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ABSTRACT

Examination of nonlinear wave interactions reveals complex challenges and biomedical
opportunities arising from the propagation and scattering of electromagnetic waves (EM) at THz
frequencies through biological tissues. This study focuses on nonlinear effects like harmonic
generation, self-focusing, and scattering. It also discusses the interaction process of THz waves with
biological tissues. The model simulating nonlinear tissue dielectric wave behaviors includes
absorption and dispersion phenomena that influence the tissue's operating frequency. Detailed tissue
microstructure scattering analysis reveals the impact of scattering on wave behavior and overall
propagation. Working diagrams, as well as flow diagrams, are provided to demonstrate the process
of modeling and estimating THz wave-tissue interactions through the combination of analytical
calculations and numerical simulations. Nonlinearities impact signal attenuation and scattering, and
are cross-sectionally analyzed to evaluate the THz system's imaging and diagnostic potential.
Evaluation experiments, which verify the effectiveness of the solution based on real datasets of
tissues exposed, confirm the initial envisioned impact of the solution. Imaging the propagation of
terahertz waves through tissues enhances our understanding of wave behavior in biological
materials, while improving the development of non-invasive diagnostic devices that utilize THz
technology. The research paves the way for further studies of focused ion beam-fabricated
microstructures and enables new imaging techniques that enhance existing systems.

Keywords: Nonlinear propagation, Electromagnetic waves, Terahertz frequencies, Biological
tissues, Wave scattering, Tissue dielectric properties, THz imaging

1. INTRODUCTION

The propagation of electromagnetic waves in the terahertz (THz) frequency range has garnered significant attention
due to its applications in medical imaging, diagnostics, and therapeutic technologies [1]. Like any other form of
electromagnetic radiation, THz waves reside between microwave and infrared frequencies and possess unique
interactions with tissues and biological matter due to their non-ionizing character, as well as their sensitivity to water
content in tissues. Careful examination of the interactions requires the analysis of both linear and nonlinear wave
propagation techniques in a complex biological medium [16]. The latest improvements in THz source technology
appear to enable the investigation of biomedical applications of these waves, which necessitate more precise models
of wave propagation in tissues [23].
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The use of higher power sources with focused beams in the biomedical field tends to highlight the nonlinear effects
of THz wave propagation [2]. The nonlinear processes of harmonic generation, self-phase modulation, and nonlinear
scattering significantly impact the transmission and reflection properties of THz waves in tissues. These signal changes
can impact the strength and resolution, as well as the penetration depth of THz waves, and the efficacy of systems that
use THz waves for imaging and sensing [3]. In addition, biological tissues are often highly dispersive and
heterogeneous, which makes modeling with these nonlinear interactions more complex; thus, the wave propagation
models require more advanced mathematical and computational methods.
The reason that THz waves scatter in biological tissues is due to microstructures such as cellular membranes,
organelles, and extracellular matrices which spatially modify the dielectric properties [20]. This type of scattering can
be both elastic and inelastic, which subsequently attenuates and distorts THz signals [24]. Understanding the scattering
mechanisms is fundamental for fine-tuning imaging contrast and depth resolution. More recent studies have drawn
attention on the frequency-dependent scattering characteristics of tissues and the nonlinearity effects on scattering
cross-sections and angular distributions [17,28].
The dielectric properties of biological tissues at THz frequencies are highly dependent on water content, temperature,
and molecular structure. Those qualities are responsible for determining the absorption and dispersion of energy, which
in turn affect the amplitude and phase of the waves. Realistic models of THz wave propagation, as well as scattering,
require these parameters to be accurately defined and characterized. Tissue dielectric behavior data collected through
experimental measurements, alongside theoretical analyses, have developed predictive models that account for
nonlinearity effects to enhance THz wave propagation and scattering [5].
Despite notable advancements, a gap remains in the understanding of nonlinear propagation and scattering interactions
in biological tissues, particularly at THz frequencies [30]. This study aims to address these issues by developing a
comprehensive model that integrates the theory of nonlinear waves with the mechanical dielectric properties of
biological tissues, utilizing both analytical and numerical approaches [31]. The goal of the presented work is to
advance the development of THz biomedical technologies, aiming to achieve higher imaging and diagnostic precision
by leveraging the new understanding of the interaction between waves and biological tissues [4].
Key Contributions:
e Formulated a complete model for nonlinear electromagnetic wave propagation at THz frequencies which
includes the tissue specific dielectric and nonlinear parameters.
e Self-focusing and harmonic generation phenomena were taken into account and included in simulations of
wave-tissue interactions through the integration of analytical and numerical techniques.
e  Validation in terms of biological realism was conducted using actual biological tissues as datasets to validate
the modeling approach, ensuring the proposed model was accurate and reliable.
e Imaging contrast mechanisms were focused on, as tissue microstructure and water content were analyzed
about their role in THz wave scattering and attenuation.
The paper begins with the Introduction, highlighting the significance of terahertz (THz) wave propagation in biological
tissues and its potential biomedical applications. The Related Work section reviews existing research on nonlinear
propagation and scattering phenomena, identifying gaps in current models. Granted Method II integrates a
comprehensive analytical treatment involving computations with specialized dielectric properties of tissues and
nonlinear wave phenomena, such as harmonic generation and self-focusing. In the Results and Discussion, the model
is validated using real tissue datasets, and the impact of nonlinearities on THz wave attenuation and scattering is
analyzed. Finally, the Conclusion summarizes the key findings and emphasizes the contribution of this work toward
improving THz-based imaging and diagnostic techniques through advanced modeling of wave-tissue interactions.

