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Self-Referenced Method for Geometrical Distortion
Removal in THz Time-Domain Reflection Imaging

Alessia Artesani , Marina Ljubenović , Arianna Traviglia , and Stefano Bonetti

Abstract—In this article, we develop a method for removing the
phase drift induced by physically distorted object in terahertz time-
domain reflection imaging (THz-TDRI). The proposed approach
is defined as self-referenced, as it does not rely on any numerical
parameter optimization nor extra instrumental components, and
it is based on the unique manipulation of time-domain imaging
data. In fact, we demonstrate that the problem can be solved
assuming a linear contribution of the temporal shift induced by
surface curvature. We illustrate how the self-referenced method
is modeled and implemented, and we report the results obtained
on two objects with different characteristics: a tilted and highly
reflective surface, and a warped and heterogeneous surface. The
proposed method demonstrates how to successfully remove the
phase alterations induced on the reflected electric field, and how
to repair the heavily corrupted images in the frequency-domain.

Index Terms—Image restoration, phase variation problem,
reflection geometry, terahertz time-domain reflection imaging
(THz-TDS).

I. INTRODUCTION

THE use of electromagnetic radiation at terahertz frequen-
cies (from 0.1 to 10 THz) is becoming highly popular,

mostly thanks to the increased availability of stable devices. A
valuable characteristic of THz radiation is that it can penetrate
a wide range of nonconducting materials, including plastics,
polymers, and ceramics [1], [2], [3]. It is strongly absorbed by
polar molecules, such as water [4], reflected by metals [5], and
at the same time, it is not ionizing and harmless for biological
tissues [6]. For these reasons, THz-waves are broadly applicable
in many disciplines, such as bio-medicine, agriculture, and
security and communication services [7], [8], [9].

Terahertz time-domain spectroscopy (THz-TDS) is appreci-
ated especially in the field of material studies because it enables
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to simultaneously extract the real and imaginary part of the
refractive index from the far-field Fresnel-equations [10], [11].
This is because the technique is phase-sensitive and it does not
only capture the intensity of the electric field |E(t)|, but also
its time-dependent amplitude E(t) [1]. The adoption of THz-
TDS in transmission setups is preferred in many applications
because it provides more precisely the phase variation, uniquely
determined by the sample optical properties in the far-infrared
region and its physical thickness. However, when dealing with
opaque objects that are too thick or have a high dielectric loss for
allowing the measurement in transmission mode, the reflection
geometry represents the only option. In this configuration, the
phase measurement suffers of higher uncertainty, because of
displacement in the relative positioning of reference and sample
objects [12], [13]. This represents a major experimental con-
straint for THz reflection measurements.

In imaging modality, the limitations in phase accuracy are
unavoidable if the object has surface tilting or warping (i.e.,
curvature, physical distortions, irremovable irregularity at the
surface). In terahertz time-domain reflection imaging (THz-
TDRI), the phase shift is induced by the combined-effect of
dispersive properties of material and geometrical distortion of
the object. Moreover, the magnitude of the time traces drops
when the reflective surface deviates from the optimized focus
position, while additional signal losses might occur due to opti-
cal misalignment between the reflected beam and the collecting
parabolic mirror [13]. Because in time-domain spectroscopy the
spatial and spectral dependencies are coupled [14], [15], the
object distortion has the undesirable consequence of modifying
both the amplitude and the phase of the reflected electric field
in the frequency-domain. This is why the object tilting or warp-
ing intrinsically generates inaccuracy in the extraction of the
complex index of refraction value.

