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ABSTRACT

The reflection characteristic of terahertz radiation (T-rays) in stratified media is being explored through the
use of computer models. When T-rays are reflected off a sample, the measured T-ray signal contains coherent
spectroscopic information about the sample. In the time domain, this spectroscopic information becomes the
time response of the sample—a useful method for determining layer thickness and the number of interfaces in
the sample. In order to confidently determine thickness and interfaces, the propagation characteristic of T-rays
in a stratified medium needs to be understood. Internal reflections, interference, and water absorption within
the layers can significantly alter the T-ray signal. This paper reports on a study of T-ray propagation in tissue
layers inside the head, in reflection mode. Simulated results are presented and discussed.
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1. INTRODUCTION

Ex vivo and in vivo studies of human skin using reflected terahertz radiation1, 2 have revealed that terahertz (THz
or T-ray) radiation has potential for use in medical applications, such as the detection of Basal Cell Carcinoma
(BCC). Other investigations of excised human tissue in the THz range have shown distinct T-ray “fingerprints.”3

For THz to be useful for in vivo investigation of human tissue other than skin, a better understanding of how
and how far THz can penetrate the body in reflection mode is needed. In the literature to date, little has been
mentioned if any secondary and subsequent reflections were detectable from underlying tissue; this is because
previous studies have been concerned with only the structure of skin. Such secondary reflections are useful for
understanding the behavior of THz in the highly stratified and heterogeneous human body. Of particular interest
is the behavior of THz penetration and propagation in the head—noninvasive screening for diseases in the head
has widespread application in medicine. The reflections are also useful for investigating how these reflected
signals can be detected and processed.

This paper presents new research on THz propagation in the human head. We begin with a literature review;
Section 2 highlights some existing research into electromagnetic propagation in biological materials, and explains
how this current knowledge could be used in this research. Sections 3 and 4 introduce the mathematical theory
behind the modeling method used in this investigation, as well as the sources of information for obtaining material
parameters. Simulated results are presented and discussed in Section 5. Finally, recommendations are made for
future work.

2. EXISTING RESEARCH INTO STRATIFIED MEDIA

This section aims to highlight existing research in the study of electromagnetic wave propagation in multi-layered
media. Infrared (IR) and microwave studies are particularly relevant to terahertz research because terahertz lies
between these two spectra. IR and microwave imaging methods are also very well established, with a wealth of
data and techniques that may be useful to terahertz research. Sections 2.1 and 2.2 will elaborate on some IR
and microwave techniques used to study the properties and structure of biological materials. Section 2.3 will
introduce existing biologically- and socially- inspired THz research and results.
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2.1. Infrared (IR) Region

The use of infrared radiation to profile or image biological tissue is a well-established technology. Fourier
Transform InfraRed (FT-IR) spectroscopy, Near/Mid InfraRed (NIR/MIR) spectroscopy, Raman spectroscopy,
and IR thermology are examples of commonly used IR methods, with widely available commercial test systems.
The types of biological materials investigated with IR have been diverse. IR has been used to quantify scattering
in skin,4 profile skin depth,5 and to observe thermal changes in burnt and diseased skin.6 IR has also been used
to study ex vivo biological tissue such as blood,7 breast cancer,8 and cerebral oxygenation of the brain.9 IR
skin studies are particularly concerned with the scattering effects of IR radiation in the top layers of skin, thus
providing a useful insight into the structure of skin. Optical properties of biological materials at IR frequencies,
especially at mid-infrared, are useful starting points for many unknown T-ray optical properties.

2.2. Microwave Region

The microwave part of the electromagnetic spectrum has been investigated extensively in Radio Frequency
(RF) applications such as radar and mobile communications. Radar technology has widespread use in many
unconventional microwave applications such as motion sensors and the detection of land mines.10 Although
microwave applications are becoming increasingly pervasive in everyday life, it is still in an exploratory stage in
the area of biological imaging because of tissue heating issues.11 There have been some significant breakthroughs
in recent years in the area of breast cancer detection utilizing microwave imaging via confocal imaging,12 and
space-time beamforming.13 Small synthetic tumors in radiologically dense breast tissue phantoms may be
invisible to x-ray mammograms, but they are detectable by microwaves. Other biologically-related microwave
research has looked at heating effects in different layers of the head,14 and characterizing the brain.15 As many
of these studies require the knowledge of tissue optical properties, they are again a good source of information
for T-ray studies. In addition, there is a wealth of information available for modeling microwave propagation in
the body. Ellipsoidal models and the Methods of Moments (MoM) technique were traditionally used to model
the body as a whole, but more recent analytical methods such as the Finite Element Method (FEM) and Finite
Difference Time Domain (FDTD) have allowed voxelization of the body.16

2.3. Terahertz Region

Being between the microwave and IR spectra, terahertz radiation shares some of the characteristics of both its
adjacent neighbors, particularly at peripheral terahertz frequencies. The boundaries between the three spectra
are becoming less well-defined with the improvement of microwave and IR test apparatus.

