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Abstract— We present a free-space measurement technique for
nondestructive noncontact electrical and dielectric characteriza-
tion of nanocarbon composites in the Q-band frequency range
of 30-50 GHz. The experimental system and error correction
model accurately reconstruct the conductivity of composite mate-
rials that are either thicker than the wave penetration depth,
and therefore exhibit negligible microwave transmission (less
than —40 dB), or thinner than the wave penetration depth and,
therefore, exhibit significant microwave transmission. This error
correction model implements a fixed wave propagation distance
between antennas and corrects the complex scattering parame-
ters of the specimen from two references, an air slab having
geometrical propagation length equal to that of the specimen
under test, and a metallic conductor, such as an aluminum
plate. Experimental results were validated by reconstructing
the relative dielectric permittivity of known dielectric materials
and then used to determine the conductivity of nanocarbon
composite laminates. This error correction model can simplify
routine characterization of thin conducting laminates to just
one measurement of scattering parameters, making the method
attractive for research, development, and for quality control in
the manufacturing environment.

Index Terms— Conducting nanocarbon composites, error
correction, free-space measurement, microwave metrology,
noncontact nondestructive measurements.

I. INTRODUCTION

HE exceptional properties of carbon nanotubes (CNTs)

have led to their incorporation as additives in a wide
range of composite materials suitable for electromagnetic
interference shielding packages, sporting goods, wind turbine
blades, hulls for maritime security boats, self-cleaning textiles,
electrostatic-assisted painting inks, flame retardant composites,
and many other applications in the aerospace and automotive
industries [1]-[3]. The spatial dispersion of CNTs inside the
composite considerably changes the dielectric properties and
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effective electrical and thermal conductivities that often corre-
late directly with the mechanical strength [2]-[4]. There is a
strong need for an accurate nondestructive evaluation (NDE)
technique for the online monitoring of the dispersion of CNTs
in a composite, as they are being fabricated, with minimal
disturbance to the fabrication process. Cavity measurements
can provide high accuracy in retrieving the dielectric properties
of the composite, but they are limited to materials with moder-
ate resonance damping (conductivity) characteristics [5], [6].
Also, resonant techniques operating on evanescent near-fields
are highly nonlinear with respect to the location of the
specimen. Moreover, cavity methods are rather difficult to
implement in situations where the speed and simplicity of
operation must be combined with complete noninvasiveness
to ensure that the continuous manufacturing process of the
composites is not affected. From the manufacturing viewpoint,
free-space evaluation of these dielectric properties is attractive
since they are nondestructive, noncontact, and require minimal
sample preparation. Therefore, in this paper, we opted for
free-space measurements as the optimal method for the online
monitoring of CNT composites.

Several free-space systems for dielectric characterization
have been previously proposed [7]-[30]. Smith er al. [7]
developed a free-space microwave system operating between
2 and 18 GHz for the characterization of radar absorbing
materials. Ghodgaonkar er al. [8], Umari et al. [9], and
Varadan et al. [10] developed a free-space microwave system
with a frequency range of operation from 5.85 to 40 GHz.
Measurements adapting oblique incident waves [9] and
operating at different temperatures [10], [11] have also
been proposed. At higher frequencies, several free-space
systems for dielectric characterization have been demon-
strated, operating in the V-band from 40 to 90 GHz [12],
W-band from 75 to 110 GHz [13]-[17], from 30 to 250 GHz
in [18], and from 18 to 760 GHz in [19]. Recently,
the frequency range from 220 to 330 GHz has received
rising interest [20], [21]. Tosaka er al. [20] tested both
a time-domain spectroscopy system and a vector network
analyzer (VNA) system, to reconstruct the dielectric permit-
tivity of unknown materials, in the same frequency band of
220-330 GHz. Both systems were found to yield comparable
results and the advantages and limitations of each system
were highlighted [20]. Kim et al. [21] also implemented a
220-330 GHz free-space measurement system that can recon-
struct the dielectric permittivity of unknown dielectrics without
the prior knowledge of the dielectric thickness. Free-space
terahertz characterization of multiwalled CNT (MWCNT)
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papers, in the frequency range 50-370 GHz, was also reported
in [22].

Free space systems require rather elaborate error cor-
rection/calibration procedures to account for the mismatch
between the cables and the antennas, the propagation of
the waves from the transmitting antenna to the specimen,
and the propagation of the waves from the specimen to the
receiving antenna. Moreover, the reference planes need to
be moved from the ports of the antennas to the interfaces
of the specimen. To account for these distortions/errors, sev-
eral calibration procedures have been developed that involve
changing the distance between the antennas, moving the
specimen to multiple locations, and/or measuring the scattering
parameters of multiple references. One of the commonly used
error correction procedures is the Thru, Reflect, Line (TRL)
calibration technique [23]. The main challenge in TRL is phase
reconstruction after the wave propagation distance between
antennas is changed in the line standard, which disturbs
alignment and coupling between antennas [23].

In the Thru, Reflect, Match calibration technique, the Thru
and the Reflect standards are the same as in the TRL calibration
technique [23], [24]. However, instead of the Line standard,
a Match standard is realized by placing a radar-absorbent
material layer between the two antennas that absorbs all
the incident waves with negligible reflection and transmis-
sion [23], [24]. Although several radar-absorbent reference
materials have been identified, they operate only in a narrow
frequency range, and a broadband absorber is still difficult to
achieve [23], [24].

In comparison, the Line, Network, Network (LNN)
calibration technique does not employ corrections from
Reflect or Match standards [25]. In their place, this methodol-
ogy defines the calibration planes from scattering parameters
after shifting the specimen position twice with an equal
distance Ax between antennas at fixed position. This leads
to four measurements: one Thru and two Network measure-
ments, which are required to complete two port calibration
procedures, plus another measurement at yet another location
to characterize the specimen. Similar procedures employing
Line, Reflect, Reflect (LRR) measurements can be applied to
microwave nontransparent specimens with negligible trans-
mission through the specimen [26]. Such measurements with
specimen movement to specific locations between antennas
are time consuming and difficult to implement in a high
throughput manufacturing line. Nevertheless, the LNN error
correction procedure accurately defines the calibration planes
and is commonly used in the research and development
environment.

