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ABSTRACT

A method for extracting dielectric constant from free-space 18 — 40 GHz millimeter-wave reflection data is
demonstrated. The reflection coefficient is a function of frequency because of propagation effects, and numerically
fitting data to a theoretical model based on geometric optics gives a solution for the complex dielectric constant
and target thickness. The discriminative value is illustrated with inert substances and military sheet explosive.
In principle, the measurement of reflectivity across multiple frequencies can be incorporated into Advanced
Imaging Technology (AIT) systems to automatically identify the composition of anomalies detected on persons
at screening checkpoints.

Keywords: Millimeter wave measurement, reflectometry, parameter extraction, dielectric measurement, detec-
tion algorithms, explosives detection.

1. INTRODUCTION

Millimeter wave imaging is employed in Advanced Technology Imaging (AIT) systems to screen personnel for
concealed explosives and weapons. AIT systems deployed in airports auto-detect potential threats by highlighting
the threat location on a generic human shape using imaging data collected over a range of frequency, but lack
specificity in threat classification. We demonstrate here a method for extracting dielectric constant from the
broad-band free-space reflection data, choosing centimeter and millimeter waves in the frequency range of 18 —
40 GHz. The reflection coefficient is a function of frequency because of propagation effects that relate to the
materials complex dielectric constant. By numerically fitting the reflection coefficient as a function of frequency
to a theoretical model based on geometric optics, a solution can be found for the complex dielectric constant.
Spectral fitting, which has application in optical coherence tomography,! enables dielectric detection without a
priori knowledge of the material thickness, unlike standard reflection measurement algorithms.?3

The measurement of dielectric constant, including dielectric loss, from the reflection data provides signatures
useful for threat identification. In this paper, the method is demonstrated with inert substances and a military
sheet explosive to show that detected reflection data can discriminate the materials in a two-dimensional dielectric
space. In principle, the detection of reflection coefficient using multiple frequencies can be incorporated into
Advanced Imaging Technology (AIT) and standoff imaging systems to provide identifying data on the composition
of potential threats, which would allow threat assessment to be accomplished within the scope of millimeter wave
screening.

2. EXPERIMENTAL SETUP

Reflection data are collected on samples configured as 15 x 30 cm flat sheets of 1 cm nominal thickness. The
samples are backed by a metal plate as a surrogate for a human background, where skin is known to be highly
reflective in millimeter waves.* S-parameter S1; data is collected in polar form using an Agilent N5245A PNA-X
network analyzer and a Q-par WBH18-40 wide band horn. The horn is positioned at a distance of 34.5 cm
from the samples, which is outside the Fraunhofer distance, but close enough to keep the main beam within the
sample to circumvent edge diffraction effects.
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The measurements are calibrated to a reference plane at the backing surface, using a one-port error model
determined with S7; measurement from the backing metal plate, a metal plate offset a short distance relative
to wavelength, and an absorber.®® The purpose of the calibration is to relate the S-parameter measurement to
the fields at the surface of the sample. For example, in terms of the field Fy outgoing from the antenna, and
the field F; returning, the reflection S-parameter is defined S1; = E; / Ey. However, the reflection coefficient is
defined at the surface of the sample, where the incoming and outgoing radiation fields are E;,, and F,,;, and the
reflection coefficient is given by 7 = E,yut / Ein. In terms of measured Si; parameter, the reflection coefficient
is computed through the reduced calibration coefficients a, b, and ¢, which are solved from the S-parameters
collected from the three calibration data sets:

po St (1)

a — CSH '
The calibration compensates not only for propagation through space, but for errors due spurious reflections in
cabling and multiple paths to the antenna.

The effect of the calibration is demonstrated in Figure 1, which shows the S-parameter measurement and
calibrated reflection coefficient data from a reflecting plate. Three calibrations were averaged, with offsets of
0.102, 0.204, and 0.306 cm. Figure 1(a) shows the S-parameter data measured for a metal plate at a distance
0.408 cm from the reference plane 34.5 cm distant from the horn with no correction applied. Figure 1(b) shows
the calibrated reflection coefficient. The calibration produces a mean reflection coefficient of magnitude 1.03 for
a metallic plate across the band 18 - 40 GHz, with standard deviation of +0.04.
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Figure 1: Reflection magnitude of offset plate: (a) direct S-parameter measurement; (b) calibrated reflection
coefficient.
3. DATA

Data are collected on three materials with thicknesses ranging 1 — 1.25 ¢m, and backed with a metal plate: 1)
transparent plastic (Lexan); 2) paper (20 lb. sheet); and 3) a PETN-based rubberized sheet explosive, Primasheet
1000 (P1000). The basic phenomenology is illustrated in the time domain, which can be constructed from the
calibrated reflection spectrum by Fourier transform (see Figure 2). The time origin is set as zero from the
calibration plane. The first return (negative time displacement) is the partial reflection from the front surface,
and the second return is from the reflection on the backing layer after twice traversing the sample. Energy
absorbed in the material diminishes the second reflection.

