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Abstract: We apply terahertz time-domain spectroscopy for the quantitative non-invasive 
assessment of the water content in biological samples, such as Carpinus caroliniana tree 
leaves and pork muscles. The developed experimental terahertz time-domain spectroscopy 
system operates both in transmission and reflection modes. The Landau-Looyenga-Lifshitz-
based model is used for the calculation of the water concentration within the samples. The 
results of the water concentration measurements are compared with the results of the 
gravimetric measurements. The obtained results show that the water content in biological 
samples can be measured non-invasively, with a high accuracy, utilizing terahertz waves in 
transmission and reflection modes. 
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OCIS codes: (300.6495) Spectroscopy, terahertz; (170.3880) Medical and biological imaging; (170.4580) Optical 
diagnostics for medicine; (110.6795) Terahertz imaging, (170.6930) Tissue. 

References and links 
1. J. Federici, B. Schulkin, F. Huang, D. Gary, R. Barat, F. Oliveira, and D. Zimdars, “THz imaging and sensing for 

security applications—explosives, weapons and drugs,” Semicond. Sci. Technol. 20(7), S266–S280 (2005). 
2. K. Kawase, Y. Ogawa, Y. Watanabe, and H. Inoue, “Non-destructive terahertz imaging of illicit drugs using 

spectral fingerprints,” Opt. Express 11(20), 2549–2554 (2003). 
3. M. Kemp, P. Taday, B. Cole, J. Cluff, A. Fitzgerald, and W. Tribe, “Security applications of terahertz 

technology,” Proc. SPIE 5070(6), 44–52 (2003). 
4. K. Ishigaki, M. Shiraishi, S. Suzuki, M. Asada, N. Nishiyama, and S. Arai, “Direct intensity modulation and 

wireless data transmission characteristics of terahertz-oscillating resonant tunnelling diodes,” Electron. Lett. 
48(10), 582 (2012). 

5. V. Semenova, M. Kulya, and V. Bespalov, “Numerical simulation of broadband vortex terahertz beams 
propagation,” J. Phys. Conf. Ser. 735(1), 012064 (2016). 

6. J. Jackson, M. Mourou, J. Whitaker, I. Duling III, S. Williamson, M. Menu, and G. Mourou, “Terahertz imaging 
for non-destructive evaluation of mural paintings,” Opt. Commun. 281(4), 527–532 (2008). 

7. E. Abraham, A. Younus, J. Delagnes, and P. Mounaix, “Non-invasive investigation of art paintings by terahertz 
imaging,” Appl. Phys., A Mater. Sci. Process. 100(3), 585–590 (2010). 

8. S. Krimi, J. Klier, J. Jonuscheit, G. von Freymann, R. Urbansky, and R. Beigang, “Highly accurate thickness 
measurement of multi-layered automotive paints using terahertz technology,” Appl. Phys. Lett. 109(2), 021105 
(2016). 

9. O. Cherkasova, M. Nazarov, and A. Shkurinov, “Noninvasive blood glucose monitoring in the terahertz 
frequency range,” Opt. Quantum Electron. 48(3), 217 (2016). 

10. S. Gusev, M. Borovkova, M. Strepitov, and M. Khodzitsky, “Blood optical properties at various glucose level 
values in THz frequency range,” Proc. SPIE 9537, 95372A (2015). 

11. B. Karagoz, K. Kamburoglu, and H. Altan, “Terahertz pulsed imaging for the monitoring of dental caries: a 
comparison with x-ray imaging,” Proc. SPIE 10417, 104170P (2017). 

                                                                           Vol. 9, No. 5 | 1 May 2018 | BIOMEDICAL OPTICS EXPRESS 2266 

#309306 https://doi.org/10.1364/BOE.9.002266 
Journal © 2018 Received 17 Oct 2017; revised 6 Mar 2018; accepted 15 Mar 2018; published 20 Apr 2018 

https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.9.002266&domain=pdf&date_stamp=2018-04-20


12. X. Zhang, Introduction To Thz Wave Photonics (Springer, 2014). 
13. A. Kolesnikov, E. Kolesnikova, A. Popov, M. Nazarov, A. Shkurinov, and V. Tuchin, “In vitro terahertz 

monitoring of muscle tissue dehydration under the action of hyperosmotic agents,” Quantum Electron. 44(7), 
633–640 (2014). 

