the set of equations given in (20). These can be numerically 
solved for the resonant frequencies of the TE and TM dielectric waveguide modes. In (20) d is the 
thickness of the fabric layer, 8eff denotes the effective permittivity calculated using (15) or (16), c is the 
speed of light in a vacuum, ^ and G are the incident angles shown in Figure 7 and fo denotes the resonant 
frequency. For a given sample and incident field, the equations given in (20) can be solved numerically 
for all of the allowable GMR frequencies. The dominant (or lowest frequency) modes for our fabrics were 
the TEoi and TEio modes for the x and y polarized incident field respectively. Table 4 compares the 
dominant guided mode resonant frequencies that were calculated using (20) with the measured resonant 
frequencies for samples #2 through #5. 
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(20) 

i^n{K^d)=   -y^-^^        TM 
pq 7 pq 

tan(^^rf)=    ^y^^-l-^ ^        TE 

fM 
S« "Aj'^"-*"!    £^^"1      ^'^ 

^P9 1    "pO 

2^»   ■ ^/jx     /J^       2;r- —- sin(^) cos((») - /7— 
N2 

^sin(^)sin((^)-^— 

Table 4. Dominant 
approach. 

resonant frequencies for both x and y polarization predicted using the RCW 
GMR approach. Equation (20), and compared to measured results. 

Resonant Frequencies (GHz) 
Sample Numbers from Tables 1 and 3 

Sample # 1 2 3 4 5   ; 
Predicte 

d 
(RCW) in 

GHz 

X- 

polarization 
127. 

3 
NA 53. 

8 
42. 

8 
48. 
4 

y- 
polarization 

132. 
3 

36. 
2 

41. 
0 

36. 
5 

41. ' 
0 

Predicte 
d 

GMR 
Theory in 

GHz 

X- 

polarization 
127. 

6 
47. 
0 

54. 
5 

41. 
6 

48. 
2 

y- 
polarization 

133. 
4 

36. 
1 

40. 
1 

35. 
2 

40. ■ 
1 

Measure 
d 

in GHz 

X- 

polarization 
NA NA NA 42. 

3 
48. 
4 

y- 
polarization 

NA 36. 
. .8 

39. 
9. 

35. 
5 

41. 
0 

*note: NA in the above table occurs when either the resonant frequency is beyond our measurement range 
(4-50 GHz) or if a particular resonance was not detectable. 

As illustrated in Table 4 the approximate GMR approach was able to predict the dominant resonance 
frequencies of woven fabric composites within 10% of the RCW predictions and the measured results. 

6.0       Conclusion 

In this project we developed a new hybrid electromagnetic model that combined effective media theory 
with the rigorous coupled wave method to model the electromagnetic properties of woven fabric 
composites over a broad range of frequencies. We also fabricated a large number of test samples (>100) 
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to validate the model experimentally. The method was shown to accurately predict measured results 
including resonant effects not predicted using pure effective media theory. We also demonstrated, we 
believe for the first time, guided mode resonances that occur in standard structural grade woven 
composite fabrics and laminates. These resonances, which occur at subwavelength frequency, can be 
approximately modeled using simple dielectric waveguide theory. 
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