In this paper, we present a noncontact free-space experimen-
tal system designed primarily for nondestructive characteriza-
tion and quality control of nanocarbon composite materials.
Microwave measurements of scattering parameters in the
Q-band, which is defined to be between 30 and 50 GHz,
provides a considerable amount of information about the
material electrical and dielectric characteristics. Being a coher-
ent technique, it is capable of reconstructing both the real
and imaginary parts of the complex dielectric permittivity
constant, which can be related to the dispersion of the CNTs in

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

the composite. Our error correction procedure implements a
fixed wave propagation distance between antennas and the
measurement of the complex scattering parameters from only
two references, Line and Reflect. The Line reference is imple-
mented as an air slab having a geometrical propagation length
equal to that of the specimen under test. The second reference,
Reflect, involves a reflection measurement from a known
metallic conductor, such as an aluminum plate. We show that
the Line, Reflect (LR) error correction procedure is sufficient to
reconstruct materials properties without ambiguity. Moreover,
the simplicity of the technique makes it attractive for NDE
and quality control in the manufacturing environment.

Bartley and Begley [23] developed the gated reflect
line (GRL) calibration in the X-band which employed similar
references as our proposed LR calibration. However, the fun-
damental difference between the GRL and our proposed LR
method is that the GRL method explicitly calculates the
elements of the error matrices that describe the mismatch
between the cables and the antennas and the propagation of
the waves from the antennas to the material under test (MUT).
In this paper, we develop an alternative calibration method
that extracts the calibrated response of the MUT, without
calculating the explicit value of these error matrices, using a
different time gating procedure and a different system of equa-
tions. Moreover, we develop the error-correction/calibration
technique to accommodate both low loss and lossy MUTs as
wells as MUTs with a wide range of thicknesses as detailed
in the following sections.

Some of our preliminary results were presented in the
conference paper [27]. However, in this paper, we consider
more samples, we expand significantly on the theoretical
foundation of the error-correction procedure, we present the
error sensitivity analysis, and more importantly we add the
case of a nontransparent sample with negligible transmission.

This paper is arranged as follows. In Section II, we describe
our calibration or error correction model and in Section III,
we describe the experimental setup and the measurements
obtained. Finally, in Sections IV and V, we detail the uncer-
tainty analysis and the conclusions, respectively.

II. ERROR CORRECTION MODEL
A. Scattering Parameters Calibration

A sketch of the experimental setup is shown in Fig. 1.
The coaxial ports in Fig. 1 are connected to a VNA, which
acts as the source and receiver of the microwave signal.
Experimentally, we measure the complex scattering parameters
of the MUT, which we labeled as the transfer scattering
parameters {711, T»1, T22, T12}. These scattering parameters
are referenced at coaxial ports 1 and 2. Therefore, they are
different from those that correspond to the MUT referenced at
calibration planes, interfaces 1 and 2 (Fig. 1). To account for
errors resulting from the wave propagation through antennas
A and B, and the wave propagation in free space between the
antennas and interfaces 1 and 2 of the MUT, two reference
measurements are performed using standards with known
propagation characteristics. The Line reference represents the
scattering parameters of AIR, {Lii, La1, L2a, L12}, which
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Fig. 1. Schematic of the experimental setup showing the different mea-

surements required for the error correction procedure. (a) Specimen (MUT).
(b) Line (AIR). (c) Reflect (MCP) metallic conductor plate.

account for the propagation in free space between antennas and
interfaces 1 and 2. Reflect represents the scattering parameters
of the MCP, {M{, M1, M>, M2}, which normalizes the
reflections. To facilitate the derivation of the free space LR
error correction terms, we express the measured scattering

parameters in the form of transfer matrices PMUT pAR " and
PMCP 45 follows:
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Measurements of PMUT pAIR a4 pMCP given by (1)-(3)
can be expressed as the multiplication of the following transfer
matrices to account for the response from uncorrected com-
ponents of the microwave network [25]:

PMUT — AKQMUTKB
PAIR — AKQAIRKB
PMCP — AKQMPKB.

(4a)
(4b)
(40)
Matrices A and B account for the response from anten-

nas A and B, the transfer matrix K, accounts for prop-
agation from antennas A and B to MUT, and the MUT

response is represented by the matrix QMUT. Similarly, mea-
surements (2) and (3), PAR and PMCP can be expressed
by substituting in (4a) QAR and QMCP instead of QMUT,
as shown in (4b) and (4c), respectively. The goal of the
calibration is to extract the transfer matrix QMUT, from the
measurements PMUT PAIR - and PMCP | The elements of the
transfer matrix of antenna A are {A1(, A1z, A21, A2} and
the elements of the transfer matrix of antenna B are {Bj,
B2, Ba1, B2y}. The propagation from antenna A to the MUT
is given by the transfer matrix K, which can be expressed

as [31]
eral 0 k0
K:[ 0 e—yaf’]:[o k‘l} ©

where y, is the complex propagation constant of the waves as
they travel between a distance ¢ between the antennas and the
MUT and k = e?« (see Fig. 1). Without loss of generality,
it is assumed that the MUT is equidistant between the two
antennas and, therefore, the same transfer matrix K is added
to (4a)—(4c) to account for the propagation of waves from the
MUT to antenna B. If in the measurement system the MUT is
not equidistant between the two antennas, (1)—(4) can be still
used as this shift from the equidistant position is incorporated
in the transfer matrices of the antennas A and B. The corrected
transfer matrix QMUT, where the MUT response is embedded,
can be expressed as follows [31]:

MUT _ | 911 q12
= [é]zl cm}
1 1
_ (S%UTI) —(syum) S%UT1
(SMUT)~IgMUT  gMUT _ gMUT (gMUT)~1 gMuUT

21 12 21 22
(6)
where MUT corrected scattering parameters {SMUT, S%UT} are
referenced to interface 1 and {S%UT, S%UT} are referenced to
interface 2 (Fig. 1). For the lossless air slab with propagation
length of d, S5R = SAR = ¢=/fd and PR = AR = 0.