Despite these inherent limitations, the reflection geometry
turns out to be profitable for investigating multiple-layer systems
and turbid media. For example, there are remarkable examples of
studies that used THz-TDRS for analyzing cultural heritage ob-
jects, i.e., painting, ceramics, easel, and more [16], [17], [18], or
for investigating tissues and organs in the biomedical fields [19],
[20]. The presence of composite materials is quite common in
these domains, and their identification is important for their
specific goals, e.g., restoration treatments in the former exam-
ples [21], and the diffusion of tumors or disease diagnosis in the
second cases [22], [23]. To date, optical coherence tomography
(OCT) has been employed for obtaining cross-sectional images
of the first layers of objects or biological tissues/membranes
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(primarily retina and skin), but the technique suffers limitations
in terms of penetrability (1.5–2 mm), sensitivity to different
compositions, use of a laser as probe, and dimension of the
scanned area (around 5 mm) [24], [25], [26]. In these fields, data
mined by THz-TDRI would lead to a diagnostic advancement,
being the technique able to combine topographic and spectro-
scopic imaging, without harming the analyzed item.

The spatial phase variation problem has been broadly dis-
cussed in literature given the importance of the reflection con-
figuration, and very diverse methodologies have been proposed
for phase correction. The majority of these methods have limited
application to THz spectroscopy, as the problem is addressed
considering the shift in sample position, under the requirement
of optically flat object, or using elaborated mathematical ap-
proaches or specific instrumental components to remove it [13],
[27], [28], [29]. For example, in reflection imaging application,
an approach that has been proposed for solving spatial distortion
entails the use of laser triangulation system for either precisely
adjusting in real-time the distance between THz head and the
object, following the shape of the surface, or by conducting
multiple planar scans and interpolating them with theoretical
model for obtaining virtual scanning surfaces [30]. With both ac-
quisition modes, the time needed to complete the point-to-point
correction is long and it requires the use of laser and precise
coupling between the two instruments, which is challenging to
obtain.

Here we propose a method for tackling the issues generated
by the geometrical distortions of the surface that stands out from
previously proposed solutions, because it employs a self-referred
method that does not need any experimental expedients, such
as sophisticated THz devices or the acquisition of multiple
measurements. It is based only on the analysis and manipulation
of time-domain imaging data, and it is independent of refer-
ence signal acquisition. These conditions make the approach
flexible and allow the problem generalization. Noteworthy, the
same measurements do not force the flattening of the surface
sample, such as through a quartz window [31], [32], and this
advantageously implies that the approach can be employed also
on object that cannot be physically pressed or flattened.

More in details, the proposed method assumes that the global
surface distortion individuates a background signal retardation
that linearly sum to the temporal shift due to material dispersive
properties. The global spatio-temporal distortion of the object is
solved by determining the geometrical shape of the surface and
removing it as a temporal delay contribution. The adjustment of
the temporal profile in time-domain yields to the correction of the
electric field phase in the frequency-domain, since the phase lin-
early shifts with the axial misalignment (see Section III-A). On
the contrary, the amplitude of electric field additionally suffers
of more complex dependencies on the signal intensity variations
along the axial direction, and those magnitude changes cannot
be modeled because strictly depend on the dispersive properties
of the material.

In the next sections, the individual steps followed to perform
the phase correction are described in details, and the limitations
of the method performances and conditions for successful exper-
imental results assessed. The benefits of the method are at first

demonstrated analyzing a tilted, and highly reflecting surface:
a 1 Euro cent coin, scanned horizontal, and then partially tilted
for mimicking a not-planar surface with reliefs. The method is
then applied on a warped surface, a painting, which represents
an object with a variable curvature and with limitations due to
absorption. The success of this approach is evaluated against
the improvement in the quality of the phase images that are
corrupted by imagery artifacts induced by surface distortions.

II. EXPERIMENTAL SETUP AND ACQUISITION PROCEDURE

The instrument used in this trial is a commercial THz-TD
system (TOPTICA TeraFlash Pro), described in details in a
previously published paper [18]. The system is used in reflection
configuration, raster-scanning modality, and in a nitrogen-filled
environment. The step sizes in both directions were fixed equal
to 0.2 mm, and the time trace of a single point was obtained
averaging 10 independent measurements.

