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ABSTRACT Material characterization in the 0.1 — 10 THz range has been a major topic of research since
its first demonstration 30 years ago. Advances in terahertz generation, detection, and data acquisition have
contributed to improved bandwidth, signal power and signal-to-noise ratio. However, material character-
ization is still performed using conventional spectroscopic measurement schemes which require detailed
information about the test object’s shape, location, orientation relative to the measurement system, and a
reference measurement. Here, we present a method for reference-free material characterization of dielectric
objects using a terahertz time-domain spectroscopy system without a priori knowledge about the object
and its position. The proposed method is based on ellipsometry combined with lensless imaging for the
estimation of the refractive index. The method is a multistage procedure designed for small test objects in
reflection mode. The diffracted terahertz radiation is separated from the specular reflected radiation in a
post-processing step to enable a valid material parameter estimation. In this way, small dielectric objects can

be located, imaged with a sub-mm resolution, and their material parameters extracted.

INDEX TERMS Material characterization, refractive index, THz imaging.

I. INTRODUCTION

Terahertz time-domain spectroscopy (THz TDS) is since
the first laboratory demonstration in 1989 [1] an important
tool for scientific and industrial applications [2]. The unique
feature of THz radiation is the ability to penetrate optically
opaque dielectric and nonpolar materials. This enables the
detection and imaging of subsurface objects. In comparison
to microwaves, the frequency is much higher and hence
the maximum obtainable image resolution is better for THz
systems. Further, the frequency bandwidth is much higher.
Typical THz TDS systems achieve a bandwidth of more
than 6 THz [3], [4], which makes these systems interesting
for spectroscopic applications. In comparison to X-rays,
THz radiation is nonionizing and thus harmless. THz TDS
is especially sensitive in transmission mode configuration.
By applying sophisticated algorithms for material parameter
extraction [5], [6] slightest changes of the refractive index of
materials and liquids can be sensed [7]. The general principle
of the material parameter extraction is the calculation of the
transfer function of the material. This is achieved by dividing
a measurement with the empty transmission channel through
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a measurement with the material under test. For a collimated
beam, the exact position of the sample is noncritical. Only
the incident angle is important [8]. However, in many real
live scenarios and spectroscopy on highly absorbing mate-
rials, transmission mode spectroscopy is not feasible. First
reflection measurements in the THz frequency range were
performed on water [9]. Water has a very high absorption
coefficient and can hence only be measured as a very thin film
(<100 pm). This may lead to inaccuracy of the determined
parameters. In a reflection measurement, the radiation does
not need to penetrate the complete sample. The Fresnel equa-
tions can be used to calculate the absorption coefficient o and
the refractive index n, if the interface between the sample and
the surrounding medium (usually air) is well-defined [10].
Nevertheless, it is still necessary to eliminate the influence
of the transmission channel (THz path) on the measurement.
Therefore, a reference measurement must be performed,
where a highly reflective reference is placed at the exact posi-
tion of the sample. Some efforts have been made to minimize
the influence of a slight difference between sample and ref-
erence position [11], [12]. Further, it has been demonstrated
that also the diffuse reflection can be used to get spectroscopic
information from a sample [13], [14]. Here, the Kramers-
Kronig transform was used to retrieve the complex refractive

VOLUME 8, 2020


https://orcid.org/0000-0002-9100-9451
https://orcid.org/0000-0001-9857-0295
https://orcid.org/0000-0002-2463-8733

B. Friederich et al.: Reference-Free Material Characterisation of Objects

IEEE Access

index without regarding the phase of the measurement. This
is an important step towards a realistic application scenario,
where often only measurements in reflection mode are fea-
sible. However, the accuracy is restricted due to the limited
frequency response. A promising reference-free approach for
the extraction of material parameters is THz ellipsometry. For
a known angle of incidence and two orthogonal polarization
states, the material parameters can be calculated from the
Fresnel equations. However, the position and the shape of
the object must be known a priori. Further, diffraction from
edges and corners reduces the validity of this approach. This
limits the field of application to well-defined laboratory
experiments.

