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Abstract: Terahertz time-domain spectroscopy (THz-TDS) in reflection mode is a powerful
technique for extracting the broadband dielectric function of materials in many applications.
However, it is very sensitive to the phase ambiguity problem due to any misalignment between
the sample and reference positions. Several computational methods have been developed over
the years to address this limitation. One solution to the phase ambiguity problem is the use
of imaging windows, which allows for a self-referenced measurement strategy. However, this
method can give rise to the presence of air gaps between the sample and window, and introduce
other sources of measurement error. The trapped air gaps can occur inevitably, and are difficult
to identify, in complex targets, such as those with rough surfaces or sub-wavelength air voids. In
this paper, we present a novel method for identifying such air gaps, estimating their size, and
computationally removing the resultant artifacts in spectroscopic measurements. Our approach
is based on modeling the complex index of refraction of the sample in the presence of an air gap
and extracting its thickness using the so-called quasi-space approach. We verify this technique in
the analysis of in vivo THz images of skin tissue and using controlled test samples composed of
a multi-layer structure of an air gap trapped between an imaging window and an HDPE pellet.
In both cases, we show that the proposed method can extract the thickness of the air gap and
calculate the refractive index of the sample accurately.

© 2025 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz time-domain spectroscopy (THz-TDS) has found many applications in studying new
material properties, exploring ultrafast phenomena, biomedical sensing and imaging, and quality
control in industrial manufacturing [1]. One of the attractive features of the THz-TDS method
is its ability to extract the broadband complex dielectric function of a sample from a single
measurement [2]. It can be implemented in different experimental geometries, such as the
transmission or reflection modes, among several other optical configurations. However, the
reflection mode is often the only viable geometry in many applications, where the sample is highly
attenuating or semi-infinite, examples of which include biomedical imaging [3—11], chemical
and molecular analysis [12, 13], standoff detection of chemicals [14, 15], illicit drugs [16], and
other harmful substances [17].

Despite its utility and versatility, the THz-TDS technique in the reflection geometry is highly
sensitive to the phase ambiguity artifacts, in which a small displacement between the reference
and sample positions introduces a phase shift and alters the complex spectral data [18]. A few
solutions to this problem have been proposed. In spectroscopic methods, where a reflection from
a mirror is used as the reference measurement, this problem has been addressed by subtracting
the slope of the phase function [18] or using custom sample geometries such as a step-edge over
a substrate [19] to remove the displacement error. However, because these methods assume
either a linearly-dependent phase shift or a uniform sample thickness, their utility is limited
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and not suitable for many diverse applications, where sample surface properties cannot be
controlled. An alternative solution for obtaining reference measurements, which is uniquely
suitable for biomedical applications, is to place an optically transparent window on the sample.
This method provides two choices of reference at either the air-window (first) interface [20,21]
or the window-air (second) interface [3]. Regardless of the choice of the interface, they can
effectively remove this phase error, and are independent of the sample thickness. However, using
an imaging window can introduce new sources of measurement error because this approach
assumes that there is a perfect contact between the sample and window. It is not always possible
or practical to achieve a perfect surface contact. For example, air gaps may appear between
the window and sample due to user error or the sample’s surface properties [3,22]. Moreover,
applying pressure to the sample may remedy these air voids, but it may also produce new effects,
such as occlusion in biological samples [23]. The existence of such errors due to voids, air gaps
or occlusion affects are not easy to detect, particularly in heterogeneous samples. Finally, air
gaps can occur naturally in some non-destructive testing applications such as identification of
delamination between sample layers. Therefore, a computational strategy that can detect the
presence of air gaps and remove any spectroscopic artifacts in the characterization of the sample
properties are very useful in these applications.