For each point, the reflected time trace is Fourier transformed
to yield the complex field in frequency-domain, expressed in
term of phase Φ(ω) and amplitude A(ω)

F [E(t)] =
1√
2π

∫ +∞

−∞
E(t)e−iωtdt = E(ω) = A(ω)eiΦ(ω).

The frequency resolution of the THz-TD system is given by the
time step (Δt = 0.05 ps) and the number of data points in the
time-domain measurement (N = 1500), and it is equal to Δω
= 1/(NΔt) = 13 GHz.

The temporal resolution can be converted into a spatial limit
depending on the optical path of the radiation. The equivalent
axial resolution can be estimated considering a geometrical
approximation of the optical path [13], [33], such as

Δh =
c

2n0

Δt

cos(θ)
(1)

where c is the light speed, n0 the refractive index of the medium,
θ the incident angle of the radiation, and Δt the temporal
distance.

The temporal precision of the instrument was experimentally
assessed by measuring the signal peak position from the wave-
form back reflected from a metallic surface (standard deviation
between 5400 scanned points, 10 averages for each position),
and it was evaluated to be equal to Δt = 0.15 ps. Assuming
n0 equal to the unit and the angle of the impinging beam is
θ = 0.14 rd, the axial resolution for the object reliefs can be
theoretically evaluated to be around Δh = 20 μm. The lateral
resolution is limited by the point spread function (PSF) of the
THz beam [34], the dimension of which changes as a function
of the frequency ω, and by the acquisition step size along the
x and y axis. Assuming a Gaussian beam approximation [34],
[35], the beam waist (2w0 = 5.094λ) varies between 130 μm
and 760 μm, while the Rayleigh length (zR = πw2

0/λ) varies
between 1 and 6 mm.
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Fig. 1. (a) Left: Raster-scanning measurements made on an ideal object with a flat surface (same height and no morphological defects) and homogeneous
material composition; Right: Signals back-reflected from each point of the surface, peaked at t1 = t2 = t3 = . . ., etc., and identical signal features. (b) Left:
Raster-scanning measurements made on an object distorted by a surface tilting, but with an uniform composition; Right: Signals delayed and modulated, due to the
surface tilt. (c) Example of an object characterised by a surface distortion, owing letter “F” as relief. The figure illustrates the real surface topography as detected
by the THz instrument (left), the curve determined by interpolating the surface with a polynomial function (center) and the restored flatness of the surface, without
affecting the relief of the object (right).

III. BASIC ASSUMPTIONS FOR THE CORRECTION OF THE

SURFACE DISTORTION

A. Problem Statement and Solution

When a THz beam impinges on an ideal object with a
flat surface (same height and no morphological defects) and
homogeneous material composition [see Fig. 1(a), left], the
waves are assumed to be back-reflected from each point with
the same temporal delay and with the same signal profile,
ignoring the temporal stability of the system. The position of
the peak for each signal is at t1 = t2 = t3 = . . ., etc. and the
time trace is identical for every point scanned on the object
surface [see Fig. 1(a), right]. On the contrary, if the same
surface is distorted by a tilting, the reflected space-time pulses
is inevitably modified even though the uniformity of the object
composition is maintained [see Fig. 1(b), left]. In this case,
the peak positions are inevitably shifted of a temporal delay
associated to the tilting of the object t1 < t2 < t3 < . . ., etc.,
and the magnitudes of the time traces are varied accordingly
to the out-of-focus alignment [see Fig. 1(b), right]. The exact
calculation of the spatio-temporal variation of the field for a
tilted object can be extremely complicated, and even more for
an irregularly warped surface. In fact, the analytical expressions
of the axial variation of the beamlet and the longitudinal intensity
profile are represented by composite functions of the frequency
components that propagates independently, and of the angular
geometrical stretching of the Gaussian beam induced by the
object distortion [15].