14. A. Kolesnikov, E. Kolesnikova, K. Kolesnikova, D. Tuchina, A. Popov, A. Skaptsov, M. Nazarov, A. Shkurinov, 
A. Terentyuk, and V. Tuchin, “THz monitoring of the dehydration of biological tissues affected by hyperosmotic 
agents,” Phys. Wave Phenom. 22(3), 169–176 (2014). 

15. D. Hou, X. Li, J. Cai, Y. Ma, X. Kang, P. Huang, and G. Zhang, “Terahertz spectroscopic investigation of 
human gastric normal and tumor tissues,” Phys. Med. Biol. 59(18), 5423–5440 (2014). 

16. P. Doradla, C. Joseph, and R. H. Giles, “Terahertz endoscopic imaging for colorectal cancer detection: Current 
status and future perspectives,” World J. Gastrointest. Endosc. 9(8), 346–358 (2017). 

17. P. C. Ashworth, E. Pickwell-MacPherson, E. Provenzano, S. E. Pinder, A. D. Purushotham, M. Pepper, and V. P. 
Wallace, “Terahertz pulsed spectroscopy of freshly excised human breast cancer,” Opt. Express 17(15), 12444–
12454 (2009). 

18. A. Goryachuk, A. Simonova, M. Khodzitsky, M. Borovkova, and A. Khamid, “Gastrointestinal cancer 
diagnostics by terahertz time domain spectroscopy,” in Proceedings of 2017 IEEE International Symposium on 
Medical Measurements and Applications (MeMeA) (IEEE, 2017), 134–137. 

19. A. Goryachuk, M. Khodzitsky, M. Borovkova, A. Khamid, P. Dutkinskii, and D. Shishlo, “Development of the 
technique of terahertz pulse spectroscopy for diagnostic malignant tumors during gastrointestinal surgeries,” J. 
Phys. Conf. Ser. 741(1), 012072 (2016). 

20. A. I. Hernandez-Serrano, S. C. Corzo-Garcia, E. Garcia-Sanchez, M. Alfaro, and E. Castro-Camus, “Quality 
control of leather by terahertz time-domain spectroscopy,” Appl. Opt. 53(33), 7872–7876 (2014). 

21. N. Born, D. Behringer, S. Liepelt, S. Beyer, M. Schwerdtfeger, B. Ziegenhagen, and M. Koch, “Monitoring 
Plant Drought Stress Response Using Terahertz Time-Domain Spectroscopy,” Plant Physiol. 164(4), 1571–1577 
(2014). 

22. R. Gente and M. Koch, “Monitoring leaf water content with THz and sub-THz waves,” Plant Methods 11(1), 15 
(2015). 

23. R. Gente, N. Born, N. Voß, W. Sannemann, J. Léon, M. Koch, and E. Castro-Camus, “Determination of Leaf 
Water Content from Terahertz Time-Domain Spectroscopic Data,” J. Infrared Millim. Terahertz Waves 34(3–4), 
316–323 (2013). 

24. R. H. Waring and B. D. Cleary, “Plant Moisture Stress: Evaluation by Pressure Bomb,” Science 155(3767), 
1248–1254 (1967). 

25. R. Souza, E. Machado, J. Silva, A. Lagôa, and J. Silveira, “Photosynthetic gas exchange, chlorophyll 
fluorescence and some associated metabolic changes in cowpea (Vigna unguiculata) during water stress and 
recovery,” Environ. Exp. Bot. 51(1), 45–56 (2004). 

26. B. Breitenstein, M. Scheller, M. K. Shakfa, T. Kinder, T. Müller-Wirts, M. Koch, and D. Selmar, “Introducing 
terahertz technology into plant biology: A novel method to monitor changes in leaf water status,” J. Appl. Bot. 
Food Qual. 84(2), 158–161 (2011). 

27. M. H. Arbab, T. C. Dickey, D. P. Winebrenner, A. Chen, M. B. Klein, and P. D. Mourad, “Terahertz 
reflectometry of burn wounds in a rat model,” Biomed. Opt. Express 2(8), 2339–2347 (2011). 