To overcome this limitations, we present a novel approach
for robust and direct measurement of the material parameters
in reflection mode by employing THz ellipsometry without
a priori information about the shape and position of the object
under test. The approach is based on a lenseless sensing
technique based on parallel (p) and perpendicular (s) polar-
ized THz waves and can be divided into four major steps.
First, an image of the sample is reconstructed using migration
imaging technique for THz TDS systems [15]. In the next
step, the shape of the sample is extracted from the migrated
image by employing an active contour extraction method.
Next, the features of the object such as corners and edges
are detected. Finally, by combining the information from the
s and p polarized waves with the information of the shape
and position of the sample the characterization of dielec-
tric materials is performed based on THz ellipsometry [18].
By using this approach, we can extract a complete description
of the sample’s characteristics such as shape, position, and
material parameters. To demonstrate the capabilities of the
presented approach, two objects constructed from dielectric
materials with different size and shape are characterized.
A state-of-the-art THz TDS system is used in reflection mode
for the measurement scenario.

Il. TERAHERTZ ELLIPSOMETRY

Ellipsometry is a well established reference-free reflection-
mode characterization technique for the evaluation of mate-
rial parameters in the optical range [17]. Recently, it has been
applied to the microwave range and has proven high accuracy
[18]-[22]. The basic principle of ellipsometry is based on the
comparison of the difference between the reflection of the
p and the s polarization. It utilizes the material dependent
differences in the reflection coefficients for a known angle of
incidence. An ellipsometric setup can be realized for a linear
polarized emitter and detector if s- and p-components are
equal in amplitude [18], [19]. In Fig. 1, the experimental setup
for ellipsometric measurements is depicted. Here, the emitter
E and the detector D are positioned such that the s- and
p-polarized electric fields are generated and transmitted onto
the sample surface at an angle #; = 45° to the plane of
incidence. Ej represents the incident terahertz electric field
at the material surface and E; is the specular reflection. For
a non-magnetic material, i.e. materials with a permeability
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FIGURE 1. Experimental setup for ellipsometric measurements. The
incidence wave E; (shown light blue) radiated from the emitter E is
reflected from an infinite large flat surface as the specular reflected wave
E; (in dark blue) at the detector D.

of ur & 1, the specular reflection is E; = rE;j, where r is the
material specific reflection coefficient. Considering dielectric
materials, the reflection coefficients for s and p differ and are
dependent on the complex relative permittivity of the medium
in which the wave propagates €1 and the material under test
€r2. Hence, the reflected waves from dielectric materials for
the two polarizations are E; s = rgEj, where ry is the reflection
coefficient for perpendicular polarization, and E;p, = rpkEj,
where r}, is the reflection coefficient for parallel polarization.
The complex ratio of the reflected perpendicular and parallel
electric fields E;s and E;p, respectively, is defined as p, and
expressed by

_Ep 1

p= =—. ()
Er,s I
The estimation of the refractive index n is performed by the
inverse application of the Fresnel equations [18]. For smooth
or slightly rough surfaces in air (¢,,1 &~ 1) the refractive index
is estimated by

sin?(6) (%p - 1)

——F 2| +sin?@) ()
cos(6;) (g—; + 1)

Hr2 = Ny =

with the angle of incidence 6;.

This technique provides a good solution for objects with
large flat surfaces, where only the specular reflection is con-
sidered. For thin-film or multi-layer structures, the estimation
must be performed for each frequency point individually.
Furthermore, for complex object with edges and corners, not
only the specular reflection but also the diffracted electric
field from the edges and corners of the objects have to be
considered. Hence, the diffraction model for complex objects
is considered in the following sub-section.