We assume the problem can be solved in an approximated
form, by considering the temporal delay of the THz signal as a

linear combination of two components: the shift induced by the
dispersive properties of material (τn) and the shift generated by
the reduced or augmented optical path of the THz radiation due
to surface geometrical distortions (τg)

τ = τn + τg. (2)

The two temporal drift components would be impossible to
distinguish if the problem is only locally solved. On the contrary,
τg can be determined, and thus removed, when it is generated
by the global geometry of the object. Under the abovementioned
assumptions, τg identifies a background signal retardation, asso-
ciated to the global shape of the object and this contribution can
be subtracted by shifting the time traces of the same amount.
In this way, the two contributions—the object geometry and
the optical response—can be separated, and the surface flatness
restored in the time-domain. The general concept of this process
is illustrated in Fig. 1(c).

In frequency-domain, the surface distortion modifies both the
amplitude and the phase of the electric field, and engenders
fictitious imagery artefacts visible in the imaging results. Specif-
ically, Φ carries information on the topography of the object,
and the spatio-temporal misalignment of the reflecting surface
induces the phase to acquire an additional slope [36], such as

Φ′(ω) = Φ(ω) + ΔΦ(ω, τ) = Φ(ω) + ωτ. (3)

This implies that the phase is modified by an additive contri-
bution that linearly depends on the frequency, that increases
with an increasing misalignment, and that it is higher at higher
frequencies. Being a linear problem, the issues generated by
surface distortion on Φ′(ω) can be repaired adjusting the time
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Algorithm 1: Surface Warping Correction.
Input: Ordered THz signals of raster-scanning
measurements;

PART 1: Create the three dimensional data (DataCube)
as series of adjacent scans;

PART 2: Calculate of the highest local maxima of the
THz signals along the temporal direction. Define this
curve as ObjSurf;

PART 3: Interpolate the identified surface and correct the
warping:;

(i) Prepare ObjSurf and fit data with a polynomial
curve (linear or higher degree);
(ii) Calculate the time shift τij between interpolated
curve and its maximum value;
(iii) Convert τij into index steps;
(iv) Create DataCubeAdj by shifting DataCube of
the temporal lag τij and employ zero padding at the
beginning of the signal;
(v) Calculate Φ(ω) and A(ω) of the electric field in the
frequency-domain;

Output: Data cube corrected for surface distortion

trace by the τg shift. On the contrary, the amplitude A is af-
fected by the drop of the time trace intensity with respect to
the optimized focus position, and by variations that depend on
the frequency value, because of the dispersive properties of the
material. Overall, the amplitude modifications can be expressed
in terms of a modulation contribution

A′(ω) = χ(ω, τ)A(ω) (4)

where χ(ω, τ) is the modulation function that depends on the
frequency and the spatio-temporal misalignment. The changes
induced on the amplitude cannot be tackled as the χ(ω, τ) is
not a simple function of frequency, and of temporal drift, but it
depends on the response of the material in the THz frequency
region. As an example of that we show how this modulation
function affects the amplitude results on a tilted and highly
reflective surface.

In the following section, we show how we implemented this
method, and how the spatial phase variation problem can be fixed
by acting on the temporal drift of the THz signal in time-domain,
within specific constraints of applicability.

B. Algorithm

In order to employ the correction described in Section II-
I-A, we developed an algorithm to manage and process the
data. The algorithm described below is coded in MATLAB
(MATLAB R2020b for Window 10, 64 bits) and employs the
Curve Fitting Toolbox and the Signal Processing Toolbox [37].
THz time-domain signals compose a three-dimensional ma-
trix, where two dimensions correspond to the raster-scanned
surface and the third dimension to the temporal axis of the
back-reflected THz signal. The algorithm works on time-domain
signals and then calculates the Fourier Transform of the electric

field for retrieving the phase Φ(ω) and the amplitude A(ω) in
the frequency-domain.

In order to complete the process, the algorithm is structured
into three parts, as illustrated in Algorithm 1, and detailed as
follows.

PART 1: Creation of the data cube from raster-scanning data.
The volume data (DataCube) are created by ordering the raster-
scanning measurements as a series of adjacent signals along
the x and y directions. The DataCube is coupled to a vector
describing the temporal position.