28. H. Looyenga, “Dielectric constants of heterogeneous mixtures,” Physica 31(3), 401–406 (1965). 
29. C. Ronne, L. Thrane, P. Åstrand, A. Wallqvist, K. Mikkelsen, and S. Keiding, “Investigation of the temperature 

dependence of dielectric relaxation in liquid water by THz reflection spectroscopy and molecular dynamics 
simulation,” J. Chem. Phys. 107(14), 5319–5331 (1997). 

30. Peter Uhd, Jepsen, “Determining parameters of the dielectric function of a substance in aqueous solution by self-
referenced reflection THz spectroscopy.” U.S. Patent 8374800. 12 Feb. 2013. 

31. S. G. Rabinovich, Measurement Errors and Uncertainties: Theory and Practice (Springer Science & Business 
Media, 2006), Chap.6. 

1. Introduction 
In recent years, due to unique properties of terahertz (THz) emission, a number of various 
techniques utilizing THz radiation have been used extensively in a variety of applications. In 
particular, noticeable frequency resonances (fingerprints or signatures) of many large size 
molecules are located in the THz frequency range, promising significant impact on 
identification and security areas [1–3]. Furthermore, it has been demonstrated that the THz 
bandwidth is able to provide the record capacity for the wireless data transmission [4,5], 
which is one of the most promising applications of this frequency range. Besides, both pulsed 
and continuous THz waves are being applied for the non-invasive testing of artworks [6,7] or 
estimating the quality of multi-layered automotive paints [8]. 

One of the most significant areas of interest in this field is dedicated to the development of 
new medical techniques for advanced clinical diagnosis of a range of diseases through 
examination of biological tissues and organs. In particular, methods for noninvasive glucose 
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level monitoring using THz radiation are being developed [9,10]. Moreover, the possibility to 
examine teeth caries using THz waves has been shown [11]. Besides, as THz radiation is 
characterized by the strong water absorption [12], this frequency range can be used as a 
sensitive and precise non-invasive hydration probe, in particular, to monitor biotissue 
dehydration [13,14]. The development of a new tool for highly accurate non-invasive 
assessment the of water content within the biological tissues would help enormously in such 
areas as cancer diagnosis [15–19], food and other products quality control [8,20] or plants’ 
stress responses monitoring [21–23]. 

This study is devoted to the development and testing of the methods for the non-invasive 
measurement of water concentrations in biological tissues and samples by THz Time-Domain 
Spectroscopy (THz TDS). Leaves of Carpinus caroliniana tree and samples of pork muscles 
were tested. 

Quantitative assessment of the water content in fresh agricultural products is extremely 
important due to the steadily worsening ecological situation in the world. Giving that plants 
and trees are essential for humanity, there is a strong demand for the development of a tool 
that is able to non-invasively measure and evaluate stress responses of different types of flora, 
including the response for drought. The water content in a plant’s leaf can correspond to 
different exogenous and physiological conditions, and, accordingly, is an important indicator 
of the plant’s health. The investigation of the moisture of pork muscles is a step towards the 
development of techniques for the diagnostics of human skin and organs pathologies. 

The water content in plants can be monitored by destructive methods (gravimetric, 
pressure chamber [24]). The non-destructive methods used for water content measurement 
(chlorophyll fluorescence [25], visual estimate), are not very accurate and, therefore, pose 
limits on the applications. Recently, based on the correlation between water content level and 
attenuation of transmitted through the sample THz signal, new THz TDS and continuous 
THz-based methods for the water concentration measurements have been suggested [21–23, 
26]. These studies have shown very promising results of the water content monitoring with 
very high accuracy. However, so far the described approaches operate in the transmission 
mode, which significantly limits their application, as due to the strong water absorption only 
thin samples can be probed. 

This study demonstrates application of the reflection geometry of the THz TDS system for 
the water content monitoring. Using the reflection mode for such kind of measurements is a 
step towards real biomedical applications, as this configuration is significantly less limiting 
(no need to measure the thickness and roughness of the samples, the thickness of tested 
samples is unlimited) in comparison to the transmission mode. 