Like infrared, terahertz investigations into stratified media has mainly involved skin2, 17–19 because of strong
attenuation of T-rays by water. However, the wavelength of T-rays is much longer than that of IR, thus enabling
us to look at vibrational modes of a molecule as a whole rather than merely individual bond vibrations. For
example, cis- and trans- isomers may be distinguishable with T-rays. Many THz investigations have been focussed
on obtaining in vivo THz skin “fingerprints”, i.e., characteristic frequency response in the THz region due to
water in the uppermost layer of skin (stratum corneum). Such studies have potential for in vivo identification of
skin cancer.1 Other investigations pertaining to stratified media include the identification of the internal layers
of an “Ibuprofen” tablet,20 and the detection of an embedded land mine phantom.21

2.4. Enhancement of Modeling Methods

Although the studies mentioned in Section 2.3 were mostly empirical, a few authors have reported on their
simulated work and have compared empirical and simulated results. Monte Carlo and thin film models were
used in References 17 and 18, while a Finite Difference Time Domain model was used in References 2 and 19.
These methods are useful for modeling skin as a single layer, but are questionable for interpreting a multi-
layered media, with the intention of detecting underlying layers or embedded targets. There is therefore a need
to study how and how far T-rays can propagate into a stratified medium. The next section will elaborate on one
mathematical method for observing reflected T-rays from such a medium.
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3. SIMULATION OF STRATIFIED MEDIA USING TRANSMISSION LINE THEORY

The study of electromagnetic (EM) radiation into stratified media is an established area, with analytical methods
such as transmission line theory. The mathematics used in this paper is based on the impedance model introduced
in Reference 22.

3.1. Mathematical Theory

Figure 1(a) shows the propagation of electromagnetic radiation into a stratified medium. Both the electric and
magnetic field vectors (drawn with thick arrows) are in the plane of propagation. The z -axis extends down the
depth of the layers, while the x -axis is along the length of the layers. The y-axis is perpendicular to the drawing
plane.
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(b) Approximate thickness of tissue layers in the head.

Figure 1. (a) The dotted line indicates the incident and reflected path. The thick arrows signify the electric field and
magnetic field vectors. Both vectors are in the plane of propagation (after Wait22); (b) Approximate thickness of tissue
layers in the head (after Abdalla et al.14 and Nolte23).

For an electromagnetic wave with electric field vector in the plane of incidence (xz plane), the differential
form of Maxwell’s equation can be written as

∂2H(x, z, t)
∂x2

+
∂2H(x, z, t)

∂z2
= ∇2H(x, z, t) = µσ

∂H(x, z, t)
∂t

+ µε
∂2H(x, z, t)

∂t2
. (1)

In the frequency domain, (1) becomes
[∇2 − (jωµσ − ω2µε)

]
H(x, z, ω) = 0

(∇2 − γ2)H(x, z, ω) = 0
where γ2 = jωµσ − ω2µε (2)

and ω = 2πf . γ is the propagation constant and is also expressed as γ = α + jβ where α is the attenuation
factor and β is the phase constant. γ2 = −k2 where k is the real wavenumber. Thus γ =

√−k2 = jk = j|k|,
where |k| is the propagation vector.

For a multilayered surface, the mth layer has propagation constant

γ2
m = jωmµmσ − ω2µmεm. (3)
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The equation of an incident plane wave H0(x, z, ω) at the 0 th layer can be expressed in terms of γm = γ0,
and the angle θ of incidence:

H0(x, z, ω) = Ae−jk(sin θ)x−jk(cos θ)z

= Ae−γ0(sin θ)xe−γ0(cos θ)z

= Ae−γ0(sin θ)x−γ0(cos θ)z. (4)

The general solution of H(x, z, ω) at the mth layer has the form:

Hm(x, z, ω) = ame−umz−jλx + bmeumz−jλx

where u2
m = λ2 + γ2

m, am, bm = constants,

and λ is a dummy variable which can take any value, and is required to ensure �(u) > 0. For a plane wave at
the 0 th layer, the general solution is

H0(x, z, ω) = a0e
−u0z−jλx + b0e

u0z−jλx. (5)