PART 2: Determination of the peak position. The second part
imports the DataCube and calculates for each pixel xij the
position of the first peak. This is done by searching for the
first highest local maximum of the intensity along the temporal
direction, above a certain threshold for the signal intensity.
The uncertainty in the identification of the peak positions is
mainly determined by the temporal stability of the instrument.
The positions of the first peak along the x and y directions are
stored in a variable, here named ObjSurf, which identifies
the maxima isosurface. The ObjSurf can be represented as a
3-D curve owning all the roughness features of the object and
the temporal uncertainty of the instrument. If the object does
not occupy the entire scanned area, the algorithm imposes a
threshold for fixing at zero the profiles that does not match the
object itself. Afterward, the maxima isosurface is ready for the
surface interpolation.

PART 3: Surface interpolation. The third part is the core of
the algorithm, and it consists in the interpolation of the surface
curvature and its restoration. At this scope, the function fit of
the Curve Fitting Toolbox of MATLAB is adopted for fitting the
data with a polynomial curve based on either linear polynomial
surface or higher degree polynomial surface. The result of the
interpolation is used to create a surface from the 2-D grid
coordinates of the x and y vectors. This polynomial surface is
elementwise subtracted to theObjSurf and saved into a matrix
named ObjShape. For the correction of the surface curvature,
the algorithm employed a custom-made function called Sur-
faceUnwarping. This function requires the original Dat-
aCube, its dimensions, as well as the new ObjShape curve
as input data. The function SurfaceUnwarping generates a
matrix whose elements correspond to τij values. For every i and
j position, τ is taken equal to the temporal distance between the
peak position and the peak position at the focus of the beam.
Afterward, the DataCube signals is shifted accordingly to the
τij values, and a zero-padding of the same length as the removed
temporal trace is added. In this way, the nominal frequency
resolution is kept equal to the original THz signal, because the
length of the signal is unchanged. Finally, the phase Φ(ω) and
the amplitude A(ω) of the electric field are calculated from the
adjustedDataCube (DataCubeAdj) by Fourier transforming
the temporal signal (MATLAB function fft). The phase is
unwrapped accordingly to the method proposed in [38].

In practice, the algorithm can be applied if the sample satisfies
three main requirements. First, the surface distortion is smooth
compared to local detail variations. In other words, the global
variation needs to be larger than the local one. This is because



ARTESANI et al.: SELF-REFERENCED METHOD FOR GEOMETRICAL DISTORTION REMOVAL IN THZ-TDRI 117

Fig. 2. Picture of the 1 Euro cent coin used for the measurements. (a) Illustrative representation of: (left) object with no curvature positioned horizontal on the
motorised stage; (center) object measured with inclination with respect to the horizontal plane (maximum height equal to ΔH = 1 mm); (right) computational
correction of the surface tilting. (b) 3-D representation of the isosurface (ObjSurf) of the 1 Euro cent coin as flat (left) and tilted (center). The polynomial curve
interpolation is indicated as ObjShape. On the right, the restored isosurface of the object by employing the proposed method.

the algorithm should be able to separate the two geometries,
and employ an interpolation of the surface to remove the global
distortion, without damaging local reliefs or valleys. Second,
the temporal shift should be smaller than the Rayleigh length
of the beam for neglecting the variations induced by the beam
dispersion and beam waist, otherwise it would more heavily
affect the signal waveform, and consequently the value of the
electric field. For our instrument, the maximum temporal shifts
τij for correcting image distortion up to 3 THz should be lower
than 13 ps, corresponding to about 2 mm as axial misalignment
(for correcting images at higher frequencies, the maximum time
shift reduces accordingly). Third and final requirement relates to
the tilting angle. It should not exceed the half of acceptance angle
of the collecting parabolic mirror to make valid the condition of
negligible signal losses. For our instrument, this requirement
imposes a maximum tilting angle of 0.125 rd that corresponds
to a max height-gap of 2 mm for an object of 16 mm in size (e.g.,
coin object). Therefore, the request on the axial misalignment
can be considered as conservative as the limitation on the tilting
angle in our case.