Therefore, in order to examine thicker biological objects (pork muscles samples), the 
reflection geometry was applied. In literature, it was shown that the water content of human 
and animal skin tissues and organs varies significantly in pathological and healthy zones 
[18,19,27]. It also should be pointed out, that the THz radiation is non-ionizing [12], 
therefore, in general, it is more harmless for biological tissues than other types of 
electromagnetic radiation used for medical diagnostics. A water content sensor operating in 
the reflection mode would be extremely helpful for distinguishing healthy and injured tissues 
when the visual assessment is problematic. 

2. Methods and materials 
2.1 Effective medium theory 

The method for retrieving water concentration is based on the effective medium theory and 
the extended Landau-Looyenga-Lifshitz model [28]. According to this model, a complex 
water-containing sample can be considered as a compound consisting of several components, 
including water. It is possible to calculate the volume fractions of each component if the 
optical properties of the sample and each component are known. Equation (1) shows the 

                                                                           Vol. 9, No. 5 | 1 May 2018 | BIOMEDICAL OPTICS EXPRESS 2268 



relation between the effective permittivity of a water-containing sample and dielectric 
functions of its components [28]: 

3 33 3
1 1 2 2ˆ ˆ ˆ ˆ( ) ( ) ( ) ( )mix w wf a f a f a fε ε ε ε= + +  (1) 

where εmix is the permittivity of the sample, εw, ε1, and ε2 are permittivities of water, the 1st 
and 2nd components, respectively, aw, a1 and a2 are volume fractions of water, the 1st and 
2nd components, respectively. 

2.2 Experimental setup 

For this study, a series of experiments were performed utilizing the standard commercial 
spectrometer Mini-Z (Zomega Terahertz Corporation, USA) and the THz TD spectrometer 
developed in-house, operated, respectively, in transmission and reflection modes. The 
principal scheme of the THz time-domain reflectometer is presented in Fig. 1. 

Fig. 1. Principal scheme of the THz TDS setup (reflection mode). Filter – set of teflon filters 
cutting IR frequencies, BS - beam splitter, M – mirror, L – lens, BD – balanced detector, PC – 
personal computer, PM – parabolic mirror, ADC – analog-to-digital converter, DAC – digital-
to-analog converter. 

An infrared (1040 nm) beam of 200-fs pulses is divided by a beamsplitter into probe and 
pump beams. The pump beam is directed through the delay stage and mechanical chopper and 
focused on the InAs crystal. THz radiation is generated using the Dember effect in magnetic 
field. As the emitted radiation propagates perpendicularly to the dipoles, the crystal is located 
in a strong magnetic field (2 T) to redirect THz radiation. A teflon filter is placed on the exit 
of the magnet to cut off infrared radiation and transmit THz frequencies. Further, the THz 
beam is collimated using parabolic mirrors, directed through a beamsplitter and focused in a 3 
mm diameter spot on the test sample. Radiation, reflected from the sample is focused on the 
CdTe crystal together with the probe infrared beam using a polymethylpentene (TPX) lens. 
Before being focused on the CdTe crystal, the probe beam is directed through the Glan prism, 
which makes it linearly polarized. The half-wave plate in the path of the beam adjusts the 
direction of polarization. In the case of the THz field absence, the infrared probe beam 
maintains linear polarization after propagating through the CdTe crystal. After that, the 
quarter-wave plate makes the probe beam circularly polarized and the Wollaston prism 
divides the probe beam into two orthogonally polarized beams. Finally, the balance detector 
calculates the difference between two currents, which is equal to zero in absence of the THz 
field. In the presence of THz field, the CdTe crystal becomes birefringent and alters the 
polarization state of the probe beam into elliptical polarization. In this case, the balance 
detector calculates a non-zero difference between two orthogonal polarizations of the probe 
beam. This difference corresponds to the strength of the THz field and is plotted on the 

                                                                           Vol. 9, No. 5 | 1 May 2018 | BIOMEDICAL OPTICS EXPRESS 2269 



computer screen versus the delay stage step (time). The described system generates THz 
radiation in the frequency range of 0.1-0.9 THz with output power up to 30 µW and dynamic 
range of no less than 40 dB. 

Due to the coherence of the probe and pump beams, it is possible to obtain information on 
the amplitude and phase of the THz field in a single measurement, which enables extracting 
both real and imaginary parts of optical properties of the sample at the same time. 