In this paper, we present a THz-TDS computational approach that identifies the existence of
an air gap and subsequently minimizes its impact on measurements by solving for its thickness
and extracting the accurate complex index of refraction of the materials. Our technique draws
inspiration from material characterization methods used in transmission geometry [24—26]. These
methods simultaneously extract the thickness and refractive index of the sample. Assuming an
air gap is always present in the sample, we derive a transfer function that models the propagation
of the THz pulse through an imaging window and an air gap of unknown thickness d,, and
reflecting off a sample with index of refraction 715, which is to be extracted by the model. By
varying the thickness of the assumed air gap, we calculate a corresponding 7ig, and then select the
correct thickness and index of refraction based on a modification of the so-called "quasi-space”
technique [25]. The paper is organized as follows. First, we will discuss the inefficiencies of
the current computational methods for extraction of the sample’s complex index of refraction,
and derive a new transfer function in the presence of air gaps. Next, we will demonstrate the
extraction of the air gap thickness in the time-domain and the refractive index of the sample in the
frequency-domain. Finally, we will propose an alternative method of simultaneously extracting
both thickness and refractive index in the frequency-domain. We will show using both in vivo
skin measurements and manufactured samples with known physical properties that our proposed
algorithms can detect the presence of very small air gaps, estimate its thickness, and accurately
extract the index of refraction of a sample.

2. Theory

Figure 1 shows the transmitted and reflected beams by comparing the case for an ideal contact
between the spectroscopy window and sample (left) to the case where an air gap is present
at this interface (right). Existing models usually consider the ideal contact case, whereas in
many biomedical tissue imaging and industrial applications with rough-surface or non-uniform
samples [27-29] the presence of a trapped air gap between the sample and window can give rise
to multiple internal reflection beams, shown for example by the multiple reflection arrows in Fig.
1. The complex reflectivity response of the sample system to the THz pulse can be modeled by
the Fresnel transmission, reflection, and the propagation coefficients. At normal incidence angle,
these coefficients are given by,
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Fig. 1. The ideal contact produces a reflected THz pulse that is purely from the
window-sample interface. This signal allows for direct calculation of the complex index
of refraction of the sample, 7i(w). In contrast, a sample measurement containing an
air gap produces a reflected signal that contains the multiple reflections between the
window and sample. For thin air gaps, the pulses from these echoes are superimposed,
and cannot be separated easily if the thickness of the air gap is small, as compared to
the THz pulse width.
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where #; is the transmission coefficient from medium O through medium 1 (henceforth, the
"01 interface"), ro; is the reflection coefficient at the 01 interface, pg is the propagation through
medium 0, d is the propagation distance of the THz beam through medium 0, c is the speed of
light, and w is the angular frequency in which w = 2z f. The eventual transfer function depends
on the choice of the reference measurement [3,21]. The model presented in this paper uses the
pulse reflected from the second window-air interface (without the presence of the sample), as
the reference measurement. Therefore, all associated baseline removal and calibration methods
described in Ref. [30] will also be applied in our signal processing steps.
The pulse reflected from the window-air interface, i.e, E,. s, can be modeled by,

Eref =pitawrwatwap%w “4)

where the subscripts "re f", a, and w represent reference, air, and window, respectively. Also, the
pulse reflected from a sample in an ideal contact with the window can be described similarly as,

2 2
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where the subscripts s refers to sample surface and "samp,ideal" refers to the sample measure-
ment with ideal contact. The transfer function, H(w), describes the sample’s response to the THz
beam, and can be calculated by dividing the sample reflection measurement in this geometry by
the reference,

Esamp

H(w) = (6)

Eref ’
and modeled by,
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Equation 7 is not dependent on the thickness of the spectroscopy window and allows for direct
calculation of 7isqmp using Eq.2, as given by the relationship,
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However, in the presence of an air gap, the THz beam’s path to the sample must include the
propagation through the air gap. Therefore, when an air gap is present, the sample measurement
with a single internal reflection can be modeled as,

2 2 2
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Here, we assume that the amplitude of the subsequent reflection echos inside the spectroscopy
window or the air gap are negligible. Thus, the transfer function for a sample in the presence of
an air gap, Hgqp(w), can be simplified by,

2
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Eq. 10 depends on the index of refraction of the sample, given by #ig, = n — ik, as well as
the thickness of the air gap, defined by d,, through the pi,a » term. However, in contrast to Eq.
7, which can be used to directly calculate n, and k from the measured values, here there is no
comparable solution for Eq. 10. In other words, the values of the desired unknowns n, k, and d,
can not be solved directly. Therefore, an assumption must be made about either the thickness of
the air gap or the index of refraction of the sample. In the following two sections, we will present
two optimization techniques for extraction of these material parameters. The first technique uses
a fixed index of refraction and extracts the thickness of the air gap in the time-domain. The
second method fixes the thickness of the air gap within a range of estimated thicknesses, and
solves for a unique index of refraction corresponding to that thickness. This method can therefore
simultaneously extract the thickness of the air gap and index of refraction of the sample.