IV. EXPERIMENT

A. Surface Tilting

The self-referenced method is evaluated on a 1 Euro cent
coin. The object is made by a copper-covered steel, which is
highly reflective in the THz frequency-domain. At first, the
acquisition is made by keeping the coin positioned horizontal
on the motorized stage of the instrument [see Fig. 2(a), left]. In

this case, the object is defined as flat, because it has no specific
distortion and the surface is shaped by the reliefs of the coin
(stamp of the number one and the globe). The result of the
acquisition is used as criterion for comparison with the results
obtained after surface tilting correction. In a second stage, the
coin is slightly tilted with respect to the horizontal plane [see
Fig. 2(a), center]. The lag between the lower and the upper
part is estimated about 7.25 ps and, from (1), the inclination
height is estimated equal to ΔH = 1 mm. This ΔH value is
big enough to induce a phase variation problem, and it can be
corrected because it is below the limits of the instrument (details
in Section III-B). Finally, the developed algorithm is employed to
restore the flatness of the tilted object, as illustrated in Fig. 2(a),
right.

The set of τij identifies the geometry of the coin when it is
posed horizontal on the motorized stage [see Fig. 2(b), left],
and the modified surface when the coin is tilted [see Fig. 3(b),
center]. Both representations refer to the coin isosurface (Ob-
jSurf), as determined in Section III-B. In these examples,
a lower threshold is employed for excluding data belonging
to the motorized stage that arrives with significant delay with
respect to the ones reflected by the object. In order to remove
the effect of the spatio-temporal shift, the isosurface of the
tilted object is interpolated with a linear polynomial curve
(fitType=poly11): Z(x, y) = p0 + p1x+ p2y. The result
of the fit gives as polynomial coefficients (with 95% confidence
bounds): p0 = 1.17 ± 0.01, p1 = (−1.656 ± 0.030)· 10−2, and
p2 = (6.538 ± 0.003)· 10−2, and adjusted R-square = 0.975.
Such a surface is used to correct the curvature of the object with
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Fig. 3. (a) Results of the Φ(ω) at different frequencies. The signal is integrated with Δω = 0.4 THz, in the interval from 1 to 7 THz. Sampling results are
presented: flat object (first row), tilted object (second row) and data after surface tilting correction (third row). (b) Detailed comparison between Φ(ω) image,
integrated in ω = 2.2–2.6 THz, of raw data on flat object, raw data on tilted object, data after surface tilting correction. (c) Comparison of the coin profile acquired
with an optical profilometer (Zeta-20, objective M = 10x, NA 0.3) and the phase results of THz-TDRI of the restored surface.

the functionSurfaceUnwarping, and theDataCubeAdj is
calculated. The set of τij generated by the correction of the tem-
poral signal is shown in Fig. 2(b), right. By Fourier transforming
the DataCubeAdj from time- to the frequency-domain, the
phase Φ(ω) and the amplitude A(ω) are determined.

The phase images for the flat coin object [see first row in
Fig. 3(a)] show variations in the gray-scale levels accordingly
to the object reliefs. Above 4.8 THz, the signal-to-noise ra-
tio is low, generating images which are slightly corrupted by
noise, but still with distinguishable reliefs. In the tilted coin,
the phase images are highly affected by the changes in slope
of the object at every frequency between 0.2 and 7 THz [see
Fig. 3(a), second row]. In particular, they are corrupted by an
intensity gradient that goes from the bottom left to the top right
side of the object, following the coin inclination. This shade
is detectable at low frequencies, and it is further damaged by
noise above 5 THz. The intensity gradient is the visual conse-
quence of the additive ΔΦ(ω) and it complicates any type of
analyses, especially when they are meant to investigate the
surface topography.