A. DIFFRACTION OF COMPLEX OBJECTS

The reflection of an object’s surface depends not only on the
material properties such as the permittivity, but also on the
object’s shape i.e. edges or corners. At these discontinuities,
the electric field is diffracted and may interfere with the spec-
ular reflection. As the evaluation of the material parameters
using ellipsometry is based on the ratio of two orthogonal
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FIGURE 2. Schematic representation of specular (Er) and diffuse (E4)
reflections from a test object’s surface, and the propagating electric field
E from emitter (E) to detector (D).

polarization states of the specular reflection, the interference
with the diffuse reflection leads to errors.

Fig. 2 shows the diffuse (E4 ) and specular (E;) reflection
from an incident electric field (£;) at the surface of an object
as well as the cross-talk (E.) between the emitter and detector.
The corresponding electric field E at the detector is a function
of the superposition of E;, Eq and E; and is determined as

E=E +Eq+E.. 3)

In order to ensure the suitability of a measurement for
material characterization, it is necessary to determine the
scattering of the object’s edges and E., which is considered
in the following sub-section. In [26] Luebbers introduces
an approximation for the polarization dependent diffrac-
tion coefficient Dy s for the calculation of the diffracted
electric field by the geometrical theory of diffraction. The
geometrical theory of diffraction is an extension of the geo-
metrical optics, which allows to describe the interference at
the detector between diffracted rays, specular reflected rays
and directly received rays. Important scattering parameters
as polarization, conductivity, refractive index, and surface
roughness are considered for the calculation of Dy 5. Using
the diffraction coefficient, the diffracted electric field at the
point of the detector can be calculated by [23]:

ik -
Eq = Er,p/sTDp/s' me ", 4

with k the angular wavenumber, the angles ¢ and ¢’, and
the path length [ and I’. Thus, if one of the parameters
of Ey is incorrectly estimated, the diffracted electric field
cannot be correctly compensated in (3) and will lead to an
error in the estimated material parameters. To overcome this
issue, we propose a method for the detection of the specular
reflection from objects for the estimation of the material
parameters.

B. EXPERIMENTAL SETUP AND CALIBRATION ROUTINE

The measurements presented in this work are carried out
with the THz TDS system TERA K15, from Menlo Systems.
Fig. 3 shows a schematic diagram of the experimental setup.
It consists of the femtosecond laser source C-Fiber 780,
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FIGURE 3. Schematic drawing of the experimental setup. The emitter and
detector antennas are rotated with 6 = 45° angle to each other. The object
under test is mounted on a rotation unit and rotated 360° degree-wise.
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FIGURE 4. Photograph of the measurement setup.

a high-resolution computer-controlled 1600 ps long optome-
chanical delay unit (ODU), a fiber-coupled terahertz emitter
(TERA 15-TX-FC Fe:InGaAs) and a fiber-coupled terahertz
detector (TERA 15-RX-FC LT InGaAs). The antennas are
mounted in reflection geometry with & = 45° for the purpose
of ellipsometric measurements (cf. Fig. 1 and Fig. 3). The
antennas are separated by 0.26 m and the distance to the
center of the rotation stage is 0.13 m.

As shown in Fig. 3, a test object is positioned on the
rotation stage allowing for a 360° 2-dimensional circular
scan. The test object is rotated with an angular resolution of
1° so that 360 measurements can be recorded for the material
characterization. A photograph of the measurement setup is
shown in in Fig. 4. Here, the detector, the emitter, the test
object, and the rotation stage are shown. As demonstrated
in the figure, no mirrors or lenses are used to collimate or
focus the terahertz beam. For the material parameter esti-
mation, polarimetric measurements are required so that 360°
measurements are performed with parallel and perpendicular
polarization. However, before the measurements of the test
objects are performed, a calibration of the system is required
to compensate the antennas and channel characteristics for
the precise estimation of the material parameters.
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FIGURE 5. Block diagram of the underlying channel model Hy,(f)
represented by the system functions of the emitter (Hg (f)), and detector
antennas (Hp (f)), the sample (Hy (f)), the direct channel between
emitter and detector antennas (Hc (f)), the channel from the emitter to
the sample (Hcp; (f)), and the channel from the sample to the detector
(Hcpy (f)), respectively.