3. Time- and frequency-domain extraction of both thickness and complex index
of refraction

3.1. Experimental methods for imaging burned skin

In this section, we will present skin imaging data collected in an in vivo porcine study. The
experimental animal protocol was reviewed and approved by the Institutional Animal Care and
Use Committee at Stony Brook University. The animal preparation, and tissue models are
discussed in detail in Ref. [31,32]. The particular burn wound investigated in this paper was
created using a contact device heated to 80°C and placed onto the skin for 10 seconds. The burn
wound was imaged using our custom handheld terahertz imaging device, the PHASR Scanner,
which is further detailed in Ref. [33]. In this device, the sample remains in place while the THz
beam is scanned across the window and reflected at normal incidence using a telecentric beam
steering approach and an f-6 objective lens.

3.2. Data analysis and signal processing

THz-TDS images obtained using the PHASR Scanner consist of a 27x27 grid of 1 mm pixels,
where a complete time-domain waveform is captured at each pixel. Each THz-TDS waveform
measurement with an imaging window produces two THz pulses: a pulse corresponding to the



reflection from the air-window interface and another signal due to the window-sample interface.
In addition to images of the sample, a reference (air) and baseline (water) measurement are also
captured. The THz signal was processed using the baseline correction algorithm described in
Ref. [30]. The refractive indices of the sample were extracted using the ideal-contact transfer
function proposed in Ref. [3]. Figure 2(a) and (b) show a photo of an example burned skin and the
corresponding THz images generated by the average real part of the index of refraction between
0.2 and 0.6 THz at each pixel. Pixels in which the average index of refraction was non-physical
(i.e.,n < 1,0r k > 0) were set to 0 and appear black in Fig. 2b. The white region of interest (ROI)
outlines the area of the sample in which the burn is in ideal contact with the imaging window.
Due to the homogeneity of this representative burn and the surrounding pixels, we assume that
the index of refraction was consistent throughout the entire wound [34]. Figure 2(c) and (d) show
the real and imaginary part of the index of refraction extracted from the THz-TDS measurements
shown in the red and white ROIs in Fig. 2b. It is evident that when the imaging window is in
ideal contact with the tissue, the n and k values are realistic, whereas in the presence of an air
gap, non-physical values can be extracted if the existence of this gap is not included in the model.

Index of Refraction
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Fig. 2. (a) A sample of burned porcine skin was imaged using our custom handheld
scanner. The tissue is debrided (i.e., the epidermis is removed from the damaged tissue),
which creates a step from the healthy skin to the burned tissue. (b) The average index
of refraction between 0.2 — 0.6 THz in the corresponding THz image. Using current
methods, the index of refraction of the red ROI are non-physical as shown in (c) and (d).
Pixels with non-physical values of n were set to black (about 57.02% of the image).

Next, we used the spatially averaged index of refraction of the white ROI and the reference
measurement at each pixel to simulate the time-domain signal of a burn with and without an air
gap. We compared the simulated pulses to the corresponding measured time-domain waveforms,



and extracted the thickness of an assumed air gap layer by minimizing the difference between the
theoretical and measured pulses. This analysis results in a map of the air gap thickness of the
sample measurement, which will be presented in the next section of this paper.

To extract the index of refraction of the red ROI (in the presence of the air gap), we used the
thickness map calculated in the previous step in the frequency-dependent transfer function derived
earlier, Eq. 10. We extract the index of refraction by minimizing the error between the calculated
and measured transfer function, H(w) and Hyqn, p(w), respectively. The error function, H,,, is
defined by combining the difference of the magnitude and phase of the theoretical and measured
transfer function, A|H (w)| and AZH (w), respectively [24]. These terms are defined by,

AlH| = [Hyamp(w)| = [H(w)|, (11
AZH = LHygmp(w) - LH(w), (12)

and
Herr = VAIH(w)? + AzH (w)2. (13)

3.3. Results obtained using burned skin samples

Fig. 3a shows the comparison between the THz-TDS pulses reflected from the sample with an
ideal contact with the imaging window (dotted blue line) and the measured pulse in the presence
of an air gap (solid black line). By optimizing the thickness of the assumed air gap, as shown in
Fig. 3b, this value is found to be 111 pm at the center of the red ROI in the burned tissue. A map
of the extracted air gap thickness at each pixel is shown in Fig. 3c. It can be seen that the air gap
is not uniform throughout the sample, and the average extracted thickness of the selected red ROI
is 126.5 pm. The thickness of the air gap increases moving away from the center of the burn.
The average extracted thickness is in accordance with the expected depth of the epidermis of
porcine skin, which was removed during burn debridement.

