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Modified Transmission—Reflection Method for
Measuring Constitutive Parameters of
Thin Flexible High-Loss Materials

Trevor C. Williams, Student Member, |EEE, Maria A. Stuchly, Fellow, |EEE, and Paul Saville

Abstract—T he transmission—eflection method is modified for
measuring constitutive parameter sof thin high-lossmaterials used
as radar absorbers. The method uses a two-layer structure, con-
sisting of a layer of thin flexible unknown material supported by
a thicker rigid known material. The analysis and measurements
focus on nonmagnetic samples of a high dielectric constant and
loss factor and on the waveguide configuration in the X-band.
A nonlinear least-squares optimization is used to obtain the com-
plex permittivity from the measured scattering parameters. The
uncertainty analysis presented facilitates selection of the support
layer thickness. Simulationswith thefinite-differencetime-domain
method explore the effects of sampleimperfections. Accuracy of a
few percent can be achieved for a samplethickness of a fraction of
amillimeter, provided that thethickness of thesupport dielectricis
closeto optimum and sample hasonly small surfaceimperfections.

Index Terms—High-lossdielectrics, measurements, per mittivity,
uncertainty analysis.

I. INTRODUCTION

ARIOUS measurement methods have been developed to

evaluate the complex permittivity and permeability of ma-
terials at microwave frequencies [1]-{17]. These methods can
generaly be divided into the free-space and transmission-line
methods. Within each of the two categories, two types of mea-
surements can be identified, namely, broad-band and resonant
techniques. Transmission-line resonant techniques have several
advantages for measurements of thin samples, in particular, high
sensitivity to small changes in the properties and the resultant
high accuracy [1]. On the other hand, a separate resonator and
sample have to be designed and fabricated for each frequency
of interest. Tunable resonators tend to work only in narrow fre-
guency ranges, they are expensive, and a decrease in the ac-
curacy accompanies an increase in the frequency bandwidth.
There are limitations of resonant methods, which are especialy
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critical for guided-wave measurements. For free-space resonant
measurements at frequencies above 10 GHz, limitations are less
restrictive, and tunable resonators provide a reasonably attrac-
tive option for small frequency ranges.

The transmission—eflection (TR) method has been ex-
tensively applied and analyzed [2]-{10]. This method offers
many advantages for various types of materials. However,
for characterization of thin flexible materials such as radar
absorbers, modification of the TR method is necessary.

In this paper, we propose a two-layer structure for measure-
ment of radar-absorbing materials, which can only be made as
thin layers. To overcome the problem of sample placement in
the waveguide, the sample is deposited on a block of acrylic
that fits tightly into the waveguide. The acrylic block not only
maintains the samplein place, but itslength can be optimized to
limit the uncertainty of measurements. We present the analysis
and results for an X -band waveguide, but the results apply to
any waveguide or free space. This paper is organized asfollows.
Firstly, the relevant equations are derived relating the measured
scattering parameters to the sample properties and thicknesses
of the sample and acrylic. Uncertainty analysisfollowsto deter-
mine the optimal acrylic thickness for future measurements of
the same material. While the general analysis applies to mag-
netic materials, the focus of this contribution is on nonmagnetic
samples, as only such samples have been available for testing.
Furthermore, broad-band radar absorbers can be designed using
these types of materials [18]. Only limited experimental data
are presented to illustrate the method feasibility, a vast data
base obtained for materials developed is of limited use in this
paper, as the results are consistent and differ only in the per-
mittivity values. Finally, the effect of small imperfectionsin the
sample surface is evaluated numerically with the finite-differ-
ence time-domain (FDTD) method.

II. METHOD OF ANALYSIS AND MEASUREMENTS

A. Scattering Parameters for a Two-Layer Sample

Thetwo-layer measurement configurationisshownin Fig. 1.
From transmission-line theory, equations can be derived for the
scattering parameters S7; and S3;.

