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Fig. 1. Modulus value of the growth factor ( varies with
kpAp/2 when using the RI-CDI-FDTD method with
CFLN of 3, 5 and 8.
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Fig. 2. Simulation of 3D waveguide model.
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Fig. 3. Transmission and reflection coefficients of a dispers-
ive medium slab calculated by using analytical method, tra-
ditional FDTD method (CFLN=1), and RI-CDI-FDTD
method (CFLN = 3, 5, 8): (a) Transmission coefficient;
(b) reflection coefficient.
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Fig. 4. 3D schematic of multi-layer biological tissue.
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Fig. 5. Time-domain waveform variation curves of detection points calculated by analytical method, traditional FDTD method
(CFLN = 1), and RI-CDI-FDTD method (CFLN = 3, 5, 8): (a) The detection point 4; (b) the detection point B.
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Table 1. Parameters of different biological tissues.
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Fig. 6. Waveform of the recorded E, field versus time by
the RI-CDI-FDTD method (CFLN = 8).

150201-7



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 15 (2023)

150201

5, % 2 i~ A RI-CDI-FDTD J7 i 5 1%
4t FDTD Jy ik 45 B [E)XF L, o7 DU 3R, 4 RI-
CDI-FDTD J7 ik i [E]25 K (CFLN = 3) /21448
FDTD Jrikif a4 (CFLN = 1) [ 3 f51}, RI-
CDI-FDTD J5 it B8 % m T4 48 FDTD J7
%. 24 RI-CDI-FDTD J5 i a5 Bt CFLN =
8 I, AR Ty T R DA ] .

® 2 PRSI O TR HA

Table 2.  Comparison of simulation time between
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Abstract

Dispersive media refer to a class of natural substances, including living organisms, composite materials,
plasma and water, with diverse applications in areas such as biomedicine, microwave sensing, electromagnetic
protection, and stealth technology. In the pursuit of investigating the electromagnetic properties of these media,
time-domain numerical methods, including finite difference in time domain (FDTD), finite element method, and
time domain boundary integral equation method, have been widely utilized. Time-domain numerical methods
are preferred to their frequency-domain counterparts owing to their ability to handle nonlinear and wideband
problems, as well as various material properties. The FDTD method, in particular, is a highly adaptable,
robust, and easy-to-use numerical method that directly solves the Maxwell equations while also simulating the
reflection, transmission, and scattering of electromagnetic waves in complex dispersion media. Nonetheless, the
traditional FDTD method suffers low computational efficiency arising from the Courant-Friedrichs-Lewy (CFL)
stability condition. To solve the problem of low computational efficiency, a new method, the complying
divergence implicit finite-difference time-domain (CDI-FDTD) method with a one-step leapfrog scheme, is
introduced for lossy Debye dispersive media. The Maxwell equations in the frequency domain form a starting
point, and the Fourier transform is utilized to transform the electromagnetic field components from the
frequency domain to the time domain. To approximate the integral terms arising from the frequency-to-time
domain transformation, a recursive integration (RI) method is employed. Subsequently, the time-domain
Maxwell equations and auxiliary variables are discretized with a one-step leapfrog implicit scheme. The iterative
formula of the RI-CDI-FDTD algorithm for lossy Debye dispersive media is then derived. The RI-CDI-FDTD
method does not change the formulas of the traditional CDI-FDTD method while only requiring to add
auxiliary variables for wupdating field components to the dispersive medium region. The numerical
implementation is straightforward, and the electromagnetic modeling is flexible. Moreover, the unconditional
stability of the RI-CDI-FDTD algorithm is proven by using the von Neumann method. Finally, some numerical
examples are presented to demonstrate the effectiveness and efficiency of the proposed method. In conclusion,
our work contributes a crucial numerical simulation tool to accurately modeling complex dispersive media while

providing a systemic stability analysis method for time-domain numerical methods.

Keywords: Debye dispersive medium, complying divergence implicit finite-difference time-domain method,

recursive integration method, unconditionally stable
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