1.5 1 -
@) [ (©)
o .
_ 0.75 5 i Thickness (zm 400
g g . 10
~— N _
s 0 5 0.5 . Ulm g o 200
-0.75 5 :/ >
Z | 10
! 0
-1.5 0 ' .10 0 10
85 90 95 100 0 200 400 x (mm)
Time (ps) Thickness (um)
— Measured

------ Simulated — ideal contact
— — Simulated — air gap

Fig. 3. (a) The measured TDS signal (black) is compared to the theoretical ideal contact
scenario (blue, dotted) and the simulation of reflection in the presence of an air gap (red,
dashed). The air gap thickness was varied between 0 and 400 um. (b) The normalized
error between the measured and simulated signals was minimized at 111 um in this
representative pixel (center of the red ROI). (c) map of the extracted air gap thicknesses.
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Fig. 4. (a) The flow chart details the steps of extracting the index of refraction of the
red ROI of Fig. 2. The thickness extracted from the time-domain simulation is used to
directly calculate the index of refraction. The real (b) and imaginary (c) parts of the
index of refraction are shown. Compared to the ideal contact model (blue line) that
yields non-physical values, the proposed algorithm (red) extracts the accurate index of
refraction in the presence of air gap, which is in agreement with similar results obtained
over ROIs without such gaps (black).




Fig. 4a shows the flow chart used in this section. At each pixel of the image, after the
preliminary signal processing steps described earlier, the thickness of the assumed air gap, d,
is optimized until the difference between the modeled and experimental transfer functions, i.e.,
H,,,, is minimized. The initial value of the complex index of refraction of the tissue, ny(w),
is assumed using double Debye dielectric function for healthy skin. The index of refraction
produced from the ideal-contact and air gap models are compared in Fig. 4b-c. The ideal-contact
function produces non-physical values of n < 1 for the red ROI in Fig. 2b. In contrast, the
values extracted by the proposed air gap model after the optimization in this flowchart are nearly
identical to the expected value of the ideal contact scenario.

4. Simultaneous extraction of air gap thickness and complex index of refraction
in the frequency-domain

4.1. Experimental and signal processing methods
4.1.1. Simulation of a fabricated sample with known air gap thickness

To develop an algorithm to extract the air gap thickness, we simulated a THz-TDS measurement
from a multi-layer sample composed of a HDPE pellet, a 280 um air gap and an imaging window,
as shown in Fig. 5a. Using Eq. 10, we assumed different guess for the thickness of the air gap
layer, and extracted the index of refraction at each guessed value, d;. The simulation results,
shown in Fig. 5 (b) and (c), demonstrates that as d; deviates from the correct thickness, d,
both the real and imaginary parts of the index of refraction change in phase. This observation
contrasts with transmission measurements, in which the amplitude of the Fabry-Perot oscillations
increases [24,25]. In transmission spectroscopy, to extract the thickness of a layer, the Fourier
transform of the predicted refractive indices as a function of frequency was calculated, and the
peak of the amplitude in the "quasi-space" domain was minimized [25]. We adopt this quasi-space
analysis for reflection measurements. However, rather than analyzing the magnitude, we examine
unwrapped phase in the quasi-space domain. The simulation reveals that the unwrapped phase of
the correct thickness value is bound between -7 to . Additionally, the correct thickness produces
the highest oscillatory amplitude in the quasi-space domain, as demonstrated in Fig. 5d.

4.1.2. Measurements of the fabricated sample

To experimentally validate the simulation, we placed a 4 mm thick HDPE pellet in a custom-made
cuvette. A New York City transportation pass card (Metropolitan Transportation Authority, New
York, NY, USA) is used to create the spacer. The thickness of the card was measured with a
caliper to be 280 um.