During the study, a typical measurement of the THz waveform took approximately 7 min. 
The recorded waveform was later transformed into the spectrum using the window (Lorenz) 
Fourier Transform in order to compensate the Fabry-Perot effect and increase the signal-to-
noise ratio. The window width was chosen appropriately to ensure the echo signal being 
beyond the window in time domain. 

2.3 Samples preparation and configuration 

Experiments for the water content assessment were performed both in transmission and 
reflection geometries. Figure 2 demonstrates the beam interaction with the sample in different 
modes. 

Fig. 2. Paths of the reference and sample beams for (a) transmission mode, (b) reflection mode. 

In the transmission geometry, the radiation transmitted through the sample was analyzed 
using the THz signal transmitted through air as the reference [Fig. 2(a)]. Due to the strong 
water absorption, for the experiments in the transmission mode, thin (hundreds of microns) 
samples were used: leaves from Carpinus caroliniana tree. Besides, for the reduction of 
scattering, leaves with small surface roughness were chosen. Leaves were cut along the main 
vein (the vein was removed, in order to keep the surface of the sample flat) and placed 
perpendicularly to the THz beam. 

For the experiments in the reflection mode, the sample was attached to the silicon window 
(1 mm thick) in order to ensure the normal incidence, accurately measure the phase of the 
reflected signal (by monitoring the relative timing of the signal reflected from the sample 
compared to the reflection from the first surface of the window), enhance the reflection signal 
intensity, and reduce scattering effects. A special holder was designed and manufactured in 
order to ensure tight adherence of the sample and the silicon window. In this configuration, 
the recorded waveform consists of two peaks: the first one is the reflection from the 
air/silicon interface and the second one is the reflection from the silicon/sample interface. 

For the reflection mode, in contrary to the transmission mode, thicker samples (2-4 mm) 
were chosen for several reasons. First, the opportunity to investigate thick samples in the 
reflection mode enhances possibility of further clinical applications of the described 
technique. Besides, in Fig. 2, there is a third interface (sample/air) that produces another 
reflection signal in the recorded waveform. With thin objects, the last two peaks (from the 
silicon/sample and sample/air interfaces) would be impossible to resolve and spectral 
information about the sample would have been lost. Therefore, samples of pork muscles were 
used for the experiments. The samples of pork muscles were purchased in a local food store 
and had the following composition (per 100 g): fat – 13.9 g; protein- 27.3 g; water – 62 g. The 
samples were excised from the animal body 3 days before the experiment and after the 
purchase were kept at 5° C until the start of the experiment. 
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2.4 Experimental protocol 

According to the Landau-Looyenga-Lifshitz model, the sample was considered as a mixture 
of several components. In our experiments, we considered two components for each sample: 
water and the solid component of the sample. Therefore, for calculation of the water 
concentration of the sample, three sets of optical properties should be measured (one for each 
component and the sample itself). 

The first step in the experimental series was calculation of the water dielectric function in 
the frequency range of 0.1-0.9 THz. The data obtained experimentally was consistent with the 
published results [29]. 

The second step in the experiments was artificial creation of several degrees of dryness of 
the sample and measurement of the water concentration at each of these stages using THz 
TDS. During the experiments, the sample was being dried up for several times using a special 
heater during a certain time. Therefore, a number of different water content levels were 
obtained within each experiment in order to test the sensitivity of the method based on THz 
TDS. By the end of each experiment, the sample was dried up as much as it was possible 
without using any other special equipment. This state of the sample was considered as the 
solid component of the sample and its optical properties were used in the calculations. In the 
series of experiments with leaves, the typical temperature of the heating surface was 75°C; 
typical durations of the heating were 1 min, 3 min, 15 min, 20 min for 1st-4th stages of 
dryness and 1 hour for the final one. In the series of experiments with samples of pork 
muscles, the typical temperature was 90°C, and typical durations of the heating were 5 min, 
10 min, 25 min, 40 min for 1st-4th stages of dryness and 2 hours for the final one. The photos 
of the samples at each stage of dryness are presented in Fig. 3. Though only one sample per 
dryness level was tested within a single experiment, each experiment was repeated 
approximately 10 times in order to increase statistical significance. 

Fig. 3. Photos of the samples at 5 different stages of dryness: (a) the leaf sample (Carpinus 
caroliniana) measured in the transmission mode, (b) the sample of pork muscles measured in 
the reflection mode. 

