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Abstract – Iron-gall ink has been widely used ink in
the production of documents and artworks since the
fifth century C.E. Terahertz imaging is used to read
characters written in such ink on stacked sheets of
paper. Several contrast mechanisms including max-
imum/minimum of the reflected terahertz signal, sig-
nature frequency, Gaussian mixture model, and short-
time Fourier transform are tested to compare the im-
age quality of the buried text. The results show that the
short-time Fourier transform mechanism outperforms
other contrast mechanism and has the ability to extract
clear images of buried text within paper stacks.

I. INTRODUCTION
Iron-gall (IG) ink has been widely used since the fifth

century C.E. [1]. The chemistry of IG ink is discussed in
Ref. [2]. Terahertz imaging of various inks has been in-
vestigated in a number of studies [3, 4]. However, imaging
text written paper stacks of more than one sheet is not com-
mon [5, 6].

Terahertz imaging is a nondestructive, noninvasive, and
nonionizing imaging technique that can be applied to
a wide variety of materials, including the ink found in
cultural-heritage artifacts. Of specific interest is to extract
text from stacks of paper sheets without separating them,
as it may not be possible to separate sheets of paper with-
out casing them irreversible damage as shown in [7]. Tera-
hertz imaging may provide the capability to read text hid-
den in stacked paper, but to obtain high-quality images,
it is of importance to establish contrast mechanisms that
yield the desired information. In this work, similar to [7],
paper stacked are studied however with a specific ink of
IG. We extend the discussion of contrast mechanisms to
explore a suitable one for imaging. Several contrast mech-
anisms based on reflective terahertz imaging, both in time
and frequency domains, are compared focusing in IG ink
on paper (standard copy paper). The terahertz reflectivities
of IG ink and paper are different, which suggests using the
maximum or minimum of the reflected signal a potential
way to distinguish ink from paper. Moreover, in the fre-

Fig. 1. Setup of the measurement

quency domain, there may exist spectroscopic signatures
for ink or paper that can be used as the basis of a contrast
mechanism. Beyond simple time- or frequency-domain-
based contrast mechanisms, more sophisticated statistical
analyses of reflected terahertz signals are also of interest.
We therefore employ a Gaussian mixture model (GMM).
Finally, a short-time Fourier transform (STFT)-based con-
trast mechanism is introduced, the method combining the
advantages associated with time- and frequency-domain-
based contrast mechanisms. This method can obtain the
location of text written in IG ink in a paper stack by using
time windowing as well as the strong contrast of the image
by utilizing frequency information in each time window.

A TPS Spectra 3000 (TeraView Ltd., Cambridge UK) is
used to measure the reflected signal. The set up of exper-
iment is shown in Figure 1. The generated terahertz pulse
is directed towards the sample using mirrors and other op-
tics. The intensity and phase of the reflected pulse provide
information about the sample’s properties.

II. RESULT AND DISCUSSION
A. One sheet of paper with characters written on both

sides
Figure 2 is a schematic of the sample studied first: a sin-

gle paper sheet with characters “2” and “H” written in iron-
gall ink on opposite sides of the paper. “H” is on the side
of the paper from which the terahertz signal is incident.
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Fig. 2. Schematic of paper sheet with characters “2” and
“H” written on opposite sides of the paper. The incident
direction is from ’H’ side to ’2’ side

We can classify four different regions: (1) that without any
portion of a character present, (2) that with a portion of the
character “H,” (3) that with a portion of the character “2,”,
and (4) that with portions of both “H” and “2.”

Fig. 3. Reflected time-domain THz signals at different po-
sitions on the sheet of paper corresponding to regions (1)-
(4).