The measurement set-up has previously been described in Ref. [12]. Note, the table-top system
for this experiment is distinct from the aforementioned PHASR Scanner. In brief, this bench-top
system uses a commercially-available THz spectrometer (TeraSmart, Menlo Systems GmbH,
Martinsried, Germany). We aligned the system in reflection mode at normal incidence to the
sample. The cuvette is mounted onto a motorized stage (Newport Corporation, Irvine, CA, USA)
and is scanned across the THz beam. A row of 10, 2 mm? pixels are measured; each pixel
consists of 1000 time averages.

4.1.3. Data Analysis and Signal Processing

The THz measurements were prepared using the same signal processing methods described
in section 3.2. Each thickness guess, d;, results in a unique refractive index, 7i; (w), such that
Hyamp(w) = H(w, ii;(w), d;). A Fourier transform is applied to n; (w) between 0.2 - 1 THz. We
used the criteria revealed by the simulations in the previous section to extract the correct air gap
thickness and the resulting index of refraction. This procedure was repeated for all pixels. This
algorithm is summarized in Fig. 6.
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Fig. 5. (a) An air gap is created by placing a 280 um spacer between an imaging
window and HDPE pellet. This sample measurement was simulated and the (b) real
and (c) imaginary parts of the index of refraction were extracted at different thickness
guesses. At incorrect thicknesses, the simulation reveals that the amplitude of the
index of refraction remains the same and the frequency of oscillations increases with
increasing Ad. (d) The Fourier transform on the real index of refraction as a function of
frequency reveals that the correct thickness produces an oscillatory phase function with
phase confined between -7 to 7 and the highest amplitude (red color in agreement with
the correct thickness in black).

4.2. Results obtained using fabricated test sample

The results of the quasi-space domain analysis are presented in Fig. 7. Fig. 7(a) and (b) illustrate
n(w) and k(w) extracted from both the ideal contact calculation and air gap algorithm.

At d; = 0 um, both the real and imaginary parts of 7i(w) (blue lines) exhibit a large oscillatory
behavior and deviates from the expected value,i.e., i(w) = 1.53. In contrast, the average extracted
thickness (red line) illustrate a reduced variation effect and more closely resembles the known
values of the complex index of refraction. Although the average n(w) deviates from the expected
value, the mean extracted k(w) is exactly in agreement with the expected value. This effect is an
artifact from the baseline correction, in which the n(w) is offset from the expected value while
k(w) is accurately extracted [30].

Fig. 7c illustrates the unwrapped phase in the quasi-space domain for d; = Oum (ideal
contact), d; = 280um (expected), and d; = 325um (extracted) for a single pixel. For d; = Oum
and d; = 280um, the unwrapped phase exceeds the boundaries previously determined by the
simulation. The extracted value, d = 325um fulfills the specifications, such that the unwrapped
phase is bound from -7 to &, and exhibits the largest amplitude. The extracted thickness values
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Fig. 6. The flow chart describes the process of simultaneously extracting the index of
refraction and thickness of the air gap. An index of refraction is calculated for each
thickness guess, dpy. An additional Fourier transform is applied to the set of refractive
indices, and the extraction is completed in the quasi-space domain.

of all pixels are displayed in Fig. 7. Although the values do not fully agree with the expected
value of 280um, Fig. 7d suggests that the HDPE pellet was not flat, producing a variable air gap
distance across its diameter.
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Fig. 7. The real (a) and imaginary (b) parts of the index of refraction of the HDPE
pellet was extracted in three scenarios: assuming perfect contact between the sample
and imaging window (blue trace), fixing the air gap to 280 um (purple trace), and
optimizing the depth of the void (red trace). The expected value of 7 = 1.53 + jO is
plotted for comparison. (c) The quasi-space domain phase of a representative pixel is
shown. The quasi-space phase of the extracted thickness value is bound between +7.
(d) The extracted thickness of the air gap across the sample was extracted, suggesting
that the HDPE pellet does not have a uniformly flat surface.

