Lecture 12
Total Field/Scattered Field Formulation
Aim of the Lecture: To introduce the Total Field/Scattered Field (TF/SF) formulation used in computational electromagnetics, explain the separation of incident and scattered waves, describe boundary implementation in numerical solvers, and explore practical applications in radar, antenna modeling, and optical scattering.

Objectives
By the end of this lecture, students will be able to:
· Define the concepts of total field and scattered field
· Explain the purpose of TF/SF separation in simulations
· Describe how the TF/SF boundary is implemented in FDTD and other numerical methods
· Understand how incident fields are injected without artificial reflections
· Identify major applications such as RCS analysis, antenna behavior, and optical scattering
· Recognize the advantages of TF/SF in terms of accuracy and computational efficiency

Key Terms: Total Field, Scattered Field, Boundary Conditions, FDTD, Incident Wave, Radar Cross Section (RCS), Absorbing Boundary, Electromagnetic Scattering.

Main Content
Introduction to Total Field / Scattered Field Formulation
The Total Field/Scattered Field (TF/SF) formulation is one of the most powerful and widely adopted techniques in computational electromagnetics for analyzing how electromagnetic waves interact with objects of arbitrary shape and material composition. In electromagnetic simulations—whether for radar cross-section (RCS) estimation, antenna characterization, microwave device evaluation, or optical scattering studies—it is essential to differentiate between the incident wave, which is deliberately introduced into the simulation, and the scattered wave, which arises solely due to the presence of the target. The TF/SF formulation addresses this need by partitioning the computational domain into two separate but interconnected regions: a total field region, where both the incident and scattered fields coexist, and a scattered field region, where only the scattered field propagates.
This structured separation allows for a highly controlled and physically meaningful representation of wave interactions. Within the total field region, the electromagnetic wave introduced into the system interacts with the object, producing reflections, diffractions, and other scattering phenomena. At the TF/SF interface, the incident field is mathematically added to or subtracted from the simulation grid, ensuring that it remains confined to the intended region. Beyond this boundary, in the scattered field region, the numerical solver evolves only the scattered components, free from direct influence of the incident field. This clean separation prevents the incident wave from contaminating the scattered field, which is crucial for accurate analysis.
One of the key advantages of the TF/SF formulation is its ability to significantly reduce numerical errors that typically arise when injecting plane waves, Gaussian pulses, or modulated signals into a discretized computational grid. Without TF/SF separation, incident sources injected directly into the grid can generate artificial reflections or distortions due to discretization and boundary truncation. By contrast, TF/SF introduces the incident wave in a mathematically consistent manner, ensuring stable, reflection-free propagation into the total field region. This leads to more reliable results, particularly in applications such as far-field pattern extraction, frequency-domain analysis, and RCS computation.
Furthermore, the TF/SF method simplifies post-processing. Because the scattered field is confined to a specific region, it becomes straightforward to analyze scattering patterns, calculate radar signatures, determine near-field or far-field characteristics, and compute quantities such as bistatic scattering or absorption cross sections. The ability to isolate the scattered field also makes it easier to visualize wave-object interactions, identify resonances, and evaluate the influence of geometric or material changes. Due to these advantages, the TF/SF formulation has become a foundational technique in FDTD simulations and other numerical solvers used in electromagnetics. Its combination of accuracy, stability, and conceptual clarity makes it indispensable in modern electromagnetic analysis across a wide range of frequencies—from RF and microwaves to infrared and optical wavelengths..