Therefore, the corrected transfer matrix QAIR can be expressed
from the known scattering parameters of the air standard as

. elBod 0
Qi — |: 0 ejﬂod:|‘ (7

The parameter fy is the plane wave propagation constant in air
and d is the thickness of the MUT. The transfer matrix for the
metallic conductor plane, QMCP, diverges since it is assumed
that zero power is transmitted through the MCP equivalent
to the admittance of a short circuit. However, the scattering
parameters of the metallic conductor are finite and can be
expressed as SMCP = §MCP — 1 and SMCP = §MCP = 0.
The values for the scattering parameters of the MCP are based
on the assumption that the conductivity of the MCP reference
is much larger than that of MUT, omcp > omut. Unlike [23],
we do not calculate the elements of matrices A and B.
But we show in the Appendix that the multiplication of
the five matrices in (4) and the knowledge of the scattering
parameters of the MCP leads to the following explicit expres-

sions for the corrected scattering parameters SMUT and S%UT
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(see the Appendix for details):

SMUT G[T\ — L11] _ ®)
G[My1 — L]

Sg/][UT _ G[17] e_jﬁod )
G[L2]

where again, Li1, M1, and Tj; are the measured scattering
parameters corresponding to microwave power reflected from
air, MCP, and MUT, respectively. Parameters 771 and Ly
are the measured scattering parameters corresponding to
microwave power transmitted through MUT and air, respec-
tively; d is the sample thickness; and Sy is the plane wave
propagation constant in air. The time gating procedure G
isolates the primary transmission or reflection from the MUT.
The gating procedure can be performed by transforming
the frequency domain measurements to the time domain
using the inverse fast Fourier transform (IFFT). The reflec-
tion/transmission from MUT can then be isolated by multi-
plying the time domain measurement with a Gaussian window
centered at the same time instant as the maximum of the first
reflection/transmission. The width of the Gaussian window is
selected to capture the response from the MUT. The time
gating procedure G is detailed in (A4)—(AS8). The corrected
S%UT and S%UT can be obtained from the measured scattering
parameters T»p, Lyz, M>y, T12, and Lip referenced at the
interface 2 of the MUT, similar to that described above for
interface 1. The entire calibration procedure is summarized
in Fig. 2.

For the correction of SHUT to adequately reflect the speci-
men characteristic, interface 1 of the specimen and interface 1
of the MCP have to be aligned by locating both interfaces
at the same distance (£) from antenna A as shown in Fig. 1.
Similar requirements apply to S%UT at interface 2. If the MCP
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reference has the same thickness as the MUT, only one MCP
location is needed to align the interfaces of the MUT with
the MCP as shown in Fig. 1. We can achieve this alignment
with an uncertainty of £0.1 um which is the minimum
step of the motorized stage that controls the position of the
samples. The uncertainty of £0.1 xm leads to an uncertainty
of £2 fo(0.1 um) = £0.012° in the phase of SMUT and
SzNéUT at 40 GHz whereas it has a negligible effect on the
other scattering parameters. This leads to uncertainty in order
of £1073 in the reconstructed relative dielectric permittivity
which is negligible in comparison to the other uncertainties
discussed in Section IV.

However, in most cases, the thickness of the MCP differs
from that of the specimen. Then M| and M, are measured
separately at interfaces 1 and 2. Scattering parameters of
MCP can be measured in advance at several different values
of ¢, before measuring the MUT, and stored in a library of
calibration data (Fig. 2). In the case when the measurements
are performed on an MUT with an arbitrary thickness, the two
correct M1 and My, data that align with interfaces 1 and 2 can
be then re-called from this stored library. We built a library
of 200 MCP locations in steps of 50 xm which can accommo-
date specimens having thicknesses from 50 ym to 9.95 mm.
All the MUTs that we tested did not require additional MCP
locations. But if the thickness of the MUT required more MCP
locations, we can readily add them to the library. Since the
Line measurement can also be stored in the library, in routine
materials evaluation the LR calibration procedure allows the
corrected scattering parameters to be obtained from a single
measurement of {71, T»1, T22, T12} at MUT known location €.

B. Conductivity of Sheet Materials Where
1SHUT) =SBV ~ 0 and |SUT, 1SHUT > 0.7

The general complex relative permittivity of an MUT can
be expressed as ¢ = ¢, — jo/(wep), where ¢ is the real
part of the complex relative permittivity of the MUT, o is
the conductivity of the MUT, w is the radial frequency of the
incident wave, and &g is the permittivity of free space. A large
variety of advanced nanocarbon composite materials can have

quite high conductivities such that the reflected wave S%VIIUT

dominates the response while the transmitted wave S%UT

through the specimen is negligibly small or comparable to
the noise level in free-space measurements. In other words,
for some MUT the conductivity is large enough such that
the skin penetration depth is much smaller than the specimen
thickness and the conventional transmission-reflection network
models cannot be directly applied. Moreover, the conductivity
of these highly conducting samples can vary considerably,
from 10% to 10* S/m, and it is important to assess their con-
ductivity quantitatively [32]. To solve that problem, we treat
the conductivity of the referenced MCP as an ideal reflector,
with infinite conductivity, for which the wave penetration
depth 6, ~ 0. For highly conducting MUT, the conductivity
is typically large, ¢ > weoe,, such that it dominates the
complex relative permittivity of the MUT. Therefore the skin
penetration depth can be expressed as d, = 1/(7 fou o)/?
and the admittance Y; of such a conducting sheet can be
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approximated by [33]

Ys = (0dp)/(1+J) = Gs/(1+)) (10)

where Gy is the sheet conductance measured in (S). By mak-
ing use of the expression for Y in (10), and noting that after
error correction S%VIIUT is the same as the reflection coefficient

for a nontransparent specimen, the relationship between SMUT
and the sheet resistance R can be expressed as
Yo—Y§
ST = —— = 11
L T (e
Yo—Gs/(1+j
S%VIIUT _ 0 s/( +]) (11b)
Yo+ Gy/(1+ )
G? —2G,Yy + 272
|SMUT2 = Zs — 22 0T =0 (11¢)

G2 +2G,Yy + 272

where Yo = 1/120z S is the free space admittance. Solving
the quadratic equation (11c) for Y yields two o values

o =7 fouoGy. (12)
Here, the correct value for ¢ is identified by rejecting the
smaller value since it does not correspond to a microwave-

nontransparent specimen having a thickness d larger than the
skin depth (dp).