In Fig. 5, the channel model for the measurement system is
introduced. The system function of the measurement system
Hy(f) can be described as

Hwm(f) = Hg (f) - Hent (F) - Hr (f) - Henz () - Hp (f)
+Hg(f)-Hc(f)-Hp(f), (5

where HE (f) is the system functions of the emitter, Hp (f)
is the system function of the detector, Ht (f) is the system
function of the test object, Hc (f) is the system function of
the direct channel between emitter and detector, Hcypy (f) is
the system function of the channel from the emitter to the
sample, and Hcpy (f) is the system function of the channel
from the sample to the detector. For slowly varying system
functions of the channels, the following is employed [15].

At first, an empty measurement Hgmpiy(f) is performed
where no test object is in front of the antennas so that the
object’s system function must be Ht(f) = 0. The system
function of this calibration measurement is then

Hempty(f) = He (f) - Hc (f) - Hp (f) (6)

In a second step, a reference measurement Hr (') with an ideal
reflector is recorded. As an ideal reflector, a metal plate is
used so that the object’s system function is

HR(f) = Hg (f) - Hcn (F) - Hen2 (F) - Hp ()
+Hg(f)-Hc(f)-Hp(f). (1

By using the equations (5) to (7), the object’s transfer
function is extracted and is determined as

HM(f) - HEmpty(f)
HR(f) - HEmpty(f) .
The calibration is performed for s and p polarization and

is used for the further processing of the proposed object
characterization algorithm.

Hr(f) = @)

Ill. ELLIPSOMETRIC MATERIAL PARAMETER
ESTIMATION OF COMPLEX SHAPED OBJECTS

The employed method for the estimation of the material
parameters is based on the Fresnel equations from section II.
However, to precisely estimate the material parameters,
the exact position and orientation of the object relative to the
emitter and detector must be known. Furthermore, as only the
specular reflections from the test objects will be considered
for the calculations, they must be correctly detected. Hence,
the shape of the object must be known.
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FIGURE 6. The flowchart of the proposed reference-free material
characterisation of objects based on terahertz ellipsometry.

Thus, we propose an approach for the estimation of the
material parameters using THz waves in four steps where in
each step a new feature of the object under test is determined.
A flowchart depicting the proposed approach is presented
in Fig. 6. First, an image of the object is reconstructed fol-
lowed by the extraction of the shape of the object. Next,
the contour features such as corners and edges are detected.
Finally, the refractive index of the dielectric object is cal-
culated using the Fresnel equations and the corrected angle
of incidence. In the following sub-sections, each step of the
proposed approach is described and analyzed for two test
objects.

A. KIRCHHOFF MIGRATION BASED IMAGING

Typical imaging setups for the terahertz frequency range
employ lenses and/or mirrors to focus the terahertz beam
on the surface of a test object at a known distance and
orientation [27]-[29]. These imaging setups provide a high
lateral resolution if a good optical alignment is achieved.
However, even under ideal conditions focusing is achieved
only for a very limited focal depth and the terahertz imaging
resolution is hindered by the frequency-dependent spot size.
Finally, a priori information about the distance and orienta-
tion of the sample is required for correct imaging. This makes
the focused approach unsuitable for applications where no
a priori information is available or subsurfaces of different
orientation are of interest.

Another approach is based on a divergent terahertz beam
and the focusing of the image by digital post-processing, typ-
ically referred to as migration-based imaging [15], [30]. This
approach makes use of the complete frequency bandwidth of
the system and allows for image resolution in the sub-mm
range. These algorithms rely on the migration-based radar
image reconstruction technique first presented by Schnei-
der in [32]. Since then, this technique has been success-
fully implemented for different radar applications scenarios
[33], [34]. For the generation of the images, we employ the
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FIGURE 7. Sketch of the two test objects used for the evaluation of the
proposed approach. The first test object is a ceramic square post with an
edge length of 3.5 mm (shown left) and the second object (shown on the
right) is a composite object build from wood (shown in the figure as the
brown half-circle) and tough PLA (shown as the black triangle).