The time domain data illustrate some of the elements of imaging signatures; foremost of these are time-
resolved reflections, and their time separations and magnitude. Although the front surface reflection is a small
part of the total return, it is intrinsic to the index of refraction. The intensities of the second reflection vary
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Figure 2: Time domain of pulsed reflection amplitude: (a) Lexan; (b) Paper; (¢) P1000. Lines are fits to data

according to absorption in the material — the loss in the Lexan being smaller than the other materials. The time
series imparts information on refractive index, particularly as it affects front surface reflection coefficient, time
delay, total reflection coefficient, and phase.”® The challenge to analyzing the time series is that the reflection
exhibits only a handful of points, and poorly resolves the location of the peaks. The time resolution in the time
domain is 1/ A ~ 0.045 ns, where A is the frequency bandwidth, and so the resolution is on the same order as
the measured time delays.

Generally, images constructed from the time domain data have little discriminative value unless the surface
reflections are well resolved and separated in time. The greater potential for discriminating among materials
with similar reflection coefficient is realized when the data are parsed in frequency, i.e., as a reflection spectrum.
The frequency reflection spectra for our three materials are shown in Figure 3. The oscillations are due to
constructive and destructive interference among multiple reflections. Manifest differences can be observed in
frequency spacing between interference maxima, the amplitude range between maximum and minimum, and
change in reflection coefficient across frequency. In Section 4, we show how these spectral attributes relate to
the physical properties and configuration of the material, and can be exploited for material identification.
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Figure 3:
models described in Section 5

tified with an optical model.

4. THEORY

The intensity of millimeter radiation observed from illumination of a target material depends on the values of
the real and imaginary components of the complex dielectric constant, and its geometric thickness. These three
parameters determine the total of the radiation returned from the material through reflection from the outer
surface, and transmission and reflection from the internal interface of the material with the body, and are quan-
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The reflection coefficient model is a straightforward application of Fresnel’s equations for optical reflection
and transmission through interfaces of materials with different refractive index.'%* We consider a system with
two interfaces with three components: the backing material, “2”, the sample material, “1”, and air, “0”, are
indicated schematically in Figure 4. The indices of refraction are denoted as nsy, ni, and ng, respectively. In
general, the index is a complex quantity. Reflection and transmission coefficients are ratios of the respective
electric fields relative to the incident electric field, inclusive of phasing.
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Figure 4: Reflection and transmission at the interfaces of layered materials of three different refractive indices.

The reflection and transmission coefficients for fields propagating from 0 to 1 (in normal incidence) are

ny —no
r o= —; 2
1 S (2)
2
oo 2 3)
ny + no
The reflection coefficient at the interface 1 to 2 is
o —
7"2 = 72 nl . (4)
N2 — Ny

And, the reflection and transmission coefficients for fields propagating outward from 1 to 0 are

/ no —ni
rn = —0 5
o= e (5)
2n0
to = — . 6
0 . (6)

The total of the reflected electric field has contributions from reflections on the front and back surface, and
multiple internal reflections escaping the slab. The sum of the fields, normalized to the incident field to give the
reflection coefficient, is written

r =11 toraty (e + (ryr2)e’ + (rirg)?e’® 4 --1) (7)

where 6, represents the phase incremented by the propagation. The phasing constant for m-propagations
to-and-from the front and back surface separated by a thickness AL is

O = 6p + mny(2f/c) (2AL) . (8)

The imaginary component of n1 in the phase term accounts for absorption. Eq. 7 can be simplified by summation
formula for an infinite geometric series.!®1? For our purpose, the sum can usually be truncated at five or fewer
terms. Leaving the reflection coefficient in the form of Eq. 7 allows modification to incorporate phase error,
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such as due to surface irregularity. The overall phase is a function of the displacement of the front surface,

b0 = —(2f/c)(2AL).

In terms of this model, the properties of an unknown slab of material on a backing substance of known
dielectric — in this case, metal — is characterized by three parameters: the thickness, AL; and n} and n/, which
are the real and imaginary components of the refractive index, ny = nf + inf.