The correction of the temporal drift produces the recovery
of phase images in the frequency-domain without employing
any other data correction, as illustrated in Fig. 3(a), third row.
The phase of the DataCubeAdj contains contrast features that
resembles the ones of the flat object and, more importantly,
Φ(ω) is corrected for the global distortion of the surface, but
the geometries of the reliefs are not modified nor distorted by
the computational restoration.

A detailed representation of the consequences on the phase
image before and after the computational restoration is reported
in Fig. 3(b). Here, the phase results are integrated in the fre-
quencies region Δω = 2.2–2.6 THz, where the signal has good
dynamic range. Although the lateral resolution is limited by
the instrumental characteristics, the major reliefs in terms of
thicknesses (the number one and the globe) are evident on the
raw data of the flat object. A concavity in the center of the coin is
also distinguishable, while other finer details cannot be revealed
with this instrument, because below the lateral resolution of the
system. The same shapes appear in the computationally restored
object.
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Fig. 4. Explanatory example of the modification induced on the amplitude A(ω) by surface tilting for different frequencies. The signal is integrated with Δω =
0.4 THz, in the interval from 1 to 7 THz. Sampling results are showed of the flat object (first row), and tilted object (second row).

In order to prove at what extent the developed method can cor-
rect the phase, the topographic profile of the coin reconstructed
via THz-TDRI is compared with the one obtained from an
optical profilometer [see Fig. 3(c)]. The instrument (Profilometer
Zeta-20) acquires the optical image of the object at various
focal plane and reconstructs the 3-D surface, and it is used to
generate quantitative information on the physical roughness and
thicknesses. The entire object was scanned stitching together
several square acquisitions: the result is displayed in Fig. 3(c),
on the left side. The axial resolution of the total image is 1.5 μm.
On the right side, Fig. 3(c) displays instead the phase image of
the restored phase. Fig. 3(c) represents the line profile of the coin,
corresponding to the section running across the number and the
globe stamped on the surface for the two acquisitions (optical
profilometer and phase reconstruction). This result shows the
great similarity of the two profiles, in terms of shapes and reliefs.
This comparison not only demonstrated that the evaluation of
the object profile can be reliably estimated with THz-TDRI, but
also that the correction for surface tilting does not damage these
topographic features. The method is robust and capable to restore
the shape of distorted surface.

As discussed in Section III-A, the amplitude of the electric
field is affected by frequency-dependent modulation of the time
trace, and thus its behavior cannot be easily evaluated. For
the sake of completeness, we report the results obtained when
comparing the amplitude of the flat and tilted coin in Fig. 4. As
the amplitude yields information on the reflected intensity of
the beam, the results on the coin—made of a highly reflective
material at the THz frequencies—are mainly shaped by the
object edges when the coin is horizontal. When the object is
tilted, the A(ω) images are corrupted by various artifacts. In
the frequency region with good dynamic range (0.1–3.5 THz),
the amplitude images suffer of greater blurring effects, and of
slight intensity gradient along the inclination of the coin, with
respect to the flat example. At high frequency, the A(ω) images
are damaged by wavy features, detected at fixed frequency and
different axial misalignment. Such an intensity modulation has
a small contribution (0.1 dB), and thus it appears only when
the amplitude signal reaches the noise floor. This is one of the
consequences of the distortion of the signal waveform that shows
up on the electric field amplitude in the frequency-domain.

B. Surface Warping

The self-referenced method enables the removal of irregular
surface distortion, as long as the surface curvature can be fitted
with a polynomial function and the conditions described in
Section III-B are valid. While the choice of the polynomial
order is still a manual input parameter at present, we show
here that even for a realistic and complex example, a relatively
low-order polynomial can be accurate enough to solve phase
variation problem. In this Section, the algorithm is applied
on a warped surface, a painting on wood canvas, in order to
demonstrate the applicability of the method when more complex
distortions are present. The considered painting is an object that
has irregularities due to the overlapping of multiple pictorial
layers (as reported in [39]), heterogeneous pictorial composition
(with different refractive index), and distortions at micrometer
scale, as revealed by the time traces. To draw a parallel with
the object analyzed above, the brush strokes act as the object
reliefs and depressions, while the curvature of the wood support
determines the surface distortion of the object. The analysis
of the time traces reveals that the lag between the minimum
and the maximum value of τ is 12.65 ps, thus near the limit
imposed by the instrument for an adequate correction of the
surface distortion up to 3 THz.