Simultaneously to the THz TDS measurements, the water concentrations were assessed 
gravimetrically for the reference. The sample was weighted using weight scales (0.005 g 
precision) at each stage of the experiment. In order to compensate for the sample’s drying 
independent on our drying procedures, the measurements were performed 2 times at each 
stage of the experiment (before and after THz measurements). The average value of weight 
was recorded. In the last stage of the experiment, the weight value of the sample was 
considered as the weight of the dry component of the sample. The water concentration was 
calculated using the equation: 

,% ( ) 100%,dry
m

m m
C

m
−

= × (2)
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where m is the weight measured at the current measurement stage, mdry is the weight of the 
dry component of the sample (weight of the sample at the last stage of the experiment). 

For experiments in the transmission mode, the thickness and roughness of the sample 
were estimated at each degree of dryness. At each stage, several measurements of the 
thickness were performed using a micrometer (0.5 µm precision). The averaged value was 
considered as the central value of the thickness deviations. The central value of the roughness 
was estimated by calculating the standard deviation of the thickness values. Small deviation 
(about 5 µm) was considered while setting the lower and higher limits for the fitting. Typical 
constraints for the roughness parameter used in the calculations were 2 – 7 µm. 

For the convenient calculation of the water concentrations in the transmission and 
reflection modes, two programs in Matlab with Graphical User Interface (GUI) were 
developed. In the programs, the user is asked to upload the waveforms of the dehydrated 
sample and the investigated sample obtained experimentally. We suggest that in order to 
control the water status in the leaves from the same plant, it is enough to use the same 
dehydrated sample as the solid component for testing other samples from the same species. 

3. Calculation of water concentration
3.1 Transmission geometry

Generally, the complex transmission coefficient can be presented using the following formula 
[20]: 

ˆ( ) ( 1)ˆ ˆ ˆ( ) ,
d i n dscattc cT t t e eAS SA

ω ωκ κ
ω

− + −
=

 
(3) 

where ω  is the angular frequency, t̂AS  and t̂SA are the Fresnel transmission coefficients at

the air/sample and sample/air interfaces. 

The term 
( )dscattce

ω κ κ− + 
shows attenuation of the signal transmitted through the 

medium (Beer–Lambert law), and κscatt is the correction coefficient that describes the losses 
due to scattering [20]: 

24 cos[( 1) ] ,scatt mix
c
d

πτ θκ ε
ω λ

= − (4) 

where τ is the roughness; 
ˆ( 1)i n dce

ω −
 is the phase shift during the transmission through the 

medium. 
However, the transmission coefficient can be calculated experimentally as a ratio of the 

sample and reference electric fields: 

ˆ ( )ˆ( ) ,ˆ ( )
sam

ref

E f
T f

E f
= (5) 

where f is the frequency in Hz, ˆ ( )samE f and ˆ ( )refE f  are the electric fields of the sample and 
reference signals, respectively. 

The idea of the described technique is the variation of the parameters of the medium until 
the theoretical transmittance and the experimentally obtained transmittance are equal within a 
given error. In the method, not only volume fractions of each component of the sample [Eq. 
(1)] were varied, but also the thickness and roughness of the sample [Eq. (3-4)]. The two 
latter parameters were being fitted in order to ease the procedure of measuring the water 
concentration in vivo. Precise measurement of the sample’s thickness and roughness is often 
problematic and requires special equipment. For the better fitting, the user is asked only to set 
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limits for the thickness and roughness values, so that it is enough to estimate these two 
parameters in vivo without measuring them precisely. 

Therefore, the algorithm of the water content calculation in the transmission geometry is 
fitting four parameters: the volume fraction of water, the volume fraction of the solid 
component, the sample’s thickness, and the sample’s roughness. As the values of all of these 
parameters affect the sample’s optical properties, the refractive index and dielectric constant 
of the sample are also varied indirectly via sample’s thickness and roughness characteristics 
and volume fractions of its components. 

