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Reduction of Scattering Effects in THz-TDS Signals
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Abstract— The scattering of terahertz radiation from the
granular nature of a sample can potentially distort or obscure
its characteristic spectral features. Several techniques have been
proposed to reduce the effects of scattering in terahertz time-
domain spectroscopy (THz-TDS) measurements, that usually
require a complex measurement apparatus or rely on specific
information about the sample under study. However, in real-
world applications a priori information of the sample is not
always known and therefore the applicability of these techniques
may be limited. In this letter, we present a method for estimating
and mitigating scattering effects in THz-TDS measurements for
samples made of material exhibiting sharp and sparse absorp-
tion features, without requiring information of its granularity,
refractive index, and density.

Index Terms— Scattering, teratertz spectroscopy.

I. INTRODUCTION

TERAHERTZ time-domain spectroscopy (THz-TDS) has
emerged as an important tool for non-contact identifi-

cation and classification of various materials. Particularly, in
the study of solids, THz or T-ray spectroscopy is used to
observe and extract absorption features that can be indicative
of morphological and crystalline condition of the material
under study [1], [2]. However, when the grain sizes in the
solids become comparable to THz wavelengths, the consequent
scattering cannot be explained by a simple Rayleigh model.
This can significantly distort the spectral fingerprint of the
material under study.

While several analyses have been reported for understanding
the influence of scattering on the terahertz signal [3]–[6],
only a few techniques that mitigate the effects of scattering
have been reported. Under the assumption of weak scattering
limit, Bandyopadhyay et al. [3] applied the Mie theory [7] of
spherical particles to essentially separate the contributions of
true absorption and scattering from the sample. On the other
hand, using the knowledge of frequency dependent refractive
indices of the sample and host material, Franz et al. [5]
applied the theory of the Christiansen Effect to numerically
eliminate the effects of scattering from the terahertz extinction
spectrum. In 2008, Shen et al. [6] effectively reduced the
scattering effects by averaging a large number of disjoint
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transmission measurements in the time domain. Recently, in
2010, Kaushik et al. [8] used the usually discarded Fresnel
echoes generated during the THz-TDS process to estimate
and mitigate the scattering effects in the measured extinction
spectrum of the sample under study. The technique relied on
the availability of strong and time resolved Fresnel echoes
in the measurements. Most of the approaches discussed here
require either complex and time consuming measurement
techniques or detailed knowledge of the sample under study.

In this letter, we introduce a method that allows the estima-
tion of scattering for unknown sample granularity, refractive
index, and particle packing density which does not require any
customized measurement apparatus or procedure. We consider
materials that exhibit sharp absorption features at specific
frequency bins, such as α-monohydrate lactose, mixed with
a transparent packing material such as granular PE.

II. METHOD

A set of plane waves with frequency variable ω propagating
through a material with complex dielectric constant, suffers
from frequency dependent attenuation due to the absorption
and scattering of the signal from the material. For materials
exhibiting sharp absorption features, the pattern of frequency
dependence of scattering and absorption can differ markedly
from each other. Generally, scattering loss depends on the
dimensions and density of the internal structure of the target,
and can be expressed as a linear or quadratic function over the
given frequency range, depending on the medium of propaga-
tion [9]. On the other hand, absorption loss is a consequence
of molecular rotations or vibrations in the media. For materials
that exhibit sharp absorption features, such as α−monohydrate
lactose, the absorption features are confined to distinct fre-
quency bins specific to the constituents of the media, and
therefore we assume the sharp absorption features can be
expressed as higher order polynomial functions of frequency.

