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Abstract: The first terahertz time domain
spectroscopy (THz-TDS) experiments are now well-
established, and fully autonomous systems have been
commercially available for over a decade. This has led
to the increasing adoption of THz-TDS by research
groups outside the core THz community, as well as by
industrial actors. With this broader use, the need for
more standardized experimental and data processing
methods has become crucial, exemplified by the
publication of standards for specifying THz-TDS
systems. THz-TDS uniquely performs measurements
in the time domain, while the information of interest
often resides in the frequency domain. This
necessitates a minimum level of data processing,
typically starting with a fast Fourier transform.
Various strategies exist to extract the desired
information, and the field continues to evolve rapidly,
lacking a definitive standard. In this conference, we
will briefly discuss the different sources of noise and
uncertainties in a THz-TDS setup, followed by a
review of proposed methodologies for extracting
information from time traces, and finally, a discussion
on obtaining better insight into the uncertainties of
the retrieved information.
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1. INTRODUCTION

The first terahertz time domain spectroscopy (THz-TDS)
experiments are now in their forties [1, 2, 3, 4] and fully
autonomous systems have been commercially available
for more than a decade. The spread of this technique has
begun, with research groups outside the traditional
terahertz community, as well as industrial actors, now
utilizing THz-TDS setups.

With this increasing adoption, the need for more
standardized experimental and data processing methods
has grown. This is evidenced by the publication of
standards defining the characteristics and measurement
methods for THz-TDS systems [5].

Still, THz-TDS has the distinct characteristic of
performing measurements in the time domain, while in
most cases, the information of interest lies in the
frequency domain. The direct consequence is the intrinsic
necessity of a minimum of data processing, primarily
starting with the application of a fast Fourier transform on
the recorded time traces. From this point, different
strategies are employed to access the information of
interest. However, the field continues to evolve quite
rapidly, and a universal standard is still lacking.

In this conference, we will briefly discuss the different
sources of noise and uncertainties in a THz-TDS setup,
followed by a review of the proposed methodologies to
extract information from the time traces, and finally, a
discussion on how to gain better insight into the
uncertainties of the retrieved information.

I1. Sources of uncertainties in THz-TDS systems

In line with the general definition by Tuzlukov [6], we
choose here to consider noise as any unwanted
modification that the signal undergoes during capture,
storage, transmission, processing, or conversion. This
encompasses: Artifact-noise (misleading disturbances
from the experiments); deterministic noise (any non-
signal feature having a consistent and repeatable
behavior; for instance, artifact noise or any non-zero
average part of any noise); and correlated or nonwhite
noises.

Noise analysis in THz-TDS has been perform from the
beginning of the technics [7]. To analyze the sources of
noise we recorded numerous consecutives single time
traces in different configuration [8, 9]. We conclude that
the main source of standard deviation while averaging the
time traces including the signal was linked to an artifact
noise: small delay between consecutively recorded time
traces (on the order of ~10 fs) we attributed to a variation
of temperature in the optical fiber bringing the laser
signal to the antennas. To address this, we implemented a
resynchronization feature in our software, Correct@TDS,
to correct this shift and remove this significant source of
uncertainties. Another important source of noise, again an
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artifact, was a low-frequency component present in the
recording even when the THz beam was properly
blocked. We attributed this contribution to parasitic
radiation and mitigated it by applying a 200 GHz high-
pass filter during data processing.

The remaining noise component was primarily white
noise originating from both the amplifier and the
receiving antenna, superimposed with a periodic
sampling error [10]. This periodic sampling error was
also corrected using Correct@TDS.

This thorough analysis was performed on a fiber-coupled
system, and other sources of noise may or may not be
present in different systems and families of systems.
Nevertheless, we want to emphasize that in THz-TDS,
uncertainties can arise from the laser source, the emitter
and detector antennas, the delay line precision, and the
data acquisition electronics. Understanding and
mitigating these noise sources is crucial for improving the
reliability  and reproducibility  of  THz-TDS
measurements.

I11. Extraction of the information

Once the reference and sample time traces are recorded,
several methodologies are employed to extract
meaningful information about the studied material or
metamaterial. Traditionally, the initial step involves
computing the complex transmittance T by taking the
ratio of the Fourier Transforms (FFT) of the sample and
reference pulses, ensuring that the necessary requirements
for FFT are met [11]. This can then be used to retrieve the
complex refractive index of the material 7i as a function
of frequency by solving an inverse problem that typically
incorporates a photonic model accounting for the
sample's thickness and refractive index:

arg (T(a))) =
arg () — 2 (i(w) - 1) + arg (FP(@))(1)

Where FPis the frequency domain function depicting the
Fabry Pérot effect [8].

