Lecture 3
Building Objects in the Yee Grid

Aim of the Lecture: This lecture is intended to introduce students to the methods and concepts necessary for constructing geometrical and material objects within the discrete structure of the Yee grid. The process of embedding real-world physical models into the computational domain is essential for achieving accurate, efficient, and physically meaningful results in FDTD simulations.

Objectives
By the end of the lecture, students will be able to:
· Understand how geometric structures are embedded within the Yee grid framework
· Translate real-world objects and materials into discretized simulation domains
· Identify the challenges of modeling curved and multi-material geometries on a Cartesian grid
· Implement basic and complex object configurations within FDTD code
· Evaluate how object placement affects wave interaction, numerical error, and field behavior

Key Terms: Yee Grid, Geometry Discretization, Grid Resolution, Material Mapping, Dielectric Interface, Staircasing Error, Boundary Alignment, FDTD Modeling, Electromagnetic Structures, Computational Design.

Main Content
Introduction to the Yee Grid
The Yee grid, introduced by Kane Yee in 1966, forms the backbone of the Finite-Difference Time-Domain (FDTD) method and remains one of the most elegant and effective ways to discretize Maxwell’s equations in space and time. What makes the Yee grid unique is its staggered spatial arrangement of electric and magnetic field components. Instead of defining all components at the same spatial location, Yee proposed placing each component at slightly different points within a unit cell. This arrangement mirrors the inherent structure of Maxwell’s curl equations and enables the numerical scheme to capture the rotational coupling between electric and magnetic fields with high fidelity. The Yee grid thus provides a natural computational environment for electromagnetic simulations, allowing waves to propagate smoothly across the domain with minimal artificial distortion.
The staggered grid also supports the leapfrog time-stepping strategy in which electric and magnetic fields evolve alternately in time. This dynamic interplay between the distinct spatial and temporal placements of the fields forms the core mechanism that allows FDTD simulations to accurately reproduce the physical behavior of electromagnetic waves. Because of this capability, the Yee grid has become a standard tool in a wide range of disciplines, including antenna design, microwave engineering, photonic-crystal analysis, metamaterials research, and biomedical imaging. Wherever the accurate representation of electromagnetic interactions is required, the Yee grid provides the structural foundation for building realistic computational models.


Structure of the Yee Grid
The Yee grid is fundamentally a structured Cartesian grid, yet its power lies in the way it distributes the components of the electric and magnetic fields. Each cell in the grid is divided conceptually into locations where the individual components of the fields reside. The electric field components occupy the edges of the cell. For example, Ex is positioned along the edges parallel to the x-axis, Ey along those parallel to the y-axis, and Ez along those parallel to the z-axis. This placement ensures that each electric field component is naturally associated with the geometry of the edges it influences, and it enables the finite-difference approximation of the curl operator to be evaluated precisely.
In contrast, the magnetic field components are located at the centers of the faces of the cell. Hx lies on the face normal to the x-direction, Hy on the face normal to the y-direction, and Hz on the face normal to the z-direction. By staggering the fields in this way, each magnetic field component becomes spatially aligned such that it couples with the adjacent electric field components exactly as dictated by Maxwell’s equations. This spatial staggering avoids interpolation, preserves symmetry, reduces numerical artifacts, and ensures fundamental conservation properties in the numerical simulation.
The three-dimensional arrangement of the Yee grid thus forms an interlocking lattice of electric and magnetic field samples. When this structure evolves through the leapfrog time-stepping scheme, the fields propagate through the grid with a level of accuracy and stability that would not be achievable if all field components were co-located. The Yee grid, therefore, is not simply a convenient computational structure but a profound reflection of the mathematical and physical nature of electromagnetic fields.

Building Objects in the Yee Grid
Constructing objects in the Yee grid involves specifying material properties across the spatial domain and assigning those properties to individual grid cells. Each cell can represent a material with specific electromagnetic characteristics such as permittivity, permeability, and electrical conductivity. These properties influence how waves propagate, attenuate, or reflect within the structure, and therefore accurate assignment of material values is fundamental to successful modeling.
Defining objects begins with mapping their geometric shape onto the discrete Yee grid. For simple structures such as cubes, slabs, cylinders, or layers, this mapping is straightforward: one simply assigns the appropriate material constants to the cells that fall within the desired region. More complex geometries require careful evaluation of which cells correspond to the interior, surface, or exterior of the object based on geometric conditions. For each material region, the Yee grid stores the effective electromagnetic parameters, and these parameters directly modify the update equations for the electric and magnetic fields at those grid locations.
Resolution plays a central role in building objects. A fine grid can represent curved surfaces, thin layers, and intricate shapes with greater fidelity. However, finer grids increase computational cost dramatically. Therefore, constructing objects involves a trade-off: high resolution yields detailed representation and accuracy, but at greater computational expense. When simulating complex structures, choosing the proper grid resolution often requires balancing available computational resources with the level of geometric fidelity needed for the physical phenomena being studied.