The characteristic impedances Z,, Z7, and Z3 are of the
empty waveguide, test sample (TS), and acrylic, respectively.
Reflection coefficients['f, I';, and I'; are at material interfaces.
The supporting acrylic layer is essentially lossless, but is kept
lossy inthe equationsthat follow to maintain their general form.

0018-9480/03$17.00 © 2003 IEEE
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Fig. 1. Sample placement for TR measurements.

The characteristic impedances are defined in the three dif-
ferent media as
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where gq isthe permittivity in free space, pio isthe permeability
infreespace, €7, and ¢7, arethe complex relative permittivities
of the materials shown in Fig. 1, f. isthe cutoff frequency, and
f isthe frequency.

The reflection coefficients at the three interfaces indicated in
Fig. 1are
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where d; and d, are the thicknesses of the respective layers and
the propagation constants are
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where «a is the width of the waveguide.
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Next, the reflection and transmission coefficients are used to
calculate S7, and 53, asfollows:
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Equations (6)—(9) relate S, and 53, to the material consti-
tutive parameters and thicknesses for a waveguide operating in
the fundamental mode. Asthe acrylic has known dielectric con-
stant and thickness, S7; and S3; are functions of €7, p%;, and
d; . Since the equations associated with the two-layer method are
more complicated than for the single layer, an explicit solution
for the complex permittivity %, and the complex permeability
i, isnot feasible. Even in the case of nonmagnetic materials
(131 = o), the explicit solution cannot be easily obtained. It
has been shown that optimization provides several advantages
compared with an explicit solution for a single-layer TR mea-
surement [4]. Thus, optimization is applied to solve the equa-
tionsin (6)—9). Two fourth-order polynomials represent the di-
electric constant and loss factor across the frequency range of
interest. The unknown coefficients of these polynomials are ob-
tained using the constrained optimization routine Isgnonlin in
MatL ab (The MathWorks Inc., Natick, MA).

B. Uncertainty Analysis

In a classical single-layer TR method, severa factors con-
tribute to the uncertainty in the permittivity and permeability
measured in awaveguide[4], namely: 1) uncertainty in the mag-
nitude and phase of the scattering coefficients measured by a
vector network analyzer (VNA); 2) errors in the sample length;
3) uncertainty in positions of the reference planes; 4) guide
losses and conductor mismatch; 5) imperfect calibration due to
drift in time and cable flex; 6) gaps between the sample and
guide walls; and 7) higher order modes.

The latter four uncertainties are very difficult to analyze rig-
orously, and typically, are only estimated [4]. In the case of the
two-layer TR method, additionally the acrylic thickness, its per-
mittivity, and gaps between the guide walls contribute to the un-
certainty.

Care can be taken to limit the uncertainties due to sample
position, calibration, guide imperfections, higher order modes,
and acrylic parameters. The main contributors to uncertainty, in
addition to the uncertainty associated with the VNA, are then
sampl e thickness and gaps between the sample and guide walls,
as well as other sample imperfections. The uncertainty due to
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the scattering parameters can be expressed in the general form

as [4]
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where o = 11 or 21, ° stands for prime (') or double prime (”),
Ab,, isthe uncertainty in the phase of the scattering parameters,
and A|S,,] isthe uncertainty of the magnitude of the scattering
parameter. Data A6 and A}S,, | are provided in the system spec-
ifications of the HP 8720C VNA.. An abbreviated derivation for
uncertainty of ;. due to the S3; measurement proceeds as fol-
lows.
It can be noticed that
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where kg is the wavenumber in free space, and 7y is the free-
space impedance ~377 2. The equations for uncertainty re-
sulting from S5, are analogous.