Let the lowest layer (M th layer) have infinite thickness (hM = ∞). By setting the condition that outgoing
waves are only allowed in this lowest layer, then all reflected waves bm = 0, except b0 �= 0. Solving the general
solution (5) with the boundary condition that the tangential fields are continuous at each layer interface, the
particular solution is equal to the Fresnel reflection coefficient:

R‖ =
Amplitude of reflected wave
Amplitude of incident wave

=
b0

a0
=

K0 − Z1

K0 + Z1
(6)

where Z1 = K1
Z2 + K1 tanh(u1h1)
K1 + Z2 tanh(u1h1)

Z2 = K2
Z3 + K2 tanh(u2h2)
K2 + Z3 tanh(u2h2)

...

Zm = Km
Zm+1 + Km tanh(umhm)
Km + Zm+1 tanh(umhm)

...

ZM−1 = KM−1
KM + KM−1 tanh(uM−1hM−1)
KM−1 + KM tanh(uM−1hM−1)

,

and ZM = KM because the lowest layer (M th layer) is assumed to have infinite height, and

Km =
um

σm + jωεm
, and um =

√
λ2 + γ2

m =
√

λ2 + jωmµmσ − ω2µmεm .

The optical properties in Equation (6) are frequency dependent, thus it is necessary to use appropriate
terahertz parameters. There is however a dearth of terahertz optical properties in existing literature. Reference
3 contains data of refractive indices and attenuation coefficients in the 0.5-1.5 THz range for ten types of excised
tissue, including skin, adipose tissue and cortical bone. This information is very useful but insufficient for use in
Equation (6). Without access to excised tissue, extrapolation of microwave and IR data into the THz range is
one possible option. The next section highlights existing microwave and IR optical properties, and verification
methods employed to ensure extrapolated data is accurate.
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4. OPTICAL PROPERTIES OF BIOLOGICAL MATERIALS

4.1. Infrared Region

The focus of this paper is in the low end of the terahertz spectrum (∼ 0.1 THz), and the IR literature found
to date that includes the low THz range has been limited. Reference 24 has reported on the use of dispersive
Fourier transform spectroscopy to obtain optical constants of water; this includes data between 5.9-13.7 cm−1

(∼ 0.2 − 0.4 THz). This study has been cited in a microwave paper25 as well as a THz paper,26 thus could be
a reliable reference for verifying extrapolated water data.

4.2. Microwave Region

Microwave data of biological materials is far more plentiful than IR data. An extensive list of tissue optical
properties has been compiled by Gabriel et al.27, 28 and references made therein. Data in Reference 28 has also
been extrapolated to 0.1 THz. Apparatus used to measure these parameters include an open-ended coaxial probe
reflectometer,29 and a precision waveguide system.30 To interpolate empirical values over 101 − 1011 Hz, a
4-term Cole-Cole model was used to model the dielectric spectrum of many tissues.31 These microwave data
are particularly useful for THz investigations because of their frequency proximity to the THz range, and thus
may be extrapolated into the low THz range (∼ 0.1 THz); this will be elaborated in Section 4.4.

4.3. Millimeter-Wave Region

The optical properties of skin in the millimeter-wave range were recently reported by Alabaster,32 at frequencies
70-100 GHz. A vector network analyzer and two horn antennas were used to empirically measure freshly excised
human, bovine and porcine skin (all fixed in 10% formaldehyde). The results from this experiment yielded
complex permittivity values that are quite different at 100 GHz when compared to extrapolated data in Reference
28: 8.5 - j3.2 (mm-wave); 6.87 - j9.39 (Microwave/THz). This discrepancy will be investigated in future papers.

4.4. Terahertz Region

Early investigations into the THz dielectric relaxation have revealed the complex dielectric constant ε̂(ω) of
water, as well as its dependence on temperature.33, 34 These results were compared with extrapolated data in
Reference 28 and were found to be consistent.

As mentioned in Section 3, investigations into the optical properties of excised human tissue in the THz range
has generated the refractive index and attenuation coefficient of ten types of tissue in the 0.5-1.5 THz range.3, 35

In order to obtain optical properties between 0.1-0.5 THz, extrapolation was proposed. Real permittivity and
conductivity data in both the THz and microwave ranges were plotted together, and observed to see if a combined
THz/microwave spectrum would satisfy the dielectric γ-dispersion theory.36 The combined THz/microwave
spectra of skin, adipose tissue, and cortical bone all satisfied the γ-dispersion theory, thus extrapolation was
deemed acceptable and used to obtain parameters in Equation (6). Table 1 summarizes the optical properties
of the materials under investigation.