3.2 Reflection geometry 

The time domain of the resulting pulse train detected in the reflection measurements consists 
of a pulse reflected from the front of the silicon window ‘reference pulse’ and a delayed pulse 
reflected from the silicon/sample interface ‘sample pulse’. The optical properties of the 
samples were retrieved from the ratio between the sample and reference electric fields 
obtained experimentally: 

 
ˆ ( )ˆ( ) .ˆ ( )

sam

ref

E f
R f

E f
=  (6) 

However, on the other hand, this ratio (or reflection coefficient) could be described 
analytically: 

 
ˆ( ) ( ) 4ˆ( ) exp( ),

( )
ASi SiSam SiA Si Si

ASi

t f r t f n d f
R f i

r f c
π

=  (7) 

where f is the frequency, ( )ASit f , ŜiSamr , ( )SiAt f , ( )ASir f , are the Fresnel coefficients: ( )ASit f  
and ( )SiAt f  are the transmission coefficients at the air/silicon and silicon-air interfaces, 
respectively, ŜiSamr and ( )ASir f  are the reflection coefficients at the silicon/sample and 
air/silicon interfaces, respectively; Sid  and Sin  are the thickness and the refractive index of 
silicon. 

Assuming that silicon and air have no absorption in the set frequency band, their optical 
properties are real. However, the sample has both absorption and refraction, therefore, the 
sample’s optical properties are complex. Thus, three of four Fresnel coefficients are real 
except for ŜiSamr . 

Using the complex correction factor corresponding to the displacement of the sample 
beam with respect to the reference beam described in Ref [30], the complex refractive index 
of the sample was presented as: 

 
2 2 2ˆ ˆ(1 ) 4 sin

ˆ ,
ˆ1

Si SiSam SiSam

SiSam

n r r
n

r
θ− +

=
+

 (8) 

where θ is the angle of incidence. 
For retrieving the water concentration, the variation of the compound parameters was 

being performed until theoretical and experimental values of the reflection coefficient were 
the same within a certain error. In this algorithm, the angle of incidence was slightly varied 
(0° to 2°) to account for possible deviation from the normal incidence and ensure better 
fitting. 

Therefore, three parameters were varied in the described algorithm: the volume fraction of 
water, the volume fraction of the solid component, and the angle of incidence. All of these 
parameters affect optical properties of the sample, therefore, the refractive index of the 
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sample, its dielectric constant and the complex reflective Fresnel coefficient were also varied 
indirectly using described three parameters. 

It should be mentioned that the water concentration values for both transmission and 
reflection geometries were calculated for each frequency individually. These values were 
averaged throughout the frequency range in order to get the final water concentration. 

The fitting was performed using the built-in Matlab nonlinear programming solver which 
finds the minimum of constrained nonlinear multivariable function using 'interior-point' 
optimization algorithm. The difference between the values of transmission (reflection) 
coefficients obtained experimentally and calculated analytically is the minimum of the 
function, which parameters the algorithm is fitting. The minimum of this function was 
constrained to be less than 0.01. 

The error of the measurements was calculated using the following relation [31]: 
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Here, ΔC is the absolute error of the THz TDS measurement of the water concentration 
which was averaged through the used frequency range. Ai stands for those parameters that 
contained errors which influenced the final result; fi is a set of functions that relate parameters 
Ai with the final result of calculations. The error of each of these parameters was calculated 
using the same principle from corresponding errors of other parameters. Parameters that were 
considered for the calculation of the error of the THz TDS measurement were: the error of the 
delay stage step, the consequent time and phase error of the recorded waveforms, the 
consequent error of the real part of the refractive index, the consequent error of the real part 
of the dielectric constant, the error of the waveforms amplitude, the consequent error of the 
imaginary part of the refractive index, and the consequent error of the imaginary part of the 
dielectric constant. 

4. Results and discussion
During the series of experiments, optical properties of different samples in relation to their 
water concentration were analyzed. The experiments demonstrated that the optical properties 
of intact samples (at the 1st stage of experiment) are closer to water dispersion, whereas, with 
drying, optical properties tend to move towards the dispersion of dry tissue (at the final stage 
of the experiment). 

Figure 4 shows typical dispersion of the complex refractive index of the Carpinus 
caroliniana tree leaf in 5 different stages of dryness obtained in the experiment using the 
spectrometer in the transmission mode. 