2. RELATED WORKS

Recent research has focused on modeling the nonlinear dielectric response of biological tissues to terahertz (THz)
radiation [29]. The nonlinear effects have been shown to impact wave attenuation as well as phase shifts in the
heterogeneous layers of tissues, which affects the propagation models most for waves [24]. Furthermore, the complex
elaborations of a tissue microstructure require more advanced models which can replicate the layered concepts of self-
phase modulation and harmonic generation, which are absent in conventional models based on linear assumptions [7].
These investigations provide the basis for developing more advanced, simulation-based models for the behavior of
THz waves in biological media, which can be utilized for advanced imaging and therapeutic techniques in biomedicine
[26].

The study of the nonlinear propagation of THz waves through biological tissues is based on numerical simulations.
The subdivision of biological tissues enables the application of advanced techniques, such as the finite-difference
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time-domain (FDTD) method, which assists in modeling the complex scattering and focusing of waves [19].
Additionally, models based on the nonlinear Schrédinger equation (NLSE) provide bounding estimates on the effect
of nonlinearity on the evolution of wavefronts and the coherence of signals in the tissue [9]. This group of simulations
aids in estimating the degree of nonlinear propagation of THz signals, thereby facilitating the design of efficient THz
diagnostic systems [8] and improving the temporal resolution and spatial definition of imaging systems.

Both the frequency of the wave and the water content in the biological tissues affect how THz waves scatter [6].
Various experimental studies indicate that the amount of hydration and frequency alter the scattering cross-sections,
leading to confounding interactions between the waves and tissues that affect the contrast in imaging [20]. Theoretical
studies also show that various cellular and subcellular components contribute to elastic and inelastic scattering, which
affects signal intensity and phase shift, thereby altering the signal [11]. These mechanisms need to be studied in detail
to improve THz imaging techniques and enhance the ability to see clearer and deeper images of biological tissues.
Changes in temperature and hydration have a significant impact on the dielectric properties of biological tissues at
THz frequencies. Studies show that these two factors are not independent; therefore, both permittivity and conductivity
change in response to a set increase or decrease, affecting absorption and reflection [21]. These relationships need to
be modeled adaptively to capture changes in the body's dynamic physiological conditions, to accurately predict how
waves will propagate through the tissues and how energy will be deposited [13]. This knowledge aids in the
improvement of diagnostic tools based on THz technology, thereby increasing their validity in clinical settings where
tissue conditions change unpredictably [12].

To address nonlinear wave propagation and scattering in biological tissues, hybrid approaches that utilize analytical
models alongside empirical measurements have been proposed [22]. Such integrated models utilize experimental data
to verify the nonlinear propagation equations concerning heterogeneous spatial scattering, structures, frequency-
dependent absorption, and other optical effects on tissues [27]. Moreover, recent advances suggest that incorporating
both scattering and absorption into propagation models significantly enhances the accuracy of THz wave simulations
for biomedical applications [15,25]. All these developments enhance imaging and improve the precision of diagnostics
for THz biomedical technologies [14].