Examples of the reflected terahertz signals characteristic
of the four regions, are shown in Fig. 3. The gray curve
shows the reflected time-domain terahertz signal in region
(i). It can be seen clearly that there is only on sheet of
paper in the signal as evidenced by two reflected terahertz
pulses: one from the air/paper interface (on the side of in-
cidence) and one by the paper/air interface (on the opposite
side). The former/latter has the same/opposite polarity of
the incident pulse due to the opposite signs of the Fres-
nel reflection coefficients for the two interfaces. The blue
curve shows a typical reflection signal in region (2). It can
be seen clearly that there is a strong reflection caused by
the ink on the side of incidence. An example of the re-
flected terahertz signal in region (3), where the character is

Fig. 4. C-scan of the sheet of paper in the vicinity of the
characters. The color in each pixel is the maximum am-
plitude of the reflected time-domain terahertz signal at a
given position.

Fig. 5. C-scan of the sheet of paper in the vicinity of the
characters. The color in each pixel is the minimum am-
plitude of the reflected time-domain terahertz signal at a
given position.

present on the opposite side, is given by the red curve. The
first reflection from the air/paper interface is weaker than
in region (2), but the strength of reflection from the back
paper/air interface is relatively strongly enhanced. For re-
gion (4), the green curve, both the first and second reflec-
tions are strong. Based on these results, the strengths of
the various reflections are a good candidate for determin-
ing which region corresponds to a measurement made on a
given point on the sheet of paper.

Figure 4 shows a C-scan of the sheet of paper in the
vicinity of the characters; the color in each pixel is the
maximum amplitude of the reflected time-domain terahertz
signal at a given position, while in Fig. 5, a C-scan based
on the signal minimum is plotted. These C-scans can eas-
ily be understood on the basis of our discussion of Fig. 3.
We see both the “H” and the “2,” and can distinguish from
these two C-scans taken together which side of the sheet of
paper each character is on.

We next consider a contrast mechanism based on a
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frequency-domain analysis of the reflected terahertz sig-
nals. Figure 6 shows the amplitude of the Fourier trans-
form of reflected signals in regions (1)-(4). For region (1),
there is only one pronounced dip (absorption line) at a fre-
quency ∼1.1 THz. For regions (2)-(4), however, this dip
splits into a doublet, leaving no dip at ∼1.1 THz. Further
features are seen distinguishing regions (2), (3), and (4).
As is show in Fig 7, it is clear that the image can clearly
distinguish paper and ink with good contrast by using the
signal amplitude at 1.1 THz. To determine on which side a
character is written (or both) requires a more sophisticated
approach.

Fig. 6. Fourier transform of reflected THz signals at dif-
ferent positions on the sheet of paper corresponding to re-
gions (1)-(4). See text for definitions of these regions.

Fig. 7. C-scan of the sheet of paper in the vicinity of the
characters. The color in each pixel is the amplitude of the
Fourier transform of the reflected THz signal at a given
position at frequency 1.1 THz.

Because several features are needed to distinguish the
four regions, we next employ a Gaussian mixture model
(GMM) to group the signals into distinct clusters to pi-
geonhole each pixel into the four classifications [8]. We
set the cluster numner at 4, which is sensible as we seek
to indentify four distinct regions. The result can be seen in
Fig 8. The four clusters are mapped to different colors en-
abling one to easily distinguish on which side of the paper

a character, if present, is written. The approach, moreover,
enables one to clearly identify region (4) in which the two
characters on opposite sides of the paper overlap.

Fig. 8. C-scan based with contrast mechanism based on
GMM with cluster number set to 4.

B. Two sheets of paper with characters written on one
side of each sheet

Next, we consider two sheets of paper. The sheet on the
side of incidence (the reverse side) has the character “H”
(“2”) written on the obverse of the sheet in iron-gall ink;
Fig. 9 is a schematic diagram. There are total two layers
of paper and with ink on the side that is facing the signal
on each paper.

Fig. 9. Schematic of two paper sheets with characters “H”
and “2” written on obverse sides of the paper sheets. The
incident direction is from ’H’ side to ’2’ side

C-scans with contrast mechanism based on the maxi-
mum and minimum of the reflected time-domain terahertz
signals are shown in Figs. 10 and 11, respectively. Al-
though the character “H” on the first sheet of paper encoun-
tered by the incident terahertz signal is easy to distinguish
in the C-scan based on the signal maximum, the “2” on the
second layer is indistinct. Because both characters are on
the obverse side, they both correspond to relative maxima
in the signal; however, due to attenuation in propagating
through two sheets of paper the reflection from the second
sheet of paper is much less, i.e. the signature of the “2” is
weak. As a result, only use the maximum of the signals as
a contrast mechanism is not enough in this case. Also note
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Fig. 10. C-scan of two sheets of paper in the vicinity of
the characters. The color in each pixel is the maximum
amplitude of the reflected time-domain terahertz signal at
a given position.