Kirchhoff migration imaging method for lensless terahertz
measurements as presented in [15].

The Kirchhoff migration produces in the case of bistatic
antennas and a 2D object an overlay of 2D images. Here for
each reflection at an object shown in the radargram a 2D
elliptical wavefront according to the specific round-trip-time
is emerging at the emitter and thus this elliptical wavefront
is overlayed and becomes a part of the final image. Initially,
each pixel in the matrix is set to zero. Afterwards, the ampli-
tudes of the measured scalar field at each antenna position
are mapped onto the matrix. Finally, the produced image is a
pixel matrix where each element is the result of the superpo-
sition of all the received reflections at each antenna position.
As a result, the image is focused due to the constructive and
destructive interference of the electric fields measured in the
individual scans with the synthetic antenna aperture.

For the introduction of the proposed method, we have
chosen two exemplary objects. In Fig. 7, a sketch of the
two objects is presented. The first object is a 3.5 x 3.5 mm
ceramic square post. The second object is a composite object,
where one half is a half-circle glued to the hypotenuse of a
right-angled triangle. The object is made from two dielectric
materials. The triangle-shaped part is 3D printed from a tech-
nical polylactic acid (tough PLA) and the half circle is made
of wood. The objects are scanned using a circular scan, where
the object is rotated to generate a 2-dimensional image of the
target similar to our previous work [15]. Using the measure-
ment setup described in section II-B, 360° circular scans of
the two objects for both polarizations are performed. Employ-
ing the presented imaging approach, the reconstructed images
of the ceramic object and the composite object using the
measurements with the s polarized terahertz electric field are
shown in Fig. 8. Comparing the two images with the real
2D shape of the test objects, we can conclude that correct
reconstruction of the two objects is achieved. However, there
are significant differences considering the dynamic range of
the two images. Here, we define the dynamic range of the
reconstructed image as the difference between the noise floor
(shown in green) and the reconstructed contour of the object.
The first image exhibits a dynamic range of approximately
25 dB. The image of the composite object has approx. 12 dB
dynamic range. This is due to the permittivity of the dielectric
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FIGURE 8. Generated image of the two test objects (left ceramic square
post and right composite object) using the THz measurements with a s
polarization.

materials from which the objects are made. As wood and
tough PLA have lower permittivity than ceramic, the detected
reflection from the composite object exhibits lower amplitude
and thus the dynamic range of the reconstructed image is
lower than the one of the ceramic object.

So far only the image of the object is reconstructed.
However, for the material estimation of the object, further
information is needed, such as the precise contour of the
object the relative position of the object’s contour to the
emitter-detector pair, and information about the features of
the object such as edges and corners. For this purpose, further
post-processing algorithms are implemented. In the next step
the contour of the object is extracted from the migrated
terahertz image.

B. CONTOUR EXTRACTION FOR KIRCHHOFF MIGRATED
IMAGES

In the next step, the contour of the object is extracted for
further material parameter estimation. In the following sub-
section, a basic contour extraction algorithm for Kirchhoff
Migration imaging is employed. The algorithm is an active
contour model called snake. The snake approach was first
proposed by Kass in 1987 [35]. Since then, the active contour
methods have become attractive for image processing appli-
cations. In [35], Kass defines the snake as a parametric curve
c(s) = [x(s), y(s)], s € [0, 1] within an image that deforms
depending on internal and external forces to converge to
desired features of the contour of an object. The internal force
is based on the contour smoothness itself (defined as curves or
surfaces). The external force is based on the image data and is
typically defined such that the contour changes its shape into
the shape of the imaged object. The approach is based on the
minimization of the energy function [35]

|
E(c(s))= / 5(oz|c’(s)\2+,3|c”(s)|2) + Eexe(e(s))ds, (9)
0

where @ and § are parameters controlling the tension and
rigidity of the snake. The internal energy of the snake is
determined by the geometric features of the curve represented
by the first two terms within the integral in (9), while the
external energy Eex(c(s)) depends on the image data.
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FIGURE 9. Generated image of the two test objects and the extracted
contours (black) using the snake algorithm.