Fig. 4. Dispersion of the complex refractive index of the leaf sample (Carpinus caroliniana) at 
5 different stages of dryness in the transmission mode: black, red, green, indigo and blue lines 
represent the refractive index of the sample at the 1st, 2nd, 3rd, 4th, and 5th stages of dryness, 
respectively. Dark green lines show the refractive index of water obtained experimentally in 
the same frequency range. Solid lines show the real part of the refractive index, whereas 
dashed lines indicate the imaginary one. 
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Figure 4 demonstrates that at early stages of the experiment, i.e. while the leaf had high 
moisture level, dispersion of its refractive index was similar to that of water. With increasing 
of the degree of dryness, the values of the refractive index of the sample decrease and move 
away from the values of the refractive index of water towards the dispersion of the dry tissue, 
which, in turn, is quite similar to the refractive index of air (approximately 1). By the 3rd, 4th 
and final stages of dryness the curves of the refractive index values of the sample were 
completely flat, which means that dispersion properties of the sample at these stages became 
relatively negligible. 

Figure 5 contains typical dispersion of the complex refractive index of the pork muscles 
sample calculated in experiments in the reflection mode. 

Fig. 5. Dispersion of the complex refractive index of the pork muscles sample at 5 different 
stages of dryness in the reflection mode: black, red, green, indigo and blue lines represent the 
refractive index of the sample at the 1st, 2nd, 3rd, 4th, and 5th stages of dryness, respectively. 
Dark green lines show the refractive index of water obtained experimentally in the same 
frequency range. Solid lines show the real part of the refractive index, whereas dashed lines 
indicate the imaginary one. 

The real part of the refractive index of the pork muscles sample decreases with the 
moisture level decreasing. However, the imaginary part of the refractive index for each stage 
changes its relative position at higher frequencies. Authors assume that this is due to the 
samples’ surface non-uniformity. 

Figure 6 shows the values of the water concentration of different samples in the 
experiments both in the transmission (a) and the reflection (b) modes at 5 stages of dryness. 
The results acquired by the THz TDS method were compared to the gravimetric data. The 
average relative error of gravimetric measurements was 0.01%. 

Fig. 6. Water concentration values retrieved by THz TDS and gravimetric methods at 5 stages 
of dryness for (a) the leaf sample of Carpinus caroliniana obtained in the transmission mode, 
(b) the pork muscles sample obtained in the reflection mode. 
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The values of the water concentration acquired by the THz TD spectrometer in the 
transmission geometry [Fig. 6 (a)] correlate well with the gravimetric data. Our results are 
consistent with the data in Ref [22,23]. This proves that a THz TDS system can be used as a 
precise sensor of hydration in biological samples. The mean absolute error of these 
measurements is 3%. 

The values of the water concentration acquired by the THz TD reflectometer are presented 
in Fig. 6 (b). The mean absolute error of these measurements is 6%. The values of the water 
concentration obtained by THz TDS in the reflection mode do not completely coincide with 
gravimetric measurements. This divergence is due to the fact that the gravimetric method can 
only allow assessing the average water concentration in the whole volume of a thick (2-4 
mm) sample, whereas THz TDS measures the water content in a small spot (3 mm diameter)
of the superficial layer of the tissue (few hundreds of microns). Therefore, two measurements
should have given slightly different results. The fact that THz TDS results are higher than
gravimetric is partially explained by the excess of water on the surface level of the sample
due to the pressure of the silicon window. Besides, as the measurement by THz TDS took
several minutes while the warmer sample was attached to the colder silicon window, a small
amount of condensate could have appeared on the silicon window surface, which was
attached to the sample.

5. Summary and conclusions
This study demonstrates the application of transmission and reflection geometries of the THz 
TDS system for the non-invasive water content monitoring in biological samples. 
Development of reflection measurements is a step towards real biomedical applications, as 
this configuration is significantly less restricted by the parameters of the target in comparison 
to the transmission configuration. The methods were tested for different biological samples: 
Carpinus caroliniana tree leaves and pork muscles. The obtained results correlate well with 
gravimetric measurements of water concentrations. The mean error of the data measured with 
the THz TDS technique is well below the changes in the water content observed in lesions 
and tumors relative to normal tissues. This approach could provide the valuable pathological 
insight, as it has the potential to distinguish healthy and injured tissues when the visual 
assessment is problematic. 
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