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INTRODUCTION 
 

Acousto-electromagnetic wave interaction refers to the phenomena occurring when electromagnetic 
waves scatter from an object in a resonant acoustic mode of vibration. The incident electromagnetic wave is 
modulated by the object’s motion giving rise to a small Doppler component in the scattered field. The 
Doppler component contains information specific to the scatterer, independent of the background material 
[1]. Therefore, the ability to predict this component is useful in many applications. For example, as 
suggested in [1], it could be used in a ground penetrating radar scheme combining both acoustic and 
electromagnetic excitation for target detection and identification. This paper describes a simulation 
environment to model acousto-EM wave interaction for arbitrary two-dimensional objects. The simulation 
is initiated with acoustic analysis; the output of this step is then used in the EM analysis. Commercial finite 
element software is used for the acoustic simulation. The EM simulation is run using customized finite-
difference time-domain code. 
 
ACOUSTO-ELECTROMAGNETIC MODEL DEVELOPMENT 
 

The model is described in further detail in the references [1-2,5]; however, two important 
assumptions are noted herein. Since the acoustic frequency (kHz), is much less than the electromagnetic 
frequency (GHz), the problem effectively has two time scales. One is quickly varying corresponding to the 
electromagnetic frequency and the other is slowly varying with the acoustic frequency. This allows the use 
of the quasi-stationary (QS) approximation. With the QS approximation a sequence of stationary boundary 
positions corresponding to a particular mode of vibration are considered, i.e. snapshots of the object at 
various points over the acoustic time scale are considered individually. Another assumption in the acousto-
EM model is that the source of the Doppler component can be separated into contributions from the 
boundary perturbations and the interior density modulation. This was initially proposed in the context of 
acousto-EM in [2]. It is a reasonable simplification of the wave interaction process, given the nature of 
electromagnetic scattering. 
 
ACOUSTIC SIMULATION 
 
The EM simulation needs the displacement and the divergence of the displacement within the object for the 
particular acoustic mode of vibration under consideration. Analytical solutions for these quantities and the 
associated mode shapes do not exist for arbitrary targets. In such cases, computer simulations of the 
acoustic scattering problem are used.  

In this research ANSYS is used to consider fluid (air) plane wave scattering from an elastic target. 
The software constructs a system of equations based on a user-defined finite element model composed of 
elements and nodes. An appropriate means of solving the system of equations is chosen depending on the 
structure and complexity of the system matrix. A typical model used to obtain results is shown in Figure 1. 
The boundary elements couple the fluid and the elastic structure and accurately model the physical 
interaction between the acoustic waves and the elastic waves. The inset in Figure 1 shows the nodes at the 
fluid-structure boundary. The elastic structure is composed of eight node structural elements. The mid-point 
nodes on the sides of the solid elements on the fluid-solid boundary are removed so the two nodes on the 
fluid elements coincide with the two remaining nodes on the solid element, as depicted in Figure 1. In order 
to absorb the outgoing fluid waves absorbing elements are placed on the periphery of the simulation 
domain. The element size is determined by the minimum wavelength of interest, which depends on the 
frequency and the shear and longitudinal wave velocities within the model.  

Once the model is built and meshed, acoustic scattering is simulated using harmonic analysis. The 
frequency of the excitation is swept over an appropriate range to excite a resonant mode of the target. The 



nodal displacements on and within the object are stored at the resonant frequency to use within the FDTD 
model to predict the Doppler component. Once the displacement information is obtained from ANSYS it is 
interpolated to the FDTD grid points. One and two-dimensional interpolation is used for the boundary and 
interior displacements, respectively. A cubic spline approximation package (CSAgrid) is used to perform 
the interpolation. For TE polarization the gradient of the divergence of displacement within the object is 
also required. In order to calculate this quantity, delaunay triangulation is used to find each node’s nearest 
neighbors. This is implemented with a qhull library function. A quadratic surface is then fit to the function 
(∇⋅u) values at the node and neighboring node locations. An exact fit is available with five neighboring 
points; otherwise, a least squares solution is found. A linear system of equations is solved for the gradient, 
which varies linearly over the area defined by the nodes. The algorithm is explained further in reference 
[3]. Finally, the gradient of ∇⋅u is interpolated to the FDTD grid points. 

 

  
Figure 1: A typical ANSYS model used to simulate fluid plane-wave scattering from an elastic target. The 

nodes on the fluid and solid elements at the fluid-structure boundary are shown inset. 

 
ELECTROMAGNETIC SIMULATION 
 

The finite-difference time-domain (FDTD) method is chosen to implement the acousto-EM model 
since complex, arbitrarily shaped scatterers are easily modeled. In addition, scattering characteristics over a 
range of frequencies are available from a single simulation. As mentioned above, the source of the Doppler 
component is divided into contributions from the boundary perturbation and from the density modulation 
within the object. 

One difficulty in analyzing scattering from an acoustically vibrating object is the fine mesh 
necessary to resolve the object's motion. Another issue is accurately calculating the small Doppler 
component of the scattered field, which is many orders of magnitude smaller than the unshifted field 
scattered from the stationary object. A recently derived general class of boundary conditions called sheet 
boundary conditions (SBC) significantly simplifies the analysis [4]. These boundary conditions are applied 
at the unperturbed object boundary and account for any object motion or boundary deformation, allowing a 
single discretization of the unperturbed object. In addition, they allow separation of the two scattered field 
components. The SBC have previously been implemented within FDTD [5]. The analysis in [5] yields 
current sources, which lie on the object boundary and account for the boundary perturbation. The currents 
are functions only of the boundary perturbation and the known, unperturbed fields scattered from the 
stationary object. 