Handling Complex Geometries
Representing complex geometries within the strict rectangular framework of the Yee grid presents challenges. Because the grid is inherently orthogonal, curved or oblique surfaces cannot be represented exactly. They must instead be approximated by selecting which grid cells belong to the interior or boundary of the object. This approximation often produces a “staircase” effect in which the surface appears stepped rather than smooth. Although this coarse approximation is simple and computationally efficient, it can introduce errors in scattering, reflection, and resonance behavior, especially when wavelengths are comparable to the grid resolution.
To mitigate these problems, more advanced techniques have been developed. Sub-cell modeling allows the effective material properties of a cell to represent a fractional geometric intersection between the object and the grid cell. This method reduces the staircase artifact by assigning weighted material constants based on the actual portion of the cell occupied by the material. Another approach is the embedded boundary method, which mathematically embeds curved interfaces within the grid using continuous surface representations. These methods permit smoother representation of boundaries without abandoning the Cartesian nature of the Yee grid.
By using such enhancements, the Yee grid can accurately approximate complex geometries including rounded biological tissues, curved metallic antennas, photonic crystal structures, and intricate metamaterial inclusions. The ability to handle such geometries while remaining computationally efficient is one of the reasons the Yee grid remains a dominant structure in electromagnetic modeling.

Applications of Objects in the Yee Grid
The capability to build objects within the Yee grid enables an extensive range of scientific and engineering applications. In antenna modeling, the Yee grid allows the simulation of metal conductors, dielectric substrates, radome materials, and surrounding environments. Engineers can evaluate how antennas radiate, how their patterns change with geometry, and how nearby objects affect their performance.
In photonics, the Yee grid serves as a powerful platform for exploring nanoscale light-matter interactions. Structures such as photonic crystals, waveguides, resonant cavities, metasurfaces, and nonlinear media can be built and analyzed with remarkable precision. The ability to simulate nanoscale dielectric contrasts makes FDTD indispensable for designing optical components and devices.
In biomedical imaging, the Yee grid is used to model the electromagnetic properties of heterogeneous biological tissues. Layers such as skin, fat, muscle, and bone can be represented with appropriate dielectric parameters. By placing biological structures in the grid and exposing them to simulated electromagnetic fields, researchers can study wave penetration, energy absorption, imaging contrast mechanisms, and safety limits for medical diagnostic technologies.
Across all these domains, building objects within the Yee grid provides the foundation for studying how electromagnetic waves interact with structured materials and complex geometries. The flexibility of the grid to represent diverse shapes, combined with the accuracy of FDTD algorithms, makes it one of the most powerful tools in computational electromagnetics.

Conclusion
The process of building objects in the Yee grid is fundamental to creating meaningful and realistic FDTD simulations. By assigning material properties to discrete grid cells, adapting the grid to represent complex geometries, and choosing appropriate resolution levels, researchers can construct computational models that accurately mimic physical structures. Although the Cartesian nature of the Yee grid imposes certain geometric limitations, a variety of advanced techniques allow the representation of curved and irregular boundaries with high fidelity.
The success of the Yee grid lies in its elegant integration of geometry, physics, and numerical methodology. Its staggered arrangement mirrors the structure of Maxwell’s equations, its compatibility with time-stepping schemes supports stable and accurate wave propagation, and its flexibility and extensibility make it invaluable across a wide range of applications. As electromagnetic research and technology continue to evolve—from nanoscale photonics to biomedical diagnostics—the Yee grid remains a cornerstone of modern computational modeling.

Control Questions:
1. What is the Yee grid and how are fields arranged in it?
2. How are continuous shapes represented in a discrete grid?
3. What is staircasing error and how can it be reduced?
4. How does grid resolution affect simulation accuracy?
5. How do you assign materials to specific regions of the grid?
6. Why is visualizing the structure before simulation important?
7. How do field component positions affect interface accuracy?
8. What errors can result from incorrect geometry placement?
9. How can geometry generation be automated in FDTD models?
10. What skills are gained by building simulation domains manually?
