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Abstract ─ The implementation of total-field/scattered-

field (TF-SF) boundary for finite-difference time-

domain (FDTD) method was proposed based on face-

centered cubic (FCC) grids. On the basis of the 

arrangement of fields components in the FCC voxel, the 

update equations for the electric and magnetic field 

components of the TF-SF boundary are derived. The 

resonant frequency of a cavity is calculated to illustrate 

that the FCC grid scheme is more accurate as compared 

to the equivalent Yee grid method. Then, by simulating 

the amplitude distribution of the vertical and oblique 

incident plane waves in the whole calculation region, 

the effectiveness of the TF-SF boundary is verified 

numerically.  

Index Terms ─ Face-centered cubic grids, finite-

difference time-domain method, total-field/scattered-

field boundary. 

I. INTRODUCTION
The finite-difference time-domain (FDTD) method 

is widely applied in many electromagnetic problems for 

its instinctive structure and simple implementation [1-6]. 

It is well known that the algorithmic structure of the 

standard FDTD method is based on Cartesian (Yee) grid 

[7,8]. However, due to the selection of computational 

molecule and grid, this Yee-based method has one 

drawback of anisotropy as described by the numerical 

dispersive equation. Thus, the wave-front distortions 

which would not appear in the analytic domain can be 

demonstrated in numerical simulations. One effective 

way of improving the isotropy of FDTD scheme is to use 

alternatives to the standard Cartesian grid [9-11]. Potter 

proposed the face-centered cubic (FCC) lattices for 

the discretization of Maxwell’s equation [12]. The 

comparison of dispersion and stability analysis of this 

method with an equivalent Cartesian method has shown 

that the isotropy has been significantly improved, and the 

stability criterion has also been much relaxed than the 

Yee cell  1.37473FCC Yeet t   , resulting in further 

computational savings. As a result, the FCC grid can be 

considered as an attractive alternative tesselation of 3D 

space for Maxwell’s equations. 

In order to apply the FDTD method based upon FCC 

grids to electromagnetic scattering problems of complex 

mediums, efficient total-field/scattered-field (TF-SF) 

boundary need to be introduced into the computation 

region [13,14]. The TF-SF formulation divides the entire 

FDTD lattice into two distinct regions. Incident and 

scattered fields exist in the total-field region, and 

scattered fields are only limited in the scattered-field 

region [15,16]. Failure to do so can lead to high levels 

of field leakage errors across the TF-SF boundary. In 

this paper, we present a detailed explanation of the 

implementation of TF-SF boundary for FDTD method 

based upon FCC grids. 

The organization of this paper is as follows: Section 

2 simply introduces the FCC grid structure. In Section 3, 

the update equations for the electric and magnetic field 

components of the TF-SF boundary are derived. The 

effectiveness of the proposed scheme is numerically 

verified in Section 4. Section 5 are the conclusions. 

II. DESCRIPTION OF THE FCC GRID

STRUCTURE 

The face-centered cubic (FCC) grid is a spatial 

extension of hexagonal grid. The arrangement of electric 

and magnetic fields in the FCC voxel is shown in Fig. 1, 

which consists of lattice points lying at each corner and 

in the center of all six faces [5]. Two FCC grids should 

be considered for discretizing Maxwell’s equations: one 

indicates the electric field components, and the other 

hosts the magnetic components. Different from the 

conventional Cartesian (Yee) grid, both electric field 

components and magnetic field components are 

collocated (each lattice point denote all three components) 

in FCC grids, whereas magnetic and electric fields are 
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staggered. It is obviously seen that there are four unique 

electric field vectors and four unique magnetic field 

vectors in the FCC voxel: located at the closest corners, 

as well as lying in the center of the xy-face, yz-face and 

xz-face. For the purposes of indexing and analysis, the 

side lengths of the FCC voxel are assumed as ,x y    

and z , the indies with a given voxel are set as 

   , , , , , ,i j k n i x j y k z n t     , where t  is the time 

step. The magnetic field grid is displaced from the electric 

field grid along the direction of the voxel main diagonal 

by the displacement vector  / 4, / 4, / 4d x y z    . 

Fig. 1. Electric and magnetic field lattice points in the 

FCC voxel. 

According to the arrangement of fields components 

in the FCC voxel, the tetrahedral structure of electric 

fields surrounding a given magnetic field is shown in Fig. 