These expressions for uncertainty facilitate selection of
acrylic thickness that results in the smallest uncertainties for
given parameters of the measured sample. For example, if a
material is being fabricated for measurement with approximate
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Fig. 2. FDTD simulation of the measurement setup. All dimensions are in
millimeters.
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Fig.3. Relativeuncertainty (Ac’ /e’ or Ae’’ /", asmarked) foraTSof ¢/ =
80, ¢!/ = 10, and two acrylic thicknesses of 1 and 5 mm.

electrical properties, using (10), an intelligent decision can
be made concerning the thickness of the supporting layer to
minimize measurement uncertainty. Once this sample is mea-
sured, and a closer approximation of its electrical properties
determined, (10) can be used once again to determine if a
better supporting layer thickness would facilitate an even more
accurate measurement.

C. Uncertainty Due to Sample Gaps and Other Imperfections

Sample imperfections, such as air gaps between the sample
and waveguide wall, and small dents, cannot be evaluated an-
alytically for the two-layer configuration. These imperfections
can practically be eliminated for the support material, but not
for the TSs.

Simulating the actual measurement setup, a FDTD method
was used to evaluate the effect of various sample imperfections.
The following features were used in the simulation shown in
Fig. 2:

1) fundamental (TE;o) waveguide mode excited with five-
point sinusoidal soft source excitation across the wave-
guide with a frequency shifted Gaussian pulse centered
on 10 GHz;

2) perfectly matched layers (ninelayers, parabolic, —60 dB)
applied to open ends of waveguide;

3) graded mesh (a maximum step of 1.12) used to accom-
modate thin layers;
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Fig. 4. Relative uncertainty (Ae’/e’ or Ae’’ /e’ as marked) of two sample
materials.
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Fig. 5. Relative uncertainty: (a) Ac’/e’, and (b) Ae’’/e” for a sample
thickness of 0.1 mm and acrylic thickness of 1 mm.

4) incident, reflected, and transmitted wave probe place-
ments sufficiently removed from the sample interfaces.
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Fig.6. Relativeuncertainty: (@) Ae’/e” and (b) Ae’’ /e” for samplethickness
of 1.0 mm and acrylic thickness of 1 mm.

Calibration simulations are run without the sample placed in-
side to facilitate collection of both S;; and S3; that resembles
data collected from the VNA.

D. Measurement Procedure

Samples are provided from a chemistry laboratory re-
searching radar absorbers. The TSs of unknown permittivity
are grown directly on the acrylic as a thin layer. All measure-
ments have been performed with a VNA HP 8720C (Agilent
Technologies, Palo Alto, CA) in the X-band waveguide of
width 2.286 cm and cutoff frequency f. equal to 6.65 GHz. A
standard VNA two-port caibration, 1% smoothing, and wide
gating have been used. Data are collected at 401 frequency
points evenly spaced from 8.2 to 12.4 GHz. Sample thickness
has been of an order of 0.1-3 mm, athough more typicaly
between 0.1-0.5 mm. Typical values of the relative dielectric
constant of the materials tested range from 10 to 500, and loss
factor ranges from 10 to 1000. All samples are nonmagnetic

(. = 1, il = 0).
. RESULTS

The thicknesses of the sample backing acrylic and sample
permittivity have a significant effect on the uncertainty of
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TABLE |
RANGES OF MATERIAL PROPERTIES OVER WHICH A SPECIFIC UNCERTAINTY CAN BE MAINTAINED. SAMPLE THICKNESS = 0.1 mm