Here, we employ the component normalized generalized
gradient vector flow (CN-GGVF) [36] as the external force
for the snake. The snake is used for the extraction of the
contour of the Kirchhoff migrated images of the two samples
from Fig. 8. As shown in Fig. 9, the employed approach is
capable to extract correct contours from the migrated THz
images. However, some fluctuations in the extracted con-
tours are present due to noise and image artifacts. These
fluctuations must be separated from important features like
corners and edges of the object, which cause diffraction.
Hence, the next part of the proposed approach deals with
the detection of the features of the extracted contour such as
corners and edges.

C. CORNER AND EDGE DETECTION BASED ON
CURVATURE SCALE SPACE

Corners of the extracted curvature are important features for
the evaluation of the material parameters since diffraction
effects have a significant impact on the estimated value.
Hence, the detection of corners and edges of the object con-
tour is required. The curvature scale space (CSS) detection
has been proposed in [37] as suitable and reliable technique
for the detection of corners.

The CSS technique is suitable for recovering invariant
geometric features of a planar curve at multiple scales.
At first, the parameterized curvature c(s) from the previ-
ous section is convoluted with a Gaussian function g(s, o)
where o is the standard deviation of the Gaussian function.
By increasing o, the contour gets smoother, but the informa-
tion of the features such as edges or corners may be lost.
Distortion that are smaller than the imaging resolution are
filtered, while features of the object are maintained. By this
convolution, local distortions of the curvature extraction are
eliminated. The Gaussian convoluted curvature is

cg(s) = [x(s) * g(s, 0), ¥(s) * &(s, 0)] = [x(s, 0), ¥(s,0)].
(10)
The results for ¢,(s) using the contour of the ceramic square
for four different values of o are shown in Fig. 10.a)-d), where
o is 20 um, 30 um, 100 um, and 200 wm, respectively. For
o = 200 pm, the contour of the four flat surfaces is smooth,
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FIGURE 10. Filtered contour of the squared ceramic post test object using
a) g <20um, b) 0 <30um, c) 6 < 100 um, and d) o < 200 xm.

but the edges become curved and the angle information about
the edges is lost. For 0 < 200 um, a smoother contour of
the test object is achieved, while the edges remain mostly
unchanged.

To find the corners from ¢g(s) of the input curve, the
curvature of the contour must be computed. Using the CSS
technique, the curvature is calculated as

/! /! 1 /
(5, 0) = xX'(s,0)'(s,0) —x"(s, a)z/(zs, o) (11
(x5, 0)2 +y'(s,0)?)
where x'(s,o) and y'(s, o) are the first derivatives, and
x"(s,0) and y'(s, o) are the second derivatives considering
the x and y direction of the extracted contour.

Using the filtered contour from Fig. 10, the values for
k(s, o) are calculated according to (11). The normalized
results are presented in Fig. 11. Here, the curvature of the
contour is shown as a function of the azimuth angle of the
contour in polar coordinates. The peaks in (s, o) represent
discontinuities of the contour such as edges and the constant
values of «(s, o) represent the flat surfaces of the object.
As the object is square-shaped, four edges i.e. four peaks are
detected for ¢ = 35°, ¢ = 125°, ¢ = 215° and ¢ = 305°.
However, when the contour is filtered with o < 100 pm (blue
for 0 = 20 um and red for o = 30 um) further strong peaks
in k (s, o) are detected. This leads to false detection of edges
that will result in erroneous calculation of the refractive index.
For ¢ = 100 um (orange) and 0 = 200 um (red) the four
strong peaks are correctly detected and the incorrect peaks are
attenuated. However, for o = 200 um the information about
the edges are partly lost. Hence, we chose ¢ = 100 um for
the evaluation of the contour of the test object.