In the proposed approach, we consider a set of plane waves
with angular frequency variable ω propagating through a
sample of material with complex dielectric constant n + ik,
with thickness d . The Fourier transform of the transmitted
signal is given by:

Y (ω) = X (ω) exp

[
in(ω)ω

d

c

]
exp

{
−k(ω)

d

c

}
, (1)

where X (ω) is the Fourier transform of the signal before
propagating through the sample, n(ω) represents the frequency
dependent refractive index and k(ω) represents the frequency
dependent extinction coefficient of the sample, which contains
contributions from both absorption and scattering [6]. The total
frequency dependent attenuation α(ω) suffered by the signal
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during transmission through the sample is given by

α(ω) = 2k(ω)
ω

c
. (2)

As mentioned earlier, α(ω), the total frequency dependent
attenuation consists of two contributing terms, being the fre-
quency dependent scattering αs(ω) and absorption loss αa(ω).
This relationship can be expressed as:

α(ω) = αa(ω) + αs(ω). (3)

In this letter, we explore the relation between the change in
spectral moments and time domain features of a THz pulse
when it passes through a sample material and the frequency
dependent scattering αs(ω) that occurs as a result of the
interaction of the THz radiation with the internal structure of
the sample material. In order to do this, we have to assume
an analytical expression to describe the THz signal. The exact
temporal waveform of the THz pulse and hence its spectral
shape depends mainly on the generation and detection mech-
anism, which varies from one T-ray spectrometer to another.
In our experiments the THz-TDS system uses photoconductive
antennas (PCAs) for both the emitter and detector. One popular
analytical model for the terahertz signal generated and detected
using photoconductive antennas was given by Duvillaret et
al. [10]. Their expression for the amplitude spectrum of the
terahertz signal mostly depends on the carrier lifetime in the
antenna’s semiconductor material and the laser pulse duration.
For calculating the moments of a given spectrum S(ω), the
following general formula can be used:

mn =

∫ ∞

0
ωn S(ω) dω

∫ ∞

0
S(ω) dω

, (4)

where n is the order of the moment.
For the analytical model given by Duvillaret et al. [10], the

above equation for calculating the spectral moments does not
have a closed form solution. Thus, this analytical model cannot
be used for our purpose. An alternative analytical expression
for modeling the THz spectrum was given by Xu et. al [11].
This expression is entirely dependent on only one parameter,
the FWHM (Full Width at Half Maximum) pulse duration of
the THz time domain signal τr , and is given by:

X (ω) = A
ωτr√

2
exp(−ω2τ 2

r /4), (5)

where A represents the maximum amplitude of the T-ray field,
and ω represents the angular frequency.

In contrast to the previous model, this analytical expression
is much simpler and has a definite solution for the calculation
of moments using (4). In order to compare the accuracy of
this model with the model proposed by [10], we calculate the
center frequency from the first spectral moment of experimen-
tally observed amplitude spectrum of a reference measurement
and compare it with the amplitude spectrum obtained from
both the analytical expressions. We also compare the mean
squared error (MSE) and correlation coefficient (CC) for each
analytical model with the measured spectrum. The results are
tabulated in Table I and Table II.

TABLE I

COMPARISON OF CENTER FREQUENCY OF ANALYTICAL MODELS AND

EXPERIMENT OBSERVATIONS

Model 1 [10] Model 2 [11] Experiment

0.437 THz 0.426 THz 0.431 THz

TABLE II

MSE AND CC: ANALYTICAL MODELS AND MEASURED SPECTRUM

Parameter Model 1 [10] Model 2 [11]

MSE 0.0035 0.0042

CC 0.925 0.905

The above results show that both models explain the exper-
imental observations to a similar level of accuracy, with the
model given by Duvillaret et al. [10] showing slightly better
MSE and CC parameters than the model used by Xu et al.
[11]. Given the similarity in these results, it is reasonable to
assume (5) to be a good approximate representation of the
reference THz signal (i.e. without sample). Now using (4),
the first moment for X (ω) is given by μr = √

π/τr.
When we introduce the sample to this system, the THz

signal is attenuated due to the scattering and absorption of the
signal by the sample. If the frequency dependent absorption
features of the sample are sharp and sparse, they do not greatly
influence the center frequency of the sample spectrum and the
center frequency mostly depends on the frequency dependent
scattering from the sample. Modeling the scattering as a linear
function of propagation length d and a quadratic over the given
range of angular frequency ω, the expression for the scattering
response of the sample, Ys(ω), can be given by:

|Ys(ω)| = A exp(−αsdω2)
ωτr√

2
exp(−ω2τ 2

r /4). (6)