In principle, these parameters can be deduced from a minimum of three observational aspects:

1. Examination of Eq. 8 shows that absorption varies in proportion to the frequency. Over a range of
frequency, the material will vary from transparent to opaque. The total reflection at frequencies where the
material is transparent includes reflections from the back surface, whereas at frequencies where the slab is
absorbing, the total reflection is from the front surface only. The characteristic frequency where half of the
incident radiative energy is lost between front and back surface is

c
fT:W; (9)

2. Constructive and destructive interference is also demonstrated in Eq. 8. For example, the primary re-
flections from the front and back surface add constructively if 65 — #; is an even integer times m, and
destructively if an odd number of 7: consecutive maxima will occur at frequency intervals given (approxi-

mately) by
Sm41— fm = m ; (10)
3. Finally, the asymptotic reflection coefficient is related to the front surface alone, and is independent of
thickness: .
oo = m (11)

In practice, the frequency bandwidth will not be adequate to identify all these attributes of the reflection
spectrum. Rather, a least-squares method is used to find a best-fit model to wide-bandwidth data.

5. ANALYSIS

In our analysis, we use the function NonlinearModelFit in the MATHEMATICA computing software'® to match
the reflection coefficient model parameters AL, n}, and n{ to the experimental data. The fitting is done on
the real part of the complex reflection coefficient, . While the fitting can be done with the amplitude of the
reflection coefficient, with similar result, the real (or imaginary) component contains additional information on
thickness from phase data. The reflection models for each material are shown overlaid on the complex reflection
coefficient in Figure 5.

The parameter solutions are given in Table 1. Sources of error in the solutions include the precision in the
numerical model fitting, errors in reflection amplitude (such as calibration and optical errors), and reflection
phase (calibration error and deviations from surface flatness). Model fitting error is estimated from confidence
intervals from the fitting algorithm. The amplitude error is on the order of 4%, as inferred from the deviation
from unity for a metal plate (c.f., Figure 1), and the phase error is estimated at 5 — 20 degrees from the noise
in the data. The propagation of these errors into the fitting parameters is exhibited by the error in the last
digits given in parenthesis in Table 1. The final two columns give corresponding dielectric constants, which
are alternative to characterizing the materials’ electromagnetic properties.'# 15 For nonmagnetic materials, the
dielectric is computed from the refractive index by € = \/n.

Practical application requires that the detected materials must have distinguishable dielectric constants.
Figure 6 plots the materials in dielectric space, and shows that the materials are separated from one another.
Thus, the method provides a way to detect intrinsic material dielectric properties of reflection anomalies. The
dielectric properties of the target may then be compared to a library of dielectric constants to identify the likely
composition of the material.
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Figure 5: Model fits to the real part of reflection coefficient are plotted as thick lines on real and imaginary
components of the reflection data: top to bottom,: (a) Lexan; (b) Paper; (¢) P1000. See Figure 3 for how model

fit appears in amplitude.

Table 1: Parameter Solutions and Errors

Material AL, nj nfy € e’
Lexan 1.26(4) 1.68(2) 0.006(06) 2.81(6) 0.02(2)
Paper 1.06(1) 1.53(1) 0.059(11) 2.34(3) 0.18(4)
P1000 1.29(2) 1.69(2) 0.031(07) 2.86(7) 0.11(2)

The ability to discriminate materials will depend on the density of materials in the detection space and
measurement precision. The effect of reflection measurements on non-ideal backing materials is as yet unknown,
but this should be a matter of extending the model to include a complex refractive index, ns, for the backing
layer, or including additional layers, as necessary.
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Figure 6: Detected materials in dielectric space.

6. CONCLUSION

The results of this analysis show that the dielectric constant can be detected at modest range to an accuracy
on the order of + 0.05 in both ¢ and €’ by fitting the reflection coefficient spectrum across a broad range of
frequencies to a suitable optical model. The detection is independent of thickness. In principle, multi-frequency
interrogation is established as a way to identify concealed materials on personnel at a checkpoint. The method
has the potential to determine whether the detected dielectric matches the dielectric of an identified threat (for
example, in a detection library). Alternatively, the detected dielectric might be excluded as a potential threat if
it is outside the region of dielectric space occupied by any explosive or non-explosive threat, independently from
identification. The converse may also usefully apply, if the detected dielectric is found to be consistent with the
parameters of a known benign material associated with the image anomaly.

The frequency band 18 — 40 GHz is only slightly broader than fielded millimeter wave imaging systems, and
could potentially be incorporated into current or future imaging systems. Imaging systems that use temporal
ranging to interpret the image already collect the conjugate frequency data, albeit over a lesser bandwidth.

Our data were collected in optimal circumstances with the object on a totally reflecting background. Also,
only a few representative materials are presented. Additional research is planned to increase the functionality of
the techniques, including an imperfectly reflecting background incorporating a surface with dielectric properties
similar to skin (i.e., a skin simulant'®).
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