Next, we considered the second test object, which is com-
posed of a triangle and a half circle. In Fig. 12, the CSS of the
composite object is presented. Here, we observe three sharp
peaks for the three edges of the triangle part of the object,
where the rest is approximately constant and only minor
changes are observed. As the CSS of a circle is constant,
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FIGURE 11. Calculated CSS of the filtered contour of the squared ceramic
post test object for the four different values of sigma. The peaks

demonstrate a sharp change in the contour of the object such as edges
and corners.
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FIGURE 12. Calculated CSS of the filtered contour of the composite test
object for ¢ = 100 um. The peaks demonstrate a sharp change in the
contour of the object such due to the 3 edges of the object.

the algorithm should result in constant values for the CSS.
The present minor deviations of the value originate from to
errors in the extraction of the contour for single pixels or
roughness of the object’s surface.

Once the CSS of the contour is calculated, the algorithms
extracts the parts of the objects that contribute to the diffuse
reflections, i.e edges. Thus, first the derivative of the k (s, o)
and (s, o) is calculated in order to detect the peak values of
k (s, o). Then, the points of the object’s contour are extracted
for which «’(s,0) < &, where ¢ — 0, thus discarding the
edges. In Fig. 13, the extracted parts of the objects with dom-
inant specular reflections are highlighted. Using this method,
the algorithm correctly detects the four flat surfaces of the
square-shaped test object, the two flat surfaces and the half
circle surface of the second test object. With this information,
the angle of incidence 6; can be calculated and the material
parameters can be estimated. In the following sub-section,
the algorithm for the estimation of the material parameter is
explained.

D. MATERIAL PARAMETERS ESTIMATION

For the material parameter extraction, we are using the
Fresnel equations presented in Section II. As demonstrated,
the diffuse reflections from the edges of the test objects lead to
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FIGURE 13. Contour (blue) and the extracted surfaces (red) used for the
material characterization for the two test objects.

errors in the estimation of the refractive index. Thus, we focus
only on the specular reflection. In the previous sub-sections,
we derived a method to detect the position of the parts of
the test object that contribute to specular reflection. The next
step is to extract the specular reflection from the measurement
data and to calculate the incidence angle to correctly calculate
the refractive index. First, the reflections from the objects
are detected for each measurement of both polarization by
extracting the amplitudes of the maximum detected electric
field according to

Ep n = max (|sp (t, Dy, Ep) |) 12)

and
Es,n =max (|ss (t, Dy, Ey) |), (13)

where D, and E,, are the positions of the detector and emitter
for the n-th measurement; s; (t, Dy, E;) and s (£, Dy, Ey)
are the detected THz signals with p and s polarizations,
respectively. These detected amplitudes are then used for the
calculation of the refractive index according to (2) .

Next, the angle of incidence is calculated. For this purpose,
the point of reflection from the test object and the rela-
tive position of the emitter-detector pair have to be deter-
mined. Hence, first the round-trip times of the reflections are
extracted from the detected signals as

Ip,n = arg max (|sp (t, Dy, Ep) |) (14)

and

fg,n = arg mtax (Iss (2, Dp, Ep) |). (15)

From this, the angle of incidence is calculated. Therefore,
the intersection point of the extracted round-trip times with
the extracted flat surfaces of the objects contour are calcu-
lated. Due to the bistatic antenna configuration (cf. Fig. 3),
the intersection point between the extracted round-trip time
tpss,n and the flat surfaces of the object’s contour is positioned
along an ellipse with focal points D,, and E,, and with major
and minor axis