C. Relative Permittivity and Conductivity of Sheet Materials
With SMUT = sMUT > 0 and |SPUT ), |SHVT| < 0.7

Following the correction procedure, the corrected scattering
parameters obtained from (8) and (9) can be used directly as
quality indicators in manufacturing or they can be deconvo-
luted to extract the materials characteristic properties, such as
the complex impedance Z;, reflection coefficient I', transmis-
sion coefficient 7, and complex propagation constant y. The
relation between the corrected scattering parameters SHUT,
S%UT, and Z;, I' and 7 are known [34]-[36] and given by

equations

() — (V) + 1

— b _Jp2 _ _
I'=» b 1, b= (S%\/][UT)Z (13a)
MUT)2 MUT)2
.- (57 )M‘;T(Szl MEJT I (13b)
- (511 + 55 )F
1+T
Zo= 1 (13¢)

The microwave absorption (A), reflection (R), and trans-
mission (7") coefficients can be obtained from the power
conservation formula, A + 7 + R = 1, where T = rt*
and R = I'T*. The shielding effectiveness (SE) is calculated
as a power loss from the reflection and absorption combined
[37],[38], SE = —101log (1—(R+A)). The complex dielectric
permittivity &, = &, — jo/(wgp) can be obtained from the
corrected scattering parameters (8), (9) using a conventional
Transmission-Reflection model of a passive microwave net-
work and root searching algorithms [25], [36].

Fig. 3. Experimental setup. Antennas A and B are connected to port 1 of
the VNA. Motorized stage M1 positions the specimen holder.

III. EXPERIMENTAL RESULTS

A. Experimental Setup

The noncontact microwave measurement system shown
in Fig. 3 utilizes two WR22 conical horn antennas, (from
Custom Microwave) to ensure portability and reproducibility
of our measurement system in quality control applications.
Certain corrugated custom antennas can enhance the signal-
to-noise ratio (SNR). However, we verified that the conical
antennas we used provided adequate SNR and uncertainty
in extracting the characteristics of the MUTs. Specifically,
the antennas provide: 1) a voltage standing wave ratio < 1.1 in
the Q-band; 2) a gain that varies between 20 and 22 dBi in the
Q-band; and 3) a 10-dB beamwidth of 23° and 27° in the
E-plane and H-plane, respectively, at the frequency
of 41.5 GHz. These specifications are very similar to the
specifications of the antennas used in similar high precision
free-space systems as reported in [8] and [25].

The conical antennas were connected to a VNA (N5225A
from Agilent) via a WR22 waveguide to a 2.4-mm coax
transition (Agilent Q281A, B). Our VNA N5225A has
been custom configured by Agilent with the option 210.
The frequency stability at 10 MHz is better than 1 ppm.
The system simultaneously measures scattering parameters
of the transmitted and reflected waves in the Q-frequency
band (30-50 GHz) centered at 40 GHz. The real part of
the relative dielectric permittivity of air in the Q-band is
approximately &/ ~ 1.00058 [39]-[41]. This corresponds to a
wavelength Ag & 7.493 mm at the center frequency of 40 GHz.
It is worth noting that this wavelength differs by approximately
2 pum from the free space or vacuum wavelength of 7.495 mm.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6
TABLE 1
PERMITTIVITY &, AND CONDUCTIVITY ¢ OF MUT WITH THE
CORRESPONDING UNCERTAINTIES AT 40 GHz

: | | o (Ao)s (Ao)s
MUT &' (Aa) (A)c gy (Sm)  (S/m)
PTFE 1.9 0.036 0.02 0.004 0.015 0.02
PMMA 24 0.057 0.05 0.034 0.023 0.025
Cl 45  0.146 0.08 6.3 0.31 0.87

C2 - - - 105 14 24

(Ag,')s and (Ao)s are the combined uncertainties from uncertainty in the
corrected S magnitude, A|S;/=0.01, and phase Ap = 1.5°. (Ae,), and (Ao)x
refer to uncertainty due to mismatch of x =250 um between the interfaces

of the MUT and the metallic reference plate used in calibration.

The distance between antennas is 225 mm (~301¢) and the
beam radius at the specimen plane in the middle between
antennas is about 719 which we verified using an absorber
with varying aperture in the center. Since CNT composites are
typically fabricated as laminates and sheets with a much larger
surface area than the beam width, no further confinement of
the fields was required. All the specimens tested herein have
lateral dimensions of at least 300 mm x 300 mm, or three
times larger than the diameter of the beam width, which
minimizes surface wave propagation and edge parasitic effects.

Alignment and parallelism verification of the holder plane
and the planes of the antennas are performed against a
reference chosen as the desk plane on which the entire set-up
is mounted. We employed three axis triangulation with com-
mercially available laser pointers. The frame of the specimen
holder is a 295 mm x 295 mm square. The maximum tilt
of the holder plane measured along the three sides from the
reference corner is £0.5 mm (0.11°). The typical deviation
from the planarity along the diagonal, due to temperature
variation and specimen load is, #0.05°. The parallelism of the
aluminum MCP is similar or better than that specified above
and its surface roughness is in the range of 0.4-0.8 um. This
tilting, surface roughness, as well as other factors, can lead to
an alignment mismatch between the interfaces of the sample
and the interfaces of the reference MCP used in calibration.
The effect of this misalignment mismatch on the reconstructed
complex dielectric permittivity is shown in Table I and the
uncertainty analysis is detailed in Section V.

The system is initially calibrated with the Short, Open and
Load standards at the coax ends. The final calibration proce-
dure, which removes the background reflections and internal
reflections due to residual impedance mismatch of the antennas
to the free-space transition, was described in the previous
section. The magnitude and phase of the microwave scattering
parameters can then be accurately determined at the specimen
surface for extraction of the material characteristics. As an
MCP reflection reference, we used a flat aluminum sheet,
300 mm x 300 mm having a thickness of 1.0 mm =£ 0.05 mm
and conductivity of 2.3 x 107 S/m. To build a library of MCP
positions, after each frequency scan the MCP is moved from
the initial position toward antenna A (Fig. 1) in equal steps
Ax = 50 ym £ 0.1 um, each step being a fraction of the
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specimen thickness, while the antennas remain fixed at the
calibration position. A total of 200 different MCP locations,
in steps of 50 um, are collected in this paper.