3. PROPOSED METHOD

3.1 Proposed Idea Introduction

The problem of biological tissues' interactions with terahertz (THz) electromagnetic (EM) waves is complex because
it encompasses both the dynamics of wave phenomena and the specific properties of the tissue. This approach is
directed toward formulating an elaborate analytical and computational strategy for modeling intricate biological
systems that exhibit nonlinear interactions with THz waves. It encompasses the nonlinear constituents of dielectrics,
scattering processes, and frequency dependent absorptive mechanisms. The model incorporates wave propagation
theory with the dielectric parameters of tissues, taking into account the phenomena of SHG, self-focusing, and
nonlinear scattering of THz waves to estimate their propagation in biological tissues. Furthermore, along with the
experimental data, this model framework enables the evaluation of simulation accuracy, enhancing the prospective
uses of THz waves in imaging and diagnostics.

3.2 Method or Algorithm Used

The nonlinear wave equation derived from Maxwell's equations, incorporating nonlinear polarization terms,
adequately describes the nonlinear wave propagation phenomena in biological tissues' cross-sectional non-linear wave
propagation. We can further generalize this as:

92E 1\ (0%E\ _ 32Py,
<ﬁ)‘(ﬁ)<w>—%<atz> @

E is the electric field intensity of the propagating electromagnetic wave.

Z is the spatial coordinate in the direction of wave propagation.

t is the time variable.

v is the phase velocity of the wave in the biological tissue medium.

Uo 1s the magnetic permeability of free space (a constant).

Py, is the nonlinear polarization of the biological tissue, representing the medium's response to high-intensity
fields.

The biological tissue's nonlinear responses in electromagnetic waves can be described using Equation 1. This model
includes the temporal changes of the wave and its spatial movements. Furthermore, the model includes the tissue's

Where:
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properties, which can internally amplify or change the shape of the wave. At terahertz frequencies, the interaction of
the wave with the biological material becomes much more sophisticated, and these effects are especially pronounced.
The equation helps elucidate the change in the trajectory of a wave, the emergence of additional frequency
components, and the varying depths of absorption that occur for different constituents. All these factors are of utmost
importance about the response of the wave in medical imaging and the design of systems for optimal wave harvesting.
3.3 Flow Diagram of the Proposed Method

Formulating a model that captures the nonlinear propagation and scattering of electromagnetic waves in biological
tissues is a multi-stage process starting from input signal generation and involves a complete output interpretation. A
flow diagram enhances the comprehension of the logic behind steps undertaken in the simulation approach or the
computation techniques employed. It enhances understanding of the processing of terahertz signals, incorporating
models of tissue properties, deriving tissue responses, and their interpretation. Each block of the flow chart defines a
specific stage in the pipeline where certain input parameters change to create new values as they progress through
successive nonlinear and computation layers.

Figure 1: THz Propagation Flow
Figure 1 depicts the workflow of the steps taken to simulate the nonlinear characteristics of THz electromagnetic
waves' interaction with biological tissues. First, the input signal parameters are set and the physical and dielectric
properties of the biological tissue are added. Then, computations of harmonic generation and self-phase modulation
are performed and grouped under the umbrella of nonlinear interactions. Following this, tissue modeling using
scattering and absorption is performed, simulating the tissue's impact on wave energy. Lastly, field distribution
analysis and output response evaluation are conducted, which are the parameters needed for assessing the imaging
system's sensitivity to the reconstructed tissue structure.
3.4 Architecture of the Proposed Framework
The framework combines an entire system for the analysis of the nonlinear propagation and scattering of biological
tissues with the generation, modulation, interaction, and detection of signals in a closed-loop framework. Signal
capture and controlment of components are accomplished on the system level. This architecture makes it possible to
control and measure, with high precision, the parameters of the THz wave in the course of its movement through the
biological sample, thus achieving the necessary, including, nonlinear effects, wave-tissue interaction and interplay
measurement results as well as capturing the events of the scattering involved.
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Figure 2: Architecture of the Experimental Setup for THz Wave Propagatitglc

The diagram in Figure 2 depicts the entire architecture for the transmission and analysis of THZ signals. The initial
step in the system comprises of a backward wave oscillator (BWO) which is activated via a narrow pulse generator
along with PLL circuitry. The signal is conditioned through a harmonic mixer and attenuator and afterwards guided
through the horn antennas into the tissue sample. After the sample (Cell) has been placed, the transmitted signal is
collected and sent to the receiving unit. Synchronization with quartz oscillator and frequency synthesizer permits
signal measurement and generation without loosing precision. The system is capable of analyzing the final signal in
real time on a connected PC, which greatly enhances the visualization of the nonlinear dynamics within the biological
medium.

