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	The boundary model is updated during the connection stage of the TLM algorithm.  Therefore, the boundary model uses the reflected voltage from the adjoining cell as its inputs.  Following scattering throughout the mesh, the voltage and current in the ...
	and
	The stub voltages are updated for the next timestep in the usual way so that for the inductive stub
	and for the capacitive stub
	These expressions complete the update of voltages within the boundary model. Connection must also be made to the nodes of the bulk mesh adjacent to the boundary nodes, which is described in the following subsection.
	Three types of connection must take place in the boundary model: connection along the boundary, connection to the mesh normal to the boundary, and connection to the mesh at the ends of the boundary.
	Connection along the length of the boundary is performed by calculating the total voltage at the connecting ports.  Connection of the nth boundary node to the (n+1)th boundary node would yield a total voltage of
	and hence, the incident voltages at the next timestep are given by
	and
	Connection to the bulk mesh normal to boundary is simply carried out through the voltage source on the boundary transmission-line.  The mesh is updated using the expression
	Finally, connection to the edge of the boundary is performed by calculating the loop current at the boundary end given by
	where kIb10,11 denotes the current loop due to the boundary ports 10p and 10n and the regular TLM port 11. The reflected port currents are then given by
	These expressions form a potential divider circuit at the boundary edge to ensure that the incident field is split between either side of the boundary in the correct manner.  These expressions complete the boundary to bulk mesh updates and provide the...

	III. EXTENSION TO THREE DIMENSIONS
	The internal boundary model has been defined in 2D based on the series TLM node. Extension to three dimensions (3D) is realised by modeling the boundary as a 2D shunt grid adjacent to the boundary, rather than the 1D line used for the 2D model.
	Following the same procedure as in 2D and starting from the telegrapher’s equations for the 2D shunt grid:
	yields the circuit equivalent equations that are to be solved.  The boundary impedance remains the same as in 2D and is given by (8) and the update equations are given
	and
	In the 3D case, there is no capacitive stub as all the required capacitance is modeled by the link lines.  The link line voltages are scattered in the same manner as in (12) and (13) and the stub voltage is updated as in (14), where in this case the i...
	The boundary connection in 3D is performed in the same manner as in 2D.  At each connecting port, the total field is calculated and the reflected field is then obtained and is dependent on the displacement and thickness of the boundary.  When connecti...
	Connection of the other port, normal to the boundary, is performed in the same way as in 2D. The total field is calculated and the reflected voltages are then obtained. In the case of a boundary in the x-y plane as shown in Fig. 3, the electric field ...
	The boundary displacement must be less than the cell it is within, hence less than Δl. Furthermore, as a rule of thumb, the mesh cell size, Δl, should be smaller than one-tenth of the wavelength of interest to provide suitable accuracy and reduce disp...

	IV. COMPUTATIONAL PERFORMANCE
	The computational performance of this numerical method is assessed with respect to the scattering process within a free-space series node in 2D and the free-space SCN node in 3D.  The rationale for this is that the internal boundary model described he...
	The computational requirements of the boundary model with the normalised free-space TLM cell are compared for 2D in Table 1 and in 3D in Table 2, where for the free-space cells the circuit based algorithm described in [4] is used.
	An expected increase in variables and computations can be seen for the boundary cells.  However, it is not expected that this increase will affect the computational performance of the full TLM model greatly as the number of boundary cells would be onl...
	The most significant computational advantage of this procedure is that no modification of the simulation timestep is required to accommodate the boundary displacement.  The transmission-line impedances are determined by the offset of the boundary fro...
	Furthermore, as the timestep is not affected by the introduction of the boundary model it is not necessary to load the bulk mesh with stubs to adjust its timestep, as required in a graded mesh.  Therefore, this model avoids the unwanted dispersion eff...
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	V. VALIDATION
	Validation of the boundary model addresses the two parts of the algorithm: the displacement of the boundary within the cell and the connection of the boundary to the surrounding mesh.
	Regarding the displacement of the boundary, the accuracy of the external boundary model is determined in detail in [3] it is shown that the propagation velocity and boundary displacement have errors of only 0.00003% and 0.01%, respectively.  The displ...
	To validate the model in this paper, it must be ensured that the procedure used to couple the ends of the boundary to the regular mesh is valid and that the displacement model functions correctly on both sides of the boundary.  The validation is perfo...
	A. Waveguide band-pass filter
	The boundary model developed here takes into account two modes of connection to the bulk mesh, that is perpendicular and normal to the boundary. Here, this model is validated using a case requiring use of both the displacement and connection of the bo...
	A waveguide filter within a WR-28 (fc = 31GHz) waveguide is chosen consisting of four inductive apertures with periodic separation.  A schematic of the structure is shown in Fig. 4. where the H10 (TE10) mode is excited so that the electric field is or...
	The admittance of each of the inductive apertures is given in [5] where
	In (31) λg is the guide wavelength, Y0 is the admittance of the waveguide without the aperture and the dimensions are as labeled in Fig. 4.  Hence, combining the multiple apertures shown in Fig. 4. yields an analytical reflection coefficient of
	In the pass-band |Γ|<1 and the reflection coefficient has no real part.  The geometry is initially modeled using only the usual TLM boundary model where the aperture spacing is chosen to be an integer number of cells, so that a = 7.11mm = 11(l and the...
	The internal fractional boundary model was then used on the first and third apertures to model a separation of 19.5(l, i.e. with a boundary displacement of 0.5(l.  The boundary developed here allows this case to be modeled without any change to the me...
	The pass-band of the waveguide filter can be easily identified in each case and the spacing of the apertures can be seen to adjust the centre frequency of the filter.  The boundary model has been used to model the intermediate aperture spacing.  The r...
	There is excellent agreement with the analytical solution calculated using (32) for the centre frequency of the filter, where the analytical results are shown by the vertical dotted lines terminated by small circles in Fig. 5.  It was possible to obta...
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