The second contribution to the Doppler component arises from density modulation within the object. 
The derivation of this section closely follows that of reference [2]. This Doppler component is derived for 
dielectric cylinders by modeling the permittivity as the sum of the background value and a small fluctuation 
due to the displacements, or density variation, within the cylinder. The total permittivity is then written as 
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The derivation in [2] expands the fields within the object in a perturbation series in terms of the parameter 

! 

" . The series and the above expression for the permittivity are then used in the two-dimensional wave 
equation. Equating powers of 

! 

"  and keeping only the first order solution results in the following expression 
for TM: 

! 

"
2 ˜ E z + kd

2 ˜ E z = #$ 2µ ˜ % (r,&)Ezo

= j$µJz%

    (2) 

! 

˜ E 
z
is the unknown Doppler component field, 

! 

E
zo

is the known unperturbed field, and

! 

k
d

=" µ#  is the 
propagation constant in the background, unperturbed object. The typical source term on the right hand side 
of the wave equation is also shown; 
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inhomogeneity within the scatterer may be accounted for using the currents in equation (2); abrupt material 
transitions, however, should be handled with the sheet boundary conditions described in [5]. 
 
RESULTS 
 

The lowest order mode of a 10 cm polyethylene cylinder is considered. The analytic acoustic 
resonant frequency of this mode is fa = 1844.8 Hz [5]. The resonant frequency found in ANSYS is within 1 
Hz of the analytical value and the maximum deviation of the displacement from the analytical solution is 
smaller than 5%. The magnitude and divergence of the displacement within the cylinder are obtained from 
ANSYS and interpolated to the FDTD grid points. These quantities are shown in Figure 2.  

 

 
Figure 2: The magnitude (left) and divergence (right) of the displacement within a homogeneous 

polyethylene cylinder for the lowest order mode. Values interpolated from ANSYS nodes to FDTD grid 
points. 

 
The results are presented at an electromagnetic frequency of fe = 3 GHz. At this frequency, the 

cylinder radius is 1λe. The cylinder permittivity is εr = 2.25, the cell size, Δ, is λe/50, and the time step, Δt, 
is 0.98 /(√2c), or 0.98 of the two-dimensional Courant limit. The UPML is 14 cells thick and there are 5 
cells between the boundary of the cylinder and the total-field/scattered-field (TF/SF) boundary. An x-
directed plane wave is launched from the TF/SF boundary. The total FDTD grid size is 249 cells square and 
the simulation is run for 5000 time steps. 



Sheet currents are placed on the surface of the cylinder to produce the boundary perturbation 
Doppler component. Currents are also present throughout the cylinder cross-section to generate the density 
modulation Doppler component. The Doppler component is presented as a radar cross section defined as 
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where 

! 

˜ E  represents the Doppler component and 

! 

E
i
 is the Fourier transform of the incident pulse. The 

results of the individual contributions to the Doppler component for both TM polarization are shown in 
Figure 3; the analytical solutions obtained using [2] are also shown. For this mode, the boundary 
perturbation contribution dominates the total Doppler component. 
 

 
Figure 3: Bistatic TM Doppler component (normalized to the unperturbed backscatter RCS value) for the 

lowest order mode of a 10 cm radius polyethylene cylinder; fa = 1.8 kHz, fe = 3 GHz. 
 
CONCLUSIONS 
 
A two-step, physical model of acoustic and EM wave interaction is described. The results of the model are 
compared to the analytic solutions. Other targets, for which analytical solutions do not exist, have also been 
analyzed. These results along with further details regarding the model will be given at the assembly. 
 
REFERENCES 
 
[1] D. E. Lawrence and K. Sarabandi, “Acoustic and electromagnetic wave interaction: estimation of 
Doppler spectrum from an acoustically vibrated metallic circular cylinder,” IEEE Trans. Antennas and 
Propagation, vol. 51, pp. 1499–1507, 2003.  
[2] ——, “Acoustic and Electromagnetic Wave Interaction: Analytical Formulation for Acousto-
Electromagnetic Scattering Behavior of a Dielectric Cylinder,” IEEE Trans. Antennas and Propagation, 
vol. 49, no. 10, pp. 1382–1392, 2001.  
[3] R. Davies-Jones, “Useful Formulas for Computing Divergence, Vorticity, and Their Errors from Three 
of More Stations,” Monthly Weather Review, vol. 121, pp. 713-725, 1993.  
[4] D. E. Lawrence and K. Sarabandi, “Electromagnetic Scattering from Vibrating Penetrable Objects Using 
a General Class of Time-Varying Sheet Boundary Conditions,” IEEE Trans. Antennas and Propagation, 
vol. 54, no. 7, pp. 2054–2061, 2006.  
[5] A. M. Buerkle and K. Sarabandi, “Analysis of Acousto-Electromagnetic Wave Interaction Using Sheet 
Boundary Conditions and the Finite-Difference Time-Domain Method,” IEEE Trans. Antennas and 
Propagation, vol. 55, no. 7, pp. 1991-1998, 2007. 
[6] J. J. Faran, “Sound scattering by solid cylinders and spheres,” Journal Acoustical Society of America, 
vol. 23, no. 4, pp. 405-418, 1951. 