CNT composites are typically fabricated as laminates and
sheets with large surface areas (>300 mm x 300 mm).
Therefore, the main goal of this paper is to develop an NDE
technique for composites with similarly large surface areas.
For an accurate assessment of the experimental measurements,
the samples used for characterization need to be similar in size
to typical CNT composites. It is extremely challenging to find
inexpensive and homogeneous conductive samples, such as
graphene, with areas larger than 300 mm x 300 mm [7]. The
dielectric properties of poly(methyl methacrylate) (PMMA)
and polytetrafluoroethylene (PTFE) are well known and they
are readily available from many commercial sources with large
surface areas, customizable shape, and electronic high quality
grades. Therefore, we used commercial PMMA and PTFE
samples as inexpensive and convenient verification specimens.
The thickness of the PTFE specimen is 1.70 mm, while the
PMMA specimen has a thickness of about 1.95 mm. The
relative dielectric permittivity, ¢, of PTFE and PMMA is
known to be approximately 1.9— j10™* [42] and 2.4— j0.015
[43], [44], respectively.

Microwave absorbing and reflecting carbon nanostructured
composites (CNSs), were also obtained from commercial
sources. These advanced multilayer thin film epoxy com-
posites with interlaminar carbon nanostructures are electri-
cally conductive. During manufacturing, the conductivity of
CNS materials evolves, as a function of nanocarbon con-
centration, from a nonconducting dielectric through a con-
ductivity percolation transition until the desired properties
are obtained. The two composite materials contain a similar
amount of nanocarbon, about 9% by mass, of highly con-
ducting MWCNT network, but they differ in their laminar
construction. Composite C1 is reinforced with T300 carbon
fabric and glass-fabric modified with MWCNTSs and is nomi-
nally 2.0 mm =£ 0.05 mm thick. Composite C2 contains glass-
fabric modified with MWCNTs and its nominal thickness is
1.0 mm = 0.05 mm. The final product may have conductivity
properties similar to that of a metal. Such changes in properties
can be accurately captured by measuring the magnitude and
phase of the scattering parameters in the microwaves as
illustrated in Fig. 4.

B. Scattering Parameters and Materials Characteristics

Fig. 4(a) and (b) shows the magnitude and phase, respec-
tively, of the corrected experimental scattering parameter
SMUT for PTFE and PMMA dielectrics and two represen-
tative nanocarbon epoxy-laminate composites Cl1 and C2.
Fig. 4(c) and (d) shows the magnitude and phase, respectively,
of the corrected experimental scattering parameter S%VIIUT for
the previously mentioned four MUT. In each of the four
figures [Fig. 4(a)—(d)], the label 1 refers to PTFE, label 2 refers
to PMMA, label 3 refers to C1, and label 4 refers C4.
Both PTFE and PMMA have comparable thicknesses and a
relatively small permittivity compared to that of free space.
Thus, these dielectric specimens show small reflection with



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

HASSAN et al.: Q-BAND FREE-SPACE CHARACTERIZATION OF CNT COMPOSITES

(@)

frequency (GHz)

MUT o

11

MUT
21

1} 1 PP ="
A ©)
08¢ 2
= 06
31_
=~
7
04¢t
-------------------------------- 3
0.2t
35 40 45

frequency (GHz)

Fig. 4. (a) Magnitude and (b) phase of the corrected S%V][UTA (c) Magnitude

200

180

160 [

140

phase S

120 1

100 |

80

40 45
frequency (GHz)

35

100
(d)

-100 ¢

phase S

200 Tttt

-300

40
frequency (GHz)

35

and (d) phase of the corrected S%UT for the following specimens. 1—PTFE.

2—PMMA. 3—composite C1. 4—composite C2. Symbols (0) represent calculated S parameters for PMMA assuming complex permittivity ¢ = 2.4 — j0.015.

magnitude of S%VIIUT in the range of 0.4 (—10 dB) and relatively
large transmission with magnitude of S%UT in the range of 0.9
(—0.9 dB). The phase of SYUT for both PTFE and PMMA
decrease with frequency as anticipated due to electrical delay
in propagation that is proportional to the permittivity and the
thickness of the specimens and inversely proportional to the
wavelength. The phase change of S}UT is 44° for PTFE and
59° for PMMA. The phase delay in S%[UT of the PMMA spec-
imen is larger than that for PTFE primarily due to larger real
part of the complex permittivity. The diamond symbols, shown
in label 2 of Fig. 4(a)-(d), illustrate the calculated scattering
parameters for PMMA using the Nicolson-Ross Transmission-
Reflection model [34] and ¢ = 2.4 — jO.015. It is seen
in Fig. 4 that the calculated scattering parameters agree well
with experiment indicating the overall appropriateness of our
correction procedure in Section III. The calculated results also
explain that the apparent decreases of IS{VIIUT| seen in Fig. 4 for
PMMA only, which results from a half wavelength minimum
in reflection at approximately 50 GHz.