Defining Total and Scattered Fields
In the Total Field/Scattered Field (TF/SF) formulation, the electromagnetic field within the computational domain is carefully decomposed into two mathematically distinct components: the total field and the scattered field. This decomposition is fundamental for correctly representing how an externally introduced wave interacts with an object and how the object modifies the wave. By isolating each contribution, numerical solvers gain precise control over the physical processes being simulated, ensuring that the incident wave and the scattering effects remain clearly distinguishable.
The total field represents the complete electromagnetic field in the region where the incident wave interacts with the object. It consists of the superposition of two contributions:
· the incident field—the known, predefined wave introduced into the system (such as a plane wave, pulse, or Gaussian beam), and
· the scattered field—the field generated as a result of the wave encountering the object.
Because the total field region contains both components, it captures all physical phenomena related to wave–object interaction, including reflection, refraction, diffraction, resonance, and absorption. This region effectively models the full electromagnetic environment surrounding the object under study.
In contrast, the scattered field region contains only the scattered portion of the electromagnetic field. The incident wave is mathematically removed or prevented from entering this region, ensuring that any field present here arises exclusively from the object's presence. In other words, if the object were removed, the scattered field region would contain no field at all. By defining the scattered field as the difference between the total field and the incident field, the method cleanly isolates the electromagnetic response due solely to the object. This is especially important when simulating open-region problems where scattered waves must propagate outward without contamination from the original source.
This separation of total and scattered fields greatly enhances the accuracy and clarity of numerical simulations. It allows solvers—particularly FDTD-based methods—to distinguish the object’s contribution from the incident excitation and to analyze wave behavior in a controlled and physically meaningful manner. The ability to isolate scattered fields is crucial when examining reflections, diffractions, resonant scattering mechanisms, and radar cross section (RCS) patterns, since these phenomena must be studied without interference from the original incident wave. As a result, the TF/SF formulation has become an essential tool for high-fidelity electromagnetic modeling across a wide range of applications.

Implementing the TF/SF Boundary
A key component of this formulation is the TF/SF boundary, which acts as an interface between the total field and scattered field regions. Implementing this boundary requires careful handling to avoid artificial reflections or discontinuities:
· Boundary Conditions. Special boundary conditions ensure that the incident field is correctly added inside the total field region and subtracted at the boundary before entering the scattered field region. This guarantees that only the scattered wave propagates into the outer domain.
· Incident Field Injection. The source of the incident field—such as a plane wave, Gaussian pulse, or waveguide mode—is injected within the total field region. At the boundary, the incident field is mathematically removed to prevent it from entering the scattered field zone, ensuring that the scattered field remains pure.
· Scattered Field Computation. In the scattered field region, Maxwell’s equations evolve naturally with no source terms related to the incident wave. This reduces complexity and computational cost, as only scattered fields are tracked in this area.
Implementing these steps correctly allows the TF/SF formulation to simulate wave-object interactions with high precision while minimizing artifacts.

Applications of TF/SF Formulation
The TF/SF method is essential in many electromagnetic modeling tasks:
· Radar Cross Section (RCS) Analysis. TF/SF enables the introduction of a plane-wave incidence while isolating the scattered field from targets such as aircraft, ships, UAVs, or stealth materials. This allows accurate RCS estimation, an important measure of radar visibility.
· Antenna Design. When analyzing antennas, TF/SF makes it possible to study how surrounding objects modify the radiation pattern or impedance. Designers use this method to evaluate scattering from nearby structures, enclosures, or human bodies.
· Optical and Photonic Simulations. In optical engineering, TF/SF helps model light scattering from nanoparticles, biological cells, photonic crystal structures, and metamaterials. It is used extensively to analyze Mie scattering, plasmonic resonances, and nano-optical interactions.

These applications demonstrate the versatility and importance of TF/SF across multiple frequency ranges—from RF and microwave to infrared and optical domains.

Advantages of the TF/SF Formulation
The TF/SF method offers several major advantages:
· High Accuracy: Clear separation of the incident and scattered fields minimizes numerical interference and improves the precision of scattering calculations.
· Efficiency: Only scattered fields propagate in the outer region, reducing the computational burden and memory usage.
· Flexibility: Applicable to many wave types—including plane waves, pulsed waves, Gaussian beams, and modulated signals.
· Compatibility: Easily integrates with absorbing boundary conditions such as PML, allowing scattered fields to exit the domain without reflection.
· Because of these strengths, TF/SF remains one of the most reliable and efficient methods for electromagnetic scattering analysis.

Conclusion
The Total Field/Scattered Field formulation is a foundational technique in computational electromagnetics, enabling accurate simulation of electromagnetic wave interactions with objects. By dividing the domain into total field and scattered field regions, the method effectively isolates scattered waves and eliminates artificial interactions with the incident source. TF/SF plays a crucial role in radar analysis, antenna modeling, photonic simulations, and many other high-frequency applications. As electromagnetic systems become more complex and demands for accuracy increase, TF/SF will continue to serve as a key computational strategy.

Control Questions
1. What is the main purpose of separating total and scattered fields in electromagnetic simulations?
2. How is the incident wave introduced in the total field region without causing artificial reflections?
3. Why is the TF/SF formulation especially useful in RCS analysis?
4. What types of boundary conditions are required at the TF/SF interface?
5. How does the TF/SF approach improve computational efficiency?.