This further reduces to

|Ys(ω)| = A
ωτr√

2
exp(−ω2τ 2

s /4), (7)

where τ 2
s = τ 2

r +4αsd , and the first moment of Ys(ω) is given
by μs = √

π/τs.
Thus it can be seen that the spectral shape of the attenuated

pulse remains unchanged. However, the scattering from the
sample has changed the distribution characteristic parameter
τr to τs or we can say that the FWHM duration of the
time domain pulse has increased from τr , for the reference
THz signal to τs, for the sample THz signal. In terms of
the frequency domain, we can say that, the mean (center
frequency) of the reference spectrum μr has changed to μs
for the sample spectrum. Similar observations were made
by Dines and Kak [12], where they estimated attenuation of
soft biological tissues using ultrasound waves. They treated
the attenuation as linearly dependent on the frequency and
assumed a Gaussian distribution for modeling the signal spec-
trum; furthermore they assumed scattering to be minimal in
their experiments.

Once the means of the reference signal and the transmitted
sample signal are obtained from the above equations, the
unknown scattering attenuation profile αs(ω) can be calculated
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Fig. 1. Extinction loss spectra of: (a) sample pellet made of α-monohydrate
lactose mixed with PE powder with avg. dia. 60 μm (black) and (b) sample
pellet made of α-mono hydrate lactose mixed with PE powder with avg. dia.
360 μm (solid black), with their respective estimated scattering loss profiles
(dashed gray) and scattering mitigated spectrum (solid gray).

from the first order spectral moments of the measurements:

αs(ω) = π

4d

μ2
s − μ2

r

μ2
r μ

2
s

ω2, (8)

or from the FWHM pulse durations of the measurements:
αs(ω) = 1

4d
(τ 2

s − τ 2
r )ω2. (9)

Therefore, a complete scattering loss profile can be esti-
mated for any given media using only the first spectral
moments or FWHM pulse durations of the measured signals.
Using a standard THz transmission spectroscopy setup, we
carried out transmission measurements for two samples com-
prised of α-monohydrate lactose powder and PE powder mixed
in a 1:1 ratio and pressed to form a pellet. The PE powder
used for each sample had different grain sizes. The first sample
is comprised of PE powder with average grain diameter of
60 μm, while the average grain diameter for the PE powder
of the second sample was 360 μm.

Assuming that the reflections are removed from the sample
and reference data, the frequency dependent refractive index
ns(ω) of the sample and total attenuation α(ω) is given by:

ns(ω) = n0 − c

ωd
� H (ω), (10)

α(ω) = 2

d

{
ln

[
4ns(ω)n0

(ns(ω) + n0)2

]
− ln |H (ω)|

}
, (11)

where n0 is the refractive index of free air and H (ω) is the
transfer function of the sample, given by:

H (ω) = Esam

Eref
, (12)

where Eref and Esam are the experimentally measured refer-
ence and sample spectrum, respectively.

III. RESULTS

The results of our approach are shown in Fig. 1. The
samples clearly show characteristic absorption features of

lactose at 0.53 THz, 1.19 THz and 1.39 THz. It should be
noted that along with the distinct absorption features, both
samples show a baseline slope owing to scattering from the
samples’ granular nature. The technique described in this letter
estimates the baseline slope owing to the scattering of the
THz signal. The reduced scattering extinction spectrum for
each sample is obtained by subtracting the estimated scattering
loss, computed using (9), from the measured attenuation loss in
(11). As expected, the sample with larger PE particles shows a
greater baseline slope as compared to the sample with smaller
PE particles, indicating stronger scattering.

IV. CONCLUSION

In conclusion, we report an extension of the centroid shift
technique in the terahertz regime, initially proposed by Dines
and Kak [12] for estimating frequency dependent attenuation
of soft biological tissue using ultrasound. The method was
tested on two sample pellets comprised of α-monohydrate
lactose and PE with different granularity in each sample. As
seen in from the results, the technique reasonably estimates
scattering loss profile for both the cases without using any
a priori information of the physical characteristics of the
sample or the material, which makes it very useful for mit-
igating scattering effects in real world applications such as
standoff measurements. It must be noted that the scattering
estimate provided by this technique assumes that the material
under study has sharp and sparse absorption features, which is
usually the condition required for a THz spectral fingerprint.
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