In comparison to the dielectrics MUTs, PTFE, and PMMA,
the corrected scattering parameters of the composites mate-
rials are distinctly different. The two composite materials
contain a similar amount, about 9% by mass, of highly
conducting MWCNT network, but they differ in their laminar
construction. According to Fig. 4(a)-(d) (labels 3 and 4),

the differences in construction have a profound effect on the
microwave response. For C1 at the center frequency of 40 GHz
|SMUT|, which quantifies the reflected microwave power,
is about 0.32 and |S%UT|, which quantifies the transmitted
microwave power, is about 0.27. From relations (13), one
can find that at 40 GHz the reflection coefficient (R) of
C1 is 0.10, the transmission coefficient (T') is about 0.073 and
the resulting absorption coefficient (A) is about 0.827. Thus
composite C1 absorbs 82.7% of the incident radiation. The
conductivity of composite C1 at 40 GHz is about 6.3 S/m
(see Fig. 5 and Table I). In comparison, composite C2 is much
more reflecting, and transmits considerably less microwave
power than C1. In the case of composite C2, the magnitude
of |S%[UT|, is quite large, in the range of 0.81 at 40 GHz.
The magnitude of the corresponding scattering parameter
|SMUT| is significantly smaller, about 0.001, and consequently,
the SE of C2 is relatively large, SE ~ 60 dB at 40 GHz.
Such a large SE value can be achieved if the microwave
skin penetration depth 6, is considerably smaller than the
specimen thickness d, ie., 5, = 250 yum < d = 1 mm,
T is small and the reflection loss R is large. Such a response
is characteristic of highly conducting materials, which reflect
back most of the incident microwave radiation with phase
angle of about 180°. Indeed, the conductivity of composite C2
is about 105 S/m, approximately 20 times larger than that
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Fig. 5. (a) Real part of the complex relative dielectric permittivity

measured for PTFE, PMMA, and CNT composite C1. (b) Conductivity of
composites C1 and C2. Lines denote LR correction procedure. Symbols
denote the following error correction procedure: LNN/LRR (') and
simplified Ls (x).

of composite C1 (Fig. 5). As already inferred from the
scattering parameters, composite C2 shows predominantly
metallic reflectivity. At 40 GHz, the composite C2 reflects
about 66% (R = 0.661) of incident microwave power due
to its conductivity. What is not immediately apparent from
the scattering parameters shown in Fig. 4 (label 4), is that
C2 also absorbs about 34% (A = 0.338) of incident radiation
due to electric field attenuation and the corresponding resistive
losses. The dielectric and conductivity properties of the tested
materials are summarized in Table I.

C. Comparison of LR Correction Models With the
Line-Network-Network Method

As already indicated, the LNN and LRR require refer-
ence measurements from three specimen locations but do not
utilize the MCP reflection reference [25], [26]. Therefore,
we employed LNN as an independent method to validate
our LR error-correction model for specimen with |S%UT|
and |S%UT| > 1073 and we used the LRR to validate our
LR error-correction model for specimen with |S%UT| and

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

|SMUT| &~ 1073, Performing the LRR and LNN procedures,
we measured the scattering parameters at three specimen
locations, separated by an equal shift of Ax = 1500 gm.
Choosing different values of Ax yielded similar correction
results. In addition to LR, we also explored a simplified
error correction (Ls) using only the transmittance scattering

parameters S%’IIUT, S%UT while neglecting reflections S%VIIUT,

SzNéUT and, therefore, omitting reference reflection from MCP,
i.e., the Reflect calibration step. Such simplified correction can
produce results comparable to that of LR and LNN when the
magnitude of SYYT and SMUT > 0.5 (-6 dB).

Fig. 5(a) compares the reconstructed real part of permittivity
for PTFE, PMME and composite C1 obtained using the LNN
and LR models. It is seen that our LR correction model
compares well with the LNN results. The real part of the
permittivity of PTFE, PMMA, and the composite C1 obtained
either through LNN correction or LR correction agrees to
within 1%. The simplified Ls correction result in similarly
small deviation for PTFE and PMMA, for which S%UT =09
(—1 dB) [Fig. 5(a)]. However, Fig. 5(a) indicates that in the
case of composite Cl1, the difference between LR or LNN
and Ls increases with frequency and approaches about 8% at
40 GHz, where the magnitude of S%UTis about 0.3 (—10 dB).
The simplified Ls can provide satisfactory results to within 5%
as long as the magnitude S%UT > 0.5 (—6 dB). Thus it can
be a fast, practical, and convenient solution for MUT with
relatively small conductivity and low absorption. The fact that
the Ls corrected scattering parameters do not depend on the
position of the specimen between antennas is probably the
most attractive aspect of the Ls correction. The measurement
results obtained with different correction procedures are illus-
trated in Fig. 5.

Fig. 5(b) compares the conductivity of composites
C1 and C2. Due to the large conductivity of C2, S%UT is only
about 0.001 (—60 dB), too small for LNN, we implemented
LRR error correction model instead, to verify our LR error
correction model and (8) and (9). Again, the conductivity
of composites C1 and C2 obtained through LRR correction
agrees well, to within 1%, with the LR correction. Similar
to the LRR, our proposed calibration employs transmission
through air as the Line reference. However, the LRR calibra-
tion requires two reflections from two different locations of
the specimen being tested. In our approach, we just used one
reflection from the MCP as a reference. Thus our method is
distinctly different from LRR and, in particular, it does not
require the movement of the specimen or the antennas. Thus,
the results shown in Fig. 5 reaffirm that the presented LR error
correction model and the measurement procedure can be used
to reliably determine the conductivity and permittivity of mate-
rials whether they are microwave-transparent or microwave-
nontransparent. This system has the potential to act as a
scanner to map the conductivity at different locations of a
CNT composite.

IV. UNCERTAINTY ANALYSIS

Several uncertainty factors such as instrumentation, dimen-
sional uncertainty of the test specimen geometry, and rough-
ness and geometrical imperfections of the specimen surfaces
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contribute to the combined uncertainty of the measurements.
Adequate analysis can be performed, however, using the partial
derivative technique [45] and considering the instrumentation
and the dimensional errors. The standard uncertainty of S;; can
be assumed to be within the manufacturer’s specification for
the network analyzer, about £ 0.0005 for the magnitude and
=+ 0.5° for the phase. The complexity of modeling these factors
is considerably higher within the frequency range, where the
ringing due to impedance mismatch between antennas and free
space interfere directly with the reflected and transmitted scat-
tering parameters of the MUT. The distance of 301¢ that we
choose between antennas minimizes spurious reflections while
enabling the achievement of considerable improvement in the
dynamic range of the scattering parameters. In our experiment,
the experimental uncertainty in corrected S;; parameters is
typically about +0.01 for the magnitude and £ 1.5° for the
phase, with the noise level in the range of —65 dB. This leads
to relative uncertainty of 1.5% for ¢, and 2% for o.