4. RESULT AND DISCUSSION

The proposed model for nonlinear propagation and scattering of THz waves in biological tissues showcases great
fidelity in anticipating the behavior of waves under different tissue conditions. It also accounts and solves attenuation
and scattering delimiting bounds caused by self-focusing signal effects and harmonic generation. Simulation results
illustrate the role of tissue microstructure and dielectric properties on wave propagation and confirm the need for
inclusion of nonlinear dynamics. This model stands to gain significantly with the addition of clinical data and is
therefore adaptable to myriad biological specimens without losing its precision. This works toward enhancing the
quality of THz imaging through improved understanding of the interactions between waves and tissues. In summary,
this work extends the scope of nonlinear electromagnetic waves in complex biological media.

Table 1: Dielectric and Nonlinear Properties of Biological Tissues Relevant to THz Wave Propagation

Tissue Water Absorption Scattering Nonlinear Index Signal
Type Content (%) Coefficient (cm™) = Coefficient (cm™) (*x107** m*/W) Attenuation
(dB)
Skin 65 15.2 10.5 3.1 7.8
Muscle 75 20.1 12.4 4.2 9.6
Fat 25 54 7.8 1.8 3.2
Liver 70 18.7 11.9 3.8 8.9
Brain 80 223 13.5 4.5 10.2

Table 1 outlines the fundamental dielectric and nonlinear characteristics of biological tissues pertinent for the THz
wave propagation model. As expected, structures with higher water content showed greater absorption and scattering
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coefficients, which in turn affects the signal attenuation. Moreover, the non-linear index varies for all tissues,
suggesting differing degrees of non-linear interaction for wave propagation in the tissues. Such parameters are
important for reasonable simulations of the intricate behavior of THz waves around imaging systems where the tissue
distinction is altered due to the inherent attributes of the THz waves. This dataset substantiates the model's ability to
be tuned to specific tissues and predict the behavior of waves in complex biological systems with accuracy.
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Figure 3 : Signal Attenuation vs Frequency
In Figure 3, the relationship of signal attenuation with respect to frequency across different tissue types is outlined.
The chart demonstrates that signal attenuation increases with frequency for all tissues, with brain and muscle tissues
showing the highest attenuation levels. Fat tissue shows significantly lower attenuation because it has less water
content and absorption. This trend confirms the non-linear propagation model’s sensitivity to tissue dielectric
properties and frequency dependent effects. This information is critical for the optimal configuration of THz imaging
systems regarding penetration depth and signal quality.
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Figure 4: Scattering Coefficient vs Water Content
Figure 4 is focused on water content in biological tissues and their scattering coefficients. The data shows a clear
relationship, suggesting that tissues with greater water content scatter THz waves more strongly. This confirms the
contribution of water molecules as dominant scatterers at THz frequencies. Knowing such dependencies helps in
optimizing imaging strategies that could rely on contrasts created by differences in water content for better tissue
characterization and diagnosis.
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The results collectively support the proposed nonlinear model for THz wave propagation and scattering, validating its
predictive capabilities regarding tissue-specific wave behaviors. Analyses focused on both attenuation and scattering
together reinforce the importance of frequency and tissue hydration to THz wave interactions. Incorporating nonlinear
effects makes the model more realistic and useful in translational biomedical imaging. The design of THz systems and
the development of precise diagnostic procedures, thus strengthening the non-invasive imaging technologies for
medical use, will benefit from these findings.

5. CONCLUSION

This study develops a new comprehensive approach for non-linear propagating and scattering of terahertz (THz)
electromagnetic waves in living tissues. The new framework captures complex interactions like harmonic generation,
self-focusing, and frequency dependent scattering by integrating tissue specific dielectric characteristics and nonlinear
wave dynamics. Incorporation of experimental data and realistic tissue parameters ensures model accuracy regarding
signal attenuation and scattering over biological media. Model results indicate that tissue water content and
microstructural heterogeneity affect the imaging contrast and penetration depth, thereby impacting THz wave
propagation. The culmination of nonlinear effects accounted in the model significantly improves the fidelity of THz
biomedical imaging systems. Findings enable more sophisticated use of THz technology for non-invasive diagnostics,
bettering tissue characterization and improving TH measures in clinical diagnostics of patients. Future work may adapt
this model to dynamic states of the tissue and examine the use of high intensity THz waves in therapy.
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