Inis,n * C
Apls,n = ps; s (16)
bp/s,n = \/ag/s,n —é2, (17)
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FIGURE 14. Example of derivation of an intersection point. The
coordinates of the extracted surface points (red) are intersected with the
ellipse calculated from a detected reflection from the test object (blue)
resulting in the intersection point shown (black).
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FIGURE 15. Extracted points for the estimation of the material
parameters of the two test objects.

where c is the phase velocity and e is half the distance between
the emitter E, and the detector D,. The ellipse can then be
determined as

x2 y2
fax,y) = 5—+ 55— —-1=0. (13)
ap/s,n p/s,n

The intersection point P,, of the ellipse and the surfaces of
the extracted contour is cg(s) N f(x,y) == P,. An exam-
ple for the derivation of an intersection point is shown
in Fig. 14. Here, the coordinates of the extracted surface
points (red) from Fig. 13 and an ellipse resulting from a
detected reflection from the test object are shown. The inter-
section point (blue) is then derived as the intersection of the
two graphs. In Fig. 15, the extracted intersection points for
the two objects are shown. Although, the test objects are
symmetrical, the extracted intersection points are not. This
can be due to the position of the test object on the rotation
stage. If the test object is not perfectly centered, the specular
reflection will occur at different angles of incidence and
positions on the test object. The angle of incidence 6; j, is then

1 ( Py — Ep)D, —Py) )
6; , = — arccos . (19)
2 [Py — Ep)[|(Dy — Py

Now, with the correct angle of incidence 6; , and The esti-
mated mean value of the refractive index of the first test

object (squared ceramic post) is ny = 3.02 with the variance

afc = 0.009. The results show a small deviation from the
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expected values for ceramic (n, =~ 3.1). In the case of
the second test object, we estimated two mean values for
the refractive index based on the extracted points from set
1 and set 2 (cf. Fig. 15). For the first set of points of the
composite object representing the wooden area of the object,
the estimated mean value of the refractive index is npy = 1.5
with the variance afw = 0.001. The estimated refractive
index agrees with the values for wood in the literature [38].
For the second set of extracted points, the estimated mean
value is nypra = 1.73 with the variance apr A = 0.006.
This values agree with reference spectroscopic measurements
in transmission mode of 3D printed tough PLA, where we
measured values for the refractive index of tough PLA of
around 1.7.

IV. CONCLUSION

In this paper, we presented a new reference-free material
characterization approach for THz TDS systems in reflection
mode for objects with unknown shape, orientation, and rela-
tive position with respect to the emitter-detector. To overcome
this challenge, we employed a multistage procedure con-
sisting of four steps, where in each step information about
the object’s geometry is extracted. We combined a lens-
less terahertz imaging approach with conventional contour
extraction and edge detection techniques for the complete
geometrical description of the test object. The extracted
information is then used for the estimation of the refrac-
tive index by using p and s polarized terahertz radiation.
A state-of-the-art THz TDS system is used in reflection mode
for the proof-of-concept of the proposed approach. Two dif-
ferent dielectric objects were used as test objects for the
method, namely a 3.5 mm ceramic post and a composite
object created from a 3D printed PLA glued to half-circle
wooden post. From the ceramic post, the proposed method
estimated a value for the refractive index of n;. = 3.02. This
result shows a small deviation compared with the value for the
refractive index of the material of 3.1 measured using the well
established THz spectroscopy measurement technique pre-
sented in [2]. For the second test object, the estimated refrac-
tive index for the wooden part is n;,, = 1.5 which is well in
the range of literature values for wood [38]. The value for the
3D printed tough PLA partis with n.pa = 1.73 in agreement
with the measured value of 1.7 from a conventional THz TDS
measurement. With the composite test object, we demon-
strated the capability of the method to differentiate between
two dielectric materials. It is noteworthy that the method
enables the retrieval of valid values for the refractive index
of relatively small objects although ellipsometry works best
for large plane surfaces. Further investigation of the mate-
rial characterization method will be performed for complex
objects before extending the method for 3-dimensional and
multilayered objects.
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