Several additional factors contribute to the combined uncer-
tainty, which can be estimated considering the contribution
from individual error components. One of the largest contribut-
ing factors to the combined uncertainty of the permittivity and
conductivity is the uncertainty in the distribution of the film
thickness, and sagging of the specimen that can lead to an
alignment mismatch between the specimen interfaces and the
interfaces of the metal plate used in the LR calibration. This
affects the corrected values of the complex SHUT and S%UT
parameters. We note that the values of the complex parame-
ters SYUT and SMUT are not affected by this misalignment.
Due to the nonlinearity of (8) and (9), the partial derivative
method [45] cannot be evaluated analytically. Nevertheless,
we estimate quantitatively the misalignment effect by recon-
structing permittivity and conductivity using SHUT and S%UT
determined at several specimen locations separated by Ax

Ae; = &, (Ax) — £,(0) (14)

€.(Ax) is the reconstructed real part of the complex rela-
tive permittivity when there is a mismatch Ax between the
interfaces of the sample and the interfaces of the metal plate
and ¢, (0) is the reconstructed real part of the complex
relative permittivity when the metal plate is positioned at the
correct location with zero mismatch between the interfaces of
the sample and the interfaces of the metal plate. A similar
approach was applied to estimate Ao. We selected Ax to be
50 um, which is the step we used to build the collection of
the MCP reference measurements. Smaller Ax did not lead
to any significant improvement in the combined uncertainty.
Typically, uncertainty from LR in the reconstructed value of
the dimensionless ¢, is of the order of 0.1 and uncertainty in o
is in the range of 0.5 S/m per every 50 um of mismatch. The
uncertainty in (14) does not exhibit any specific pattern with
respect to the frequency or the permittivity of the specimen,
but it can be assumed to increase linearly with Ax within
+ 250 pxm of mismatch. Table I summarizes these results.
All the measurements were obtained in our laboratory
at ambient conditions with nominal relative humidity (RH)
of 50% =+ 10% and temperature (T) of 293 K £ 1%.
At these nominal conditions, the amount of water in air

is about 8.6 g/m> of air or 1.45 x 1072 mole fraction
(moln, 0 /molyir). The corresponding relative dielectric con-
stant of humid air &. = 1.000580 [39]. We note that in the
definition of the matrices Q%" we neglected the real part of
the propagation constant o, which represents the attenuation
due to the dielectric loss from the moisture in humid air.
This simplification is justified since at 35 GHz the attenuation
coefficient of humid air & ~ 10~* dB/m (o ~ 1.15 x 1073
Np/m) [40]. Evidently, the attenuation due to moisture in air
at the nominal temperature—humidity conditions is too small
to make a noticeable effect on our results.

To assess the uncertainty in the scattering parameters due to
variations in the moisture content in more detail, we consider
the case where at the temperature of 290 K, the humidity
increases from 25% to 75%, which encompasses a range
of conditions well beyond their possible variations in our
laboratory. From the data in [39], we find that at RH of 75%
the mole fraction of water increases to about 1.7 x 1072,
yet the change in ¢ is not significant, &, ~ 1.000582. The
attenuation coefficient at 35 GHz increases from 6 x 1073
to 1.5 x 10~* dB/m [40]. The distance between the trans-
mitting and receiving antennas in our experimental setup is
225 mm. Therefore, this change in the attenuation coefficient
corresponds to uncertainty of the order of +2.025 x 107> dB.
Similarly, if the RH is constant at 75% and the temperature
varies from 280 to 310 K, the attenuation coefficient increases
from 9 x 1073 to 2.7 x 10~* dB/m, which corresponds to an
uncertainty of +4 x 107 dB. Thus, the possible variations
in temperature and humidity in the lab environment can lead
to uncertainties in the order of £107> dB in the magnitude
of the measured scattering parameters which can be neglected
with respect to the other uncertainties quantified in Table I.
Regarding the phase constant in air, [39]-[41] show that
in the Q-band frequency range, the phase constant for
air varies slightly with temperature and humidity, between
1.00025 and 1.00035 w/co. This leads to an uncertainty
of 0.0001 w/co x (225 x 1073 m) radians in the phase of
the scattering parameters, which corresponds to a maximum
uncertainty of 0.0236 radians or 1.35° in the phase of the
measured scattering parameters at a frequency of 50 GHz.
This uncertainty is comparable to the uncertainty presented
in Table L.

The above analysis shows that, in the indicated range of
temperature and humidity conditions, the moisture in air has
an insignificant effect on the uncertainty of the measured
scattering parameters. Additional analysis may be required,
however, if the proposed technique is employed in more
extreme environments when, for example, the temperature
increases by more than 30 K from the ambient condi-
tions or RH approaches a saturation of 100%. Also, for long-
term measurements performed over a period exceeding several
months, the reference measurements may need to be refreshed
periodically to minimize any drift noise caused by the drift of
the measurement instrumentation [46].

V. CONCLUSION

We have demonstrated the LR error-correction model and
its experimental implementation for broadband noncontact



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

nondestructive characterization of conducting nanocarbon
composites in free space. Our error correction procedure
implements a fixed wave propagation distance between anten-
nas. The measurement of the complex scattering parameters
is referenced to two standards, Line and Reflect. The Line
reference is implemented as an air slab having geometrical
propagation length equal to that of the specimen under test.
The second reference, Reflect, involves reflection measurement
from a known metallic conductor, such as an aluminum
plate. The experimental measurements were performed, in the
Q-band frequency range of 30—50 GHz, from sheet specimens
of PTFE and PMME dielectrics and conducting nanocarbon
composite laminates that can be either thicker or thinner
than the skin penetration depth. We show that the LR error
correction procedure is sufficient to reconstruct materials’
properties without ambiguity. The scattering parameters from
1.0-mm-thick aluminum plate were measured at 200 different
locations in steps of 50 um spanning a distance of £ 5 mm
from the center location between the two antennas. Such
a collection of reference data provides great flexibility in
correcting the scattering parameters of specimens with a wide
variety of thicknesses. In effect, in routine materials evaluation
LR allows the corrected scattering parameters S%VIIUT and
SMUT " and SMUT and SMUT to be obtained from a single
measurement of mut {111, T21, To2, T12} located at arbitrary
distances from the antennas. The simplicity of the technique
makes it attractive for noncontact, nondestructive testing and
quality control in the manufacturing environment.