Fig. 11. C-scan of two sheets of paper in the vicinity of
the characters. The color in each pixel is the minimum
amplitude of the reflected time-domain terahertz signal at
a given position.

that the contrast mechanism based on the minimum in this
case is of little help. Serrated edges can be observed in the
figure is mainly caused by the bidirectional rotation errors
of the motor. During the scan, the motor would rotate in
two directions and lead to the unalignment of the measure
point. This effect can be suppressed by applying smaller
step size.

In the frequency domain, Fig. 12 shows the C-scan at
1.1 THz. We can distinguish both the “H” and the “2” (the
latter outlined as a guide to the eye), though some work is
still needed to enhance the contrast.

Figure 13 is a C-scan based on a GMM analysis with
cluster number 4 as in the one sheet case. While the char-
acter “H” on the first sheet of paper is clearly seen, the “2”
on the second sheet is not.

C. Short-time Fourier transform based imaging
Clearly, the location of the characters is contained in

the respective time slice of the signal while the presence

Fig. 12. C-scan of the two sheets of paper in the vicinity
of the characters. The color in each pixel is the amplitude
of the Fourier transform of the reflected THz signal at a
given position at frequency 1.1 THz. The character “2” is
outlined as a guide to the eye.

Fig. 13. C-scan based with contrast mechanism based on
GMM with cluster number set to 4.

of iron-gall ink was also seen in the frequency domain.
This suggests that a properly chosen spectrogram of the
reflected terahertz signal might provide better contrast for
the two sheets of paper. We therefore propose a short time
Fourier transform (STFT). In each time window chosen,
the Fourier transform of the reflected signal is performed.
Figure 14 is a an STFT spectrogram for an example re-
flected time-domain terahertz signal. The window is 1
ps which is roughly the duration of the incident terahertz
pulse. It can be seen that at positions where the reflections
occur, there will be strong frequency response.

By selecting the time windows in the time domain
around the reflection from the first sheet and integrating
over frequency, we obtain an image localized in the first
sheet of paper, as shown in Fig. 15. Similarly, we can se-
lect the time window corresponding to the second sheet of
paper, as shown in Fig. 16. We note that this approach
succeeds in distinguishing the characters written on the in-
dividual sheets of paper.
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Fig. 14. Example of STFT (see main text) of reflected sig-
nals.

Fig. 15. C-scan with STFT-based contrast mechanism to
provide information about the first sheet of paper. The
character “H” is seen.

Fig. 16. C-scan with STFT-based contrast mechanism to
provide information about the second sheet of paper. The
character “2” is seen.

III. CONCLUSION
This study present a comparison between a variety

of contrast mechanisms employed for imaging characters
written in iron-gall ink on paper, both for one and two pa-
per sheets. We found out that Hadar ink has a strong re-
flection to THz in the band below 2 THz which facilitate
the imaging of the ink. While C-scans based on the max-
imum or minimum of the reflected terahertz signal were
shown to be suitable for one paper sheet, the approach
did not perform satisfactorily on stacks of two sheets of
paper. A simple frequency-domain-based contrast mecha-
nism has the ability to distinguish area on the paper with
and without ink; however, it lacks the ability to distinguish
between layers. A Gaussian mixture model approach was
able to cluster signals for one sheet of paper; however, it
has limitations for the paper stacks. An short-time Fourier
transform-based contrast mechanism was then explored to
image paper stacks. This approach identified characters
written on two sheets of paper and distinguished on which
sheet each was written. Clearly, these approaches merit
study to be extended to treat stacks with multiple sheets of
paper with characters written on both sides.
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