Fig. 5(a) shows the painting used in the test, depicting a face
of a lady as subject. A portion of the painting was scanned (area
of 70 × 65 mm2) and the results in time-domain are displayed in
Fig. 5(b). The 3-D representation of the peak position of the time
traces showed a highly irregular surface, e.g., the signals from
the lady’s forehead are highly misaligned with respect to the
ones from the overall surface [see Fig. 5(b), left]. On the contrary
to the case of the tilted object, here the surface was interpolated
with a higher degree of polynomial curve (MATLAB function
poly23), corresponding to a second-order polynomial in the
x and a third-order polynomial in the y direction. The result of
the interpolating process is showed in Fig. 5(b), center. In time-
domain, the subtraction of the curve to the surface geometry al-
lowed to eliminate the issue generated by distortion of the wood
support and maintain the reliefs, concavities, and irregularities
of the pictorial surface [see Fig. 5(b), right]. This example on an
heterogeneous object demonstrates that the assumption of the
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Fig. 5. (a) Picture of the painting made on wood support employed as an example of warped surface. (b) On the left: the representation of the surface topography
(ObjSurf), on the center the curve determined by interpolating the surface with a polynomial function (ObjShape) and on the right, the restored flatness of the
painting in time-domain. (c) Comparison between Φ(ω) image, integrated in ω = 2.2–2.6 THz, of raw data and data after surface curvature correction.

linear contribution of τg to the temporal drift can be considered a
good approximation for the phase correction. In details, Fig. 5(c)
shows the phase results obtained before and after correction for
the geometrical curvature of the surface (signal integrated over
a range Δω =2.0–2.4 THz). On the warped surface, the phase
intensity is corrupted by an intensity gradient (ΔΦ) associated to
the warping of the surface, and superimposed to the topography
of the painting. In the same frequency region, the intensities
of the phase after the surface correction make evident the
distribution of heterogeneous materials with different dispersive
properties, corresponding to lighter or darker gray pixels in the
phase images. As for the case of the tilted surface, the warping
correction does not cause any evident imagery artifacts, although
a flat replica of this object is not available. On this example, the
contribution to the phase slope after time trace correction, is only
assigned to the response of the materials in the THz frequencies
and thus can be reliably used for further spectroscopic analysis.

V. CONCLUSION

The surface physical distortions of an object can strongly
limit the analysis of THz-TDRI results, as it produces phase
variation and fictitious artifacts in the imagery representation
of the electric field in the frequency-domain. We proposed a
self-referenced method capable to solve the spatial phase vari-
ation problem by assuming that the temporal drift associated
to the geometrical distortions linearly contributes to the shift
of the THz time trace. We demonstrated the benefits of such
approach on a tilted and highly reflective surface, and a warped
and heterogeneous surface.

We showed that the phase of the signal can be retrieved by
correcting the signal retardation in time-domain. The limitations
of the method rely in the accuracy of the interpolation of the
physical surface distortion and in the maximum temporal drift
acceptable. For example, the latter was estimated equal to 13 ps
for the system PSF, corresponding to about 2 mm in height. Apart
from not requiring any numerical parameter optimization, the
advantage of the proposed approach is that the method adjusts
the global warping by acting on the temporal shift of the electric
field in time-domain data and this prevents from the corruption
of the spectral signature in frequency domain of the phase value.
By adopting this preprocessing tool, the response of the object in
the THz region can be reliably retrieved also on curved surfaces,
when THz-TDS is used in reflection geometry and the surface
distortion cannot be removed.
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