APPENDIX

The expressions for the corrected transmission S)UT and

the corrected reflection S%IUT from the MUT presented in (8)
and (9) can be proved by the multiplication of the five matrices
in (4). The first element of the transfer matrix PMUT, pllv{UT,
can be expressed as follows:

i

= T[ll = k*A11q11B11

y (1 n k™2(A12g21B11 + A11912B21) + k_4A126]22321)

Anig11 B
Therefore, from (4) the measured 71 can be expressed as

(A)

b3}
k72
~ AuqnBn
_ _ ~1
8 (1+ k=2(A1221B11 + A11912B21) + k 414126]221321)
A11g911B11

(A2)

The antennas are designed such that they transmit/receive
most of the input/received power. Therefore, the transfer
matrix elements Ajp/A11 < 1, A21/A11 < 1, B1o/Byy K 1,
and By1/B11 < 1. Using this condition and expanding the
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inverse in (A2) as an infinite series, 7>; can be expressed as
k72

Iy = ————
A11911B11

1— k2(A12g21 Bii+A11912B21) +k 4 A12g20 By
X AngquBn . (A3)
+0(k™

The series in (A3) shows explicitly the multiple reflections
with the different powers of k indicating the delay required by
each multiple reflection to reach antenna B. In order to isolate
the first transmission that reaches the receiving antenna B, time
gating is applied to isolate only the terms with the power k2
to yield

k—2
ArquBn
where G refers to time gating. The gating is performed by
transforming the measurements to the time domain using
IFFT. The first reflection/transmission is then isolated by
multiplying the time-domain measurement with a Gaussian
window as shown in Fig. 6. The maximum of the Gaussian
window is positioned at the same location as the maxi-
mum of the first reflection/transmission. Typically, the first
reflection/transmission is significantly larger than the spurious
multiple reflections. The width of the Gaussian window is
chosen to reject any spurious multiple reflections/transmissions
between the antennas and the MUT as shown in Fig. 6.
This width depends on the separation between the anten-
nas and the sample but once the experimental system is
established, the width of the Gaussian wave is fixed for the
gating of all the measurements. The advantage of the time
gating approach is that it employs simple signal processing
techniques and its disadvantage is that it can distort the mea-
surements toward the beginning and end of the spectrum and
can reduce the resolution in the frequency domain [25], [47].
Since no sharp resonances are anticipated in the CNT com-
posites considered herein and to keep the calibration as simple
as possible, time gating was used. Also, only results from
32 to 48 GHz were investigated to avoid the distortions

Gl[Tx] = (A4)
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caused by the time gating at the beginning and end of the
spectrum.

If the MUT is removed, the target now consists of an
air slab of thickness d, which yields the transfer matrix
given in (2). Therefore, for air the measured p‘liilr can be
expressed by the multiplication of the five matrices in (2),

as follows:

) . k=4 A1 Bri (e—J2bod
i = L5l = Eanehhpy (14522 )

A11By
(A5)

We invert (AS5) and expand the inverse into an infinite series

Ly =

g A11 By
A11Bn +O(k™?%)

k=2(eihod) (| _ K-t Ao o)

T AuBL . (A6)
Time gating is then applied to isolate only the K~ term to

yield

kizeijﬂod

G[L2] =
A11Bq

(A7)

By combining (A4) and (A7), the corrected transmission
through the MUT, S%UT, referred to interface 2 can be
expressed as follows:

Gl jpa_ 1 _ guor
G[L] g1 ”

Hence, (8) is proved.

To calibrate the reflection from the MUT, the measured 77
can be expressed in terms of the transfer matrix elements as
follows:

(A8)

T Pai_ _ An
pllv{UT Aqg

k72
X (1 + ——(Ang21B11 + A21q12B21)
A21911B11

k=*A2q12B2) )
A21911B11

)
X (1 + ——(A12q21B11 + A11912B22)
Ar1qu1 B
_ —1
k 4A126]22321)

+
A11q911B11

(A9)

Similar to (A3), the inverse term in (A9) can be expressed as
the following infinite series:

W= —
Aqg

k72
X (1 + ——(Ang21B11 + A21q912B21)
A21911B11

k=4 A2q12B2) )
A21911B11
k72

X (1 — —————(A12g21B11 + A11912B2) + 0(k4)) .
ArquBn

(A10)

The time gating of (A10) to isolate the k<~ term that corre-
sponds to the first reflection from the sample simplifies the
equation to

A
T11=£(1+

In (All), the time-gating window is set to extract the first
reflection from the MUT that occurs at approximately 900 ps
as shown in Fig. 6. The calibration previously reported in [23]
is independent of our LR calibration because it uses time
gating to isolate the earlier reflection that occurs due to the
mismatch between the cable and the antenna. This earlier
reflection occurs at approximately 250 ps in Fig. 6. Using
an approach similar to (All), the measured reflection from
air can be expressed as

k2 A A
o1 (ﬁ ~ —12) + O(k“‘)) . (ALl
qi1 Ay An

L= @(1 + O0(k™)). (A12)
A

By simple signal flow analysis, the measured reflection from

the metal conductor plate can be expressed as

_Au (AnpAn = AyAp)k?
Aq A} —AnApk2

My (A13)

By expanding the inverse in the second term in (A13) into an
infinite series, it can be simplified to

A An  ApA
My =22 kz(ﬁ -k 21)+ O(™). (Al4)
An An

By first subtracting Li; from both 717 and Mj; and then
performing time gating to isolate only the first reflection
received by antenna A, which corresponds to the k=2 terms,
we achieve

Ay ApA

GITy — L] = k22 22 _ 2220 (45
gu \ Aul A7,
An  ApA

GIMy — Ll = -k 2 22 - Z2220) 0 (Al6)
Aqp A7,

Finally, by dividing (A15) by (A16), the corrected reflection
at interface 1 of the MUT, SMUT, can be expressed as follows:

G[T;1 — L
Gl = Lul gy _ 421 _ gwor (A17)
G[My — L] qi1
Hence, (9) is proved.
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