Ratio Coeff. Uncertainty of €, Uncertainty of €7,
X
0, 0, Q, 0,
(£, = Xe™) <5% <10% <5% < 10%
0.2 NA [ NA | NA [ NA §,>9.0 | e7,>45 | £.>40 | &7,>20
0.5 &£, >200 | £7,>400 | €,>22 | e, >44 ©.°22 | e.>44 | e.>85 | £7,>17
£,.>54 | €7,>54 | €,>29 | €7,>29 €.>54 | €,>54 | £,>29 | £7,>29
2 g.>38 | €7,>19 | e, >28 | e7,>14 £,>300 | €7.>150 | e’ >S1 | €7,>26
5 .>32 | 87,>64 | £,>08 | £,>56 N/A N/A N/A N/A
TABLE 11
RANGES OF MATERIAL PROPERTIES OVER WHICH A SPECIFIC UNCERTAINTY CAN BE MAINTAINED. SAMPLE THICKNESS = 1.0 mm
Ratio Coeff. Uncertainty of &”, Uncertainty of €7,
s _X - <5% < 10% < 5% <10%
(8».1._ Xe L.
0.2 £.>52 | e7.>2%60 | €.>10 | £7.>50 g, >1 £7,>5 g, >l £, >5
0.5 e, >18 | £°.>36 | ,>3.4 | e7,>68 £,>34 | €.>68 | e.,>1 | £.>2
1 £.>63 | £°.>63 | &.>3 | &.>3 £,>63 | £,>63 | £.>3 | £.>3
2 e.>5 | 7,225 | .>2.1 | e7.>1.1 £.>120 | €560 | &, >44 | .22
5 £,>44 | e7,>88 | £,>1.4 | £,>.08 £,>190 | £.>38 | ¢,>180 | £7,>36
the measurements. Since the acrylic thickness can be easily 120 - 3
. . |
selected, the results of the uncertainty analysis need to be &y ‘

undertaken prior to actual measurements. On the other hand,
athough small surface imperfections need to be avoided, the ef-
fect of their influence can be evaluated after the measurements.

A. Uncertainty Analysis

For a few materials with permittivity within the representa-
tive range, the contribution resulting from the uncertainty in the
scattering parameters was evaluated. After the initial complete
analysis, it has been determined that, for nonmagnetic materials,
lower total uncertainty is obtained if only S5, data are used.
Therefore, uncertainty data presented use only S5, to obtain the
permittivity.

Thicknesses of the sample, acrylic sample permittivity, and
frequency all influence the uncertainty in a complex manner. A
rigorous analysis needs to be performed that considers all pa-
rameters within their representative ranges. Only key resultsare
illustrated. Fig. 3 showsthe uncertainty in the dielectric constant
and lossfactor for asampl e thicknessin the 0.1-3-mm range and
two acrylic thickness values. The complex permittivity was as-
signed a constant value (/. = 80, e/ = 10) within the X -band,
and representsamaterial of relatively low loss among the mate-
rialsinvestigated. The curvesare“thick” asthey represent traces
for multiple frequencies in the X-band. It is apparent that an
acrylic thickness of 1 mm resultsin lower uncertainty compared
with an acrylic thickness of 5mm. Low uncertainty isattained at
all frequenciesfor samplesthicker than 1.5 mm. Reasonably low
uncertainty for thicknesses 0.2—0.5 mmisalso attained, whichiis
of interest, as most samples are in this thickness range. For this
specific material, sample thickness in the range of 0.8-1.3 mm
is not desirable due to increased uncertainty of measurements.

Fig. 4 shows the uncertainty for two materials of higher loss
factor, which are representative of radar absorbers. Due to the
higher loss factor, the pseudoresonant effect at certain sample
thicknesses (seenin Fig. 3) does not appear. Thereisonly arel-
atively weak dependence of the uncertainty on frequency. Fi-
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Fig. 7. Complex permittivity for a 0.15-mm-thick sample with acrylic
thickness of 1.18 mm. Dashed lines indicate uncertainty limits of the
permittivity resulting from S5, measurement.

nally, even for very thin samples, of approximately 0.1-0.3 mm
in thickness, low uncertainty is achievable for high dielectric
constant and high-loss factor materials (e/. = 100, £/ = 200).

Summary uncertainty plots are shown in Figs. 5 and 6 for
several different ratios from £/, to £!/. These plots are helpful in
determining expected uncertainty of a measurement.

Summary datafrom Figs. 5and 6 aregivenin Tablesl and 1,
where the acrylic thickness and frequency remain unchanged at
1 mm and 10 GHz, respectively. These tables provide ranges of
material propertiesover which adesired uncertainty isachieved.
For example, avalue reads /. > 38 in the “Uncertainty of ¢/,
<5%" column. This means that, in order for a measurement of
a specific material, which has ratio of 0.5 from /. to £/, to be
measured with an uncertainty of <5%, its electrical properties
must be greater than ¢/, = 38 and |¢//| = 19.