The historical process to retrieve 7i(w) from this equation
is to neglect the FP and the interfaces terms to get a fist
value and then insert this value in the equation and iterate
the process [12]. This gives satisfactory results most of
the time but this equation still does not have a single
solution for 7i(w). Therefore, a combination of this
approach together with a minimization [13] has been
used. Still this approach does not fulfil the Kramers-
Kronig equations and an additional step has been
proposed [14].

Following the extraction of the refractive index, a
common practice is to fit these frequency-domain data
with analytical dispersion models, such as the Drude-
Lorentz model, to gain insight into the material's physical
properties, like electronic or vibrational resonances. This
allows for the determination of crucial parameters for
material identification, which is vital in applications like
drug quality control and anti-counterfeiting. Traditionally,
parameter retrieval in the frequency domain has been
achieved using optimization routines. However, this
approach has limitations, particularly when the signal is
noisy or when absorption peaks saturate the spectrum,
and it can also involve complicated phase unwrapping
issues and loss of phase information in cases of strong
absorption.

To address these drawbacks, more recent approaches
emphasize direct fitting of the time-domain data.
Software like Fit@TDS implements this method, where a
physical model (e.g., Drude-Lorentz for materials, time-
domain coupled mode theory for metamaterials) is used
to simulate the time-trace of the THz pulse after
interacting with the sample. An optimization algorithm is
then used to iteratively adjust the parameters of the
physical model until the simulated time-trace closely
matches the experimentally measured one [8].

One of the advantages of this approach is that the
difference between the model and the measurands is
expressed in the measurement domain. Therefore, one
can normalize this discrepancy, serving as an objective
function, by the noise [15, 16], following the good
practice of information processing [8].

This methodology enables as well the derivation of a
quantitative criterium for the comparison of two different
models allowing to know which one is the most probable.
For instance, when analyzing a a-lactose monohydrate
pellet with Fit@TDS, incorporating noise considerations
and advanced fitting routines, we found that the
absorption peak around 1.3 THz likely corresponds to a
doublet rather than a single line, consistent with DFT
simulations [17]. This approach also allows for the
implementation of super-resolution algorithms, capable
of overcoming the Fourier transform limit and
significantly improving the spectral resolution, as
demonstrated with ammonia gas lines [18].

I11. Uncertainties and information’s, towards errors
bars

Many research groups worldwide are exploring the use of
THz-TDS in analytical fields. A critical requirement in
these applications is not only the estimation of a result
but also the precision of that result, often expressed as
error bars. Uncertainties in THz-TDS measurements have
been studied, revealing multiple sources and a complex



pattern [19]. However, there is a relative lack of
propositions in the literature for the direct estimation of
uncertainties on extracted parameters. In a Bayesian
framework, a common approach to assess the
uncertainties of parameters obtained from a fit is to relate
them to the uncertainties in the measurements
themselves. By combining the uncertainties estimation on
the measurements we have developed [9] , along with our
fitting software Fit@TDS, we aim to provide error bars
for the extracted material parameters This methodology
showed good results as far as the main source of
discrepancy from the model to the signal came from the
signal. On the spectral region where the signal to noise
ratio is very good, the discrepancy comes from other
sources specifically the approximation withing the model
(i.e. Gouy phase [20, 21], parallelism of the sample side
...), making the uncertainties” estimation over optimistic.

IV. CONCLUSIONS

Several efforts are underway to establish good practices,
for example, in sample thickness determination [22] and,
more recently, in recorded data format standardization
[23], alongside improved analysis of system
components[24]. These initiatives demonstrate the
community's early recognition of these needs and
ongoing efforts to achieve these standards.

We hope that these combined efforts will soon enable
THz-TDS to reach its full potential in various analytical
and industrial applications by providing reliable
measurements  with quantified uncertainties. The
development of tools like Correct@TDS and Fit@TDS,
which address noise reduction, signal estimation, and
uncertainty quantification, represents a step towards this
goal. We envision future work involving closer
collaborations between the THz and signal processing
communities to develop even more sophisticated data
processing methods for the evolving landscape of THz-
TDS technologies.
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