Table 1. Optical properties compiled and extrapolated from literature.

Average relative Average conductivity Relative magnetic
Layer permittivity ε′ σ permeability µ

Skin 5.6 0.39 1
Adipose Tissue 20 0.9 1

Bone 1.5 0.1 1
Dura Mater 6 0.48 1

Cerebro Spinal Fluid (CSF) 9.3 0.77 1
Gray Matter 7.75 0.53 1
White Matter 6 0.4 1
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5. TEST AND RESULTS

As described in Section 4.4 microwave and THz data were used to interpolate optical properties of skin, adipose
tissue, and cortical bone between 0.1 and 0.5 THz. When there was only microwave data available (e.g., dura
mater, cerebro spinal fluid or CSF, grey matter, and white matter), microwave data from Reference 28 was
extrapolated using the 4-term Cole-Cole model mentioned in this literature.

It should be highlighted at this stage that the results to be presented in the following section are from
simulation only. Empirical results from Pickwell et al.2 are used as a gauge of how plausible the simulated
results are.

5.1. Test Conditions

Terahertz Pulsed Imaging in reflection mode was used in Reference 2. The incident signal was a short pulse with
width of 0.3 ps at half the maximum voltage level, an average power of 100 nW, and a repetition rate of about 80
MHz. Three parts of the forearms of volunteers were scanned with terahertz radiation, namely the palm, volar
and dorsal forearm. In order to maintain a flat scanning area, volunteers pressed their arms against a quartz
plate, thus there is an extra propagation time due to the plate’s thickness and its refractive index (if thickness
of the plate is 1 mm, nquartz = 2.1, propagation time ∼ 7 ps). Figure 2(a) shows the result from measuring the
volar forearm: the mean time response clearly shows the first and second reflections. It should be noted that
the time axis in this figure is possibly reversed. Figure 2(b) provides an overview of skin variation among the
volunteers.

(a) Mean THz time response of the volar forearm. (b) Mean, maximum and minimum time response.

Figure 2. These figures are taken out of Reference 2. Note that the time axis has been inverted accidentally. This
inversion does not affect the following qualitative discussion. (a) Empirical data of the mean reflected signal from the
skin of the volar forearm buffered by a quartz plate. The mainlobe on the left is due to the surface reflection, while the
lobe on the right is from the underlying stratum corneum-epidermis interface; (b) The mean, maximum and minimum
time response from all volunteers shows some variation in volunteers’ skin. The positive peak is reported as the effect of
dry skin in some volunteers.

In this investigation, a pulse of width 0.43 ps at half-maximum voltage level was used. As mentioned in
Section 4, optical properties in the THz range were obtained from both THz and microwave sources. The skin
parameters found in literature did not separate skin into its constituent layers (i.e., stratum corneum, epidermis,
dermis, etc.), thus skin is treated as a single layer. The quartz plate mentioned above is included in the simulation.

5.2. Simulation Results and Discussion

The amplitude of the reflected wave (b0) described in Equation (6) is as shown in Figures 3 and 4. In order to
associate the reflections with the respective layer interfaces, Equation (7) was used to calculate the propagation
time inside each layer, and Equation (8) to find the cumulative to and fro travel time, i.e., time taken to traverse
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(a) Unzoomed simulated time response of the reflected THz
signal.
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(b) Zoomed view of the first and second reflections.

Figure 3. (a) Unzoomed time response of the reflected signal from the surface of the skin; (b) When compared to Figure
2(a), this zoomed view shows that the first trough is due to the air-skin interface, while the second trough is due to the
skin-adipose interface.

from the uppermost tier to the interface of interest, and back upwards again to exit the uppermost tier. These
calculated values are tabulated in Table 2.

Delay due to quartz plate = tquartz =
2hquartz nquartz

c
∼ 14 ps ,

Propagation time inside layer m = tm =
2hm nm

c
, (7)

Cumulative travel time for layer m = Tm = tm + tm−1 + · · · + t1 + tquartz , (8)

where hm = thickness of layer m, nm = refractive index of layer m, c = speed of light in vacuum.

Table 2. Propagation and travel times due to the different layers, including the quartz plate.