Itisclearly seen that lower (more desirable) numbers are, in
general, found in Table Il as the sample thickness is increased,
but the dielectric constant and loss factor valuesin Table | are
not extremely high, especially for the 1: 1 ratio.
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DIFFERENCES IN DIELECTRIC CONSTANT AND L0OSS FACTOR FOR DIFFERENT
CONFIGURATIONS OF FACIAL INCONSISTENCIES. ALL VALUES ARE AT 10 GHz

TABLE 111

Condition € Ae'L /€y £ Agh e
Perfect 155.94 175.72
Gap #2 144.4 0.08 116.59 0.50
Gap #3 140 0.11 171.21 0.03
Gap #4 153.6 0.02 175.34 0.002
Dent #2 154.4 0.010 174.59 0.007
Dent #3 153.0 0.019 173.0 0.016
Dent #4 1554 0.004 175.31 0.002
0.1mm == Lomm =&
et
Gap 2 4mm Gap#3
.
fymm ]
=t 4
4mm 4mm
Gap #4
@
0.06mm 0.06mm
1k Ak
0.1mm =< L
Dent #2 4kn7|m Dent #3
0.06mm
Ak
sk
Somm T1]_|]
k= =
4mm 4mm Dent %4
(b

Fig. 8. Two-layer structure with imperfections in the TS, acrylic thickness
1.18 mm, and sample thickness 0.14 mm. (a) Gaps in sample. (b) Dents in
sample surface.

B. Measurement Example

Fig. 7 presents experimental results for a typical TS. It has
been evaluated with the uncertainty analysis that an increase in
sample thickness to 1.5 mm would decrease the uncertainty of
e!. from ~30% to below 5%. Only a small improvement for
! would be expected. In many circumstances, fabrication of
arecommended sample thickness is not possible until a newer
production process is devel oped.

Repeated measurements of the same sample invariably
yielded very close results, well within the uncertainty limits.
Similarly, for approximately 100 samples measured, whose
properties ranged from £’ from 10 to 400, and £” from 5 to 800,
results were obtained that fell within the uncertainty limits.

C. FDTD Modeling

A sample previously measured with the VNA having /. =
155.9 and €/ = 175.7 at 10 GHz was simulated in the FDTD.
The values of S3; were collected, and the electrical proper-
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ties determined. Differences between the two data sets were
less than 0.9% for both ¢/ and &!/. Table Il shows data for
this sample with the simulated facial inconsistencies of Fig. 8.
These data indicate how the size and location of the sample
imperfections influence the error in the measured permittivity.
While small imperfections such as the dents considered here
have only a small to moderate effect (1.9% for ., and 1.6%
for £77), full gap imperfections can effect the measured permit-
tivity by as much as 50% (11% for £/. and 50% for &!’).

IV. CONCLUSIONS

A modified measurement method introduced for the charac-
terization of permittivity of thin flexible high-loss materials has
been shown to facilitate reasonably accurate measurements. A
two-layer structure utilizing a supporting dielectric of known
electrical properties is used. Since an explicit solution is not
feasible for this configuration, an iterative algorithm is used to
obtain material characteristics from the measured transmission
coefficient. An uncertainty analysis presented facilitates finding
the optimum thickness of the sample and supporting acrylic,
and the FDTD modeling method quantifies the effect of small
gaps and dents on the surface of the sample. The method de-
scribed is suitable for measurements with uncertainty below 5%
for 0.1-mm-thick samples with dielectric constant greater than
50 and a loss factor approximately equal to the dielectric con-
stant. For 1-mm-thick samples a dielectric constant greater than
six can be measured with uncertainty of less than 5% provided
that the loss factor is roughly equal to the dielectric constant.
Even higher accuracy can be obtained with aVNA of better ac-
curacy than the model used in this analysis.
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