5. Discussion

In many applications, THz-TDS measurements of multi-layered samples are desirable. These
targets are susceptible to the formation of air gaps. Large voids present themselves as multiple
peaks or valleys in the time-domain pulse. This characteristic is used to detect delaminations [35]



and varying thickness between paint layers in automobiles [36—38], monitor thickness and drying
of paint [39], determine the quality of plastic welds [40], and art conservation [41,42]. However,
these applications require distinct pulses that can be isolated in the time domain. The time
difference between the reflections is used to calculate the layer thickness. As demonstrated in
Fig. 3a, an air gap of approximately hundred pum thickness does not produce separate THz
pulses. Rather, the superposition of multiple reflections results in a single signal (black, solid
trace) with an amplitude that is larger than what is expected (blue, dotted trace). Reconstructing
the pulse in the time-domain provides an alternative method of extracting layer thicknesses, as
illustrated by Fig. 3b. The proposed air gap model significantly improves the characterization of
samples in non-ideal conditions. Following the flowchart presented in Fig. 4a, we are able to
extract the index of refraction of the sample in the frequency-domain, as illustrated in Figs. 4b
and c. However, this method is limited to producing single-layer topographic maps, such as Fig.
3, rather than multilayer B-scan images [38]. Additionally, the index of refraction may not be
known a priori nor will the assumption of uniformity always hold true. Therefore, there is also a
need for a method to simultaneously extract the refractive index of the sample and the thickness
of the air gap. The quasi-space domain method is a more objective approach to characterizing a
multi-layer sample structure.

We explored the effect of the imaginary part of the index of refraction (a lossy sample) on
the results obtained by this method. Figure 8 demonstrates the simulated index of refraction of
HDPE (low attenuation) and water (as an example of a material with high THz attenuation) [43]
extracted at various Ad = d — d;. The red trace represents the refractive index extracted at the
correct thickness. Solid lines are values extracted at Ad < 0, while the dashed traces correspond
to Ad > 0. The simulation presented in Figs. 8a and b reveals that the phase of the index of
refraction of HDPE is reflected at the correct thickness in the real part and mirrored in the
imaginary part. This is an alternative method to simultaneously extract the index of refraction and
thickness of the air gap. However, this is only applicable to non-dispersive samples. This feature,
however, as demonstrated in Figs. 8d and e is not observed in the case of water. Importantly
though, as evident in Figs. 8c and f, in both scenarios the correct thickness produces the
quasi-space domain phase with the largest amplitude of oscillation. Therefore, the quasi-space
domain analysis is a more reliable and robust method of characterizing the sample and air gap,
regardless of the sample’s frequency-dependent behavior.

Finally, it should be noted that a fundamental resolution limit of our proposed approach is
the useful bandwidth of the THz-TDS system. This is because at least one full Fabry-Peort
oscillation cycle should be captured in the quasi-space domain for the associated air gap to
be detected. Here, specially for the case of lossy samples, this bandwidth was often around 1
THz. For smaller air gaps, a larger bandwidth is needed, which can be possibly achieved by a
combination of plasma-based THz sources and alternative detectors to PCAs [44].
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Fig. 8. The real and imaginary parts of the refractive indices of simulated (a,b) HDPE
and (d,e) Water were extracted at different air gap thicknesses. The simulation reveals
an alternative method of extracting the correct refractive index and thickness of the
air gap (red lines). For non-dispersive materials such as HDPE, the correct thickness
serves as a reflection and mirroring point in the real and imaginary parts of the index of
refraction, respectively. This characteristic can not be applied to achromatic materials,
such as water. The quasi-space technique is applicable to both samples and a more
reliable method of extracting the thickness of the air gap, as demonstrated in (c) and (f).

6. Conclusion

We have described some of the spectral characteristics of a reflected THz-TDS signal affected by
the presence of the air gap trapped between sample layers. We presented a multi-layer reflection
transfer function that includes the propagation of the pulses through a hypothetically trapped air
gap. This method was validated through two set of measurements and simulations. First, in a
biological sample (skin burns), we were able to identify an air gap, extract the thickness in the
time domain, and calculate the index of refraction of the skin in the frequency domain. Second,
In a fabricated test sample of HDPE with an intentional air gap, we simultaneously extracted the
thickness of the void and the index of refraction of the sample using a novel quasi-space phase
analysis. We discussed the limitations of both methods, and proposed alternative approaches for
extraction of air gap thickness. The methods presented in this paper can find potential use in
improving measurements requiring an imaging window, quality control of automobile paint, and
detection of delamination in non-destructive testing applications.
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