Layer Approximate Approximate cumulative
Layer number propagation time tm to and fro travel

m inside layer m (ps) time Tm (ps)
Skin 1 t1 = 4 18

Adipose Tissue 2 t2 = 30 48
Bone 3 t3 = 82 130

Dura Mater 4 t4 = 4 134
Cerebro Spinal Fluid (CSF) 5 t5 = 4 138

Gray Matter 6 t6 = 37 174
White Matter 7 t7 = ∞ (1633) ∞ (1808)

Figure 3(b) shows that the simulated result under 20 ps has a similar qualitative shape to the empirical results
in Figure 2(a). The decay of the second trough to zero is however less pronounced than the empirical one—this
could be due to the exclusion in the simulation of the effect of the water concentration gradient across the
thickness of the skin. It is interesting to also note that despite having only one layer of skin in this investigation
(as compared to the stratum corneum-epidermis separation in Reference 2), the shape of Figures 3(b) and 2(a)
are similar. This could therefore imply that a single skin layer is sufficient for modeling purposes.
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(a) Zoomed view of the third reflection.
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(b) Zoomed view of the fourth reflection.
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(c) Zoomed view of the fifth reflection.
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(d) Zoomed view of the sixth reflection.

Figure 4. (a) The third reflection is likely from the secondary reflections at the adipose-bone interface because it occurs
at t2 = 30 ps after the second reflection; (b) The fourth reflection is also likely due to the secondary reflections at the
adipose-bone interface because it occurs at t2 = 30 ps after the third reflection; (c) Similarly, the fifth reflection is likely
from the secondary reflections at the adipose-bone interface because it occurs at t2 = 30 ps after the fourth reflection;
(d) The sixth reflection finally shows evidence of the bone-dura mater-CSF-gray matter interfaces. As shown in Table
2, the time occurrence of these reflections are very similar, thus the individual reflections are not easily distinguishable.
In addition, the next adipose-bone repetition is expected at 135 ps, thus making it harder to separate the individual
reflections.

Subsequent reflections are as shown in Figures 4 and 5. The third, fourth and fifth reflections shown in Figures
4(a) to 4(c) are likely to be from latter internal reflections within the adipose tissue-bone interface because they
occur at constant 30 ps intervals. For example, the third reflection at ∼ 44 ps is 30 ps after the second reflection
at 14 ps (see Figure 3(b)), while the fourth reflection at ∼ 74 ps is 30 ps after the third. This 30 ps interval is
the propagation time t2 inside the adipose tissue tier. As subsequent reflections are not mentioned in Reference
2, it is assumed that the adipose-bone interface is responsible for this repeated phenomenon.

Evidence of the bone-dura mater-CSF-gray matter interfaces is present in the sixth reflection as shown in
Figure 4(d). These reflections, together with the next expected adipose-tissue reflection, all occur around 133
ps. The individual reflections are therefore not easily distinguishable. Nonetheless, it is encouraging to be able
to observe these reflections which have not been reported to date in literature.

The final reflection from the gray matter-white matter interface at ∼ 174 ps is as shown in Figure 5(a). The
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(a) Zoomed view of the seventh reflection.
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(b) Zoomed view of the reflections beyond t6.

Figure 5. (a) The seventh reflection at 174 ps is possibly from the gray matter-white matter interface. The strong
signal at 158 ps may be from the next adipose tissue-bone reflection; (b) Interpreting the subsequent reflection beyond t6
becomes more challenging as there are increasing numbers of strong peaks. The presence of these peaks could be due to
the simulation algorithm. They are less of a concern because the reflections of interest have already passed. Furthermore,
these reflections have very low amplitudes, thus are easily masked by noise in an actual THz test system.

strong signal at 158 ps may be from the next adipose tissue-bone reflection; this will be investigated in future
work. Since the white matter is assumed to be of infinite thickness, with infinite propagation time, the reflections
after 174 ps are not of interest in this investigation. Future work may investigate why they are more random
and more numerous.

As mentioned in Section 5.1, the repetition rate of a typical Terahertz Pulsed Imaging system is about 80
MHz (period = 12500 ps). This repetition rate is far longer than t6 = 174 ps, thus it is possible to capture all
the reflections of interest in an actual THz system without interference from the next incident pulse.

6. CONCLUSION AND FUTURE WORK

The assumptions made in this paper were that all layers are homogeneous and flat. Future work will include
heterogeneity and structure. More rigorous propagation models will also be explored. Proof of principle THz
experiments are needed to verify results presented here, as well as to obtain optical properties of tissue in the
THz regime.

This investigation has shown that it is possible to simulate the propagation of T-rays into a stratified media
such as the head. Although the reflections are small, they are easily identifiable in the time response. A
potential application from utilizing the time delay of the reflections is to gain an insight into the health of the
head, particularly the cerebral cortex. This will be the focus of future work.
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