2 (a). The field update equations at the tetrahedron center 

are obtained using these nearest neighbors. Projecting 

this tetrahedral structure onto the rectangular coordinate 

axes, the displacement vectors that represent the location 

of these electric field components with reference to the 

magnetic field location, are 1= , ,
4 4 4

x y z   
 
 

e  , 

2 = , ,
4 4 4

x y z   
 

 
e  , 3= , ,

4 4 4

x y z   
 

 
e  and 

4 = , ,
4 4 4

x y z   
   
 

e , respectively. On the contrary, in 

Fig. 2 (b) the appropriate displacement vectors presenting 

the magnetic field locations neighboring the electric 

field, are 1 , ,
4 4 4

x y z   
  
 

h , 2 , ,
4 4 4

x y z   
   
 

h  ,

3 , ,
4 4 4

x y z   
   
 

h   and 4 , ,
4 4 4

x y z   
   
 

h  , 

respectively. 

(a) 

(b) 

Fig. 2. (a) The organization of the electric fields 

neighboring a specified magnetic field point; and (b) 

the organization of the magnetic fields neighboring a 

specified electric field point. 

III. TF-SF BOUNDARY IMPLEMENTATION

ON FCC GRIDS 
As illustrated in Fig. 3 (a), the field update points 

around the TF-SF boundary for the FDTD method on 

FCC grids are different from those on the Yee scheme. 

The field update points on the TF-SF boundary are 

assumed as electric field grids, and the grid points displace 

/ 4m  ( , ,m x y z ) away from the TF/SF boundary are 

set as magnetic field grids. Here, we take the upper 

boundary as an example. The derivations for other five 

boundary proceeds in a similar way. In Fig. 3 (b), the 

filled circle ②  at the upper boundary indicates the 

electric field grid located at the corners of FCC grids, and 

circles ① and ③ indicate electric field grid lying in the 

center of the face of an FCC grid. The hollow circles 

④-⑦ indicate the neighboring magnetic field grids on 

the exterior boundary located / 4z  distance away from 

the upper boundary.
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(a) 

1  1/ 2, 1/ 2, ai j k 

2  , , ai j k

6  +1/ 4, +1/ 4, 1/ 4ai j k 

7  +3 / 4, +3 / 4, 1/ 4ai j k 

3  +1/ 2, +1/ 2, ai j k

4  3/ 4, 3/ 4, 1/ 4ai j k  

5  1/ 4, 1/ 4, 1/ 4ai j k  

4

z

1

2

34

5

6

7

(b) 

Fig. 3. (a)TF-SF field boundary of FCC-FDTD method; 

and (b) arrangement of fields components at the upper 

boundary. 

A. Update equations of electric field components

It is obvious that the computations of the electric

field components on the TF-SF boundary are related to 

the magnetic field components on the exterior boundary 

which belong to the SF field. Therefore, when the 

incident wave is introduced into TF region by the TF-SF 

boundary, the iteration equations of electric field 

components are required to add the incident wave field 

value at the corresponding time step and the grid [1]. 

Thus, the update equations of electric field components 

at the upper boundary (
az z ) can be obtained as below:

(1) Electric field grid located at the corners of FCC

grids: 

    

 1 1

, , , ,

1/2 1/2

1 1 1 1 1 1, ,, , , ,
4 4 4 4 4 4

1/2 1/2

1 1 1 1 1 1, ,, , , ,
4 4 4 4 4 4

,

a a

a a

a a

n n

x xi j k i j k
FCC

n n

z i z ii j k i j k

n n

y i y ii j k i j k

E E

t
H H

y

t
H H

z





 

 

     

 

     



  
     

  
     

(1) 

where  1

, , a

n

x i j k
FCC

E


 is update equation for electric 

component 
xE at location  , , ai j k based upon FCC grids:

 1

, , , ,

1/2 1/2
1 1 1 1 1 1

, , , ,
4 4 4 4 4 4

1/2 1/2
1 1 1 1 1 1

, , , ,
4 4 4 4 4 4

1/2 1/2

1 1 1 1 1 1
, , , ,

4 4 4 4 4 4

1 1 1
, ,

4 4

a a

a a

a a

a a

a

n n

x xi j k i j k
FCC

n n

z zi j k i j k

n n

z zi j k i j k

n n

y yi j k i j k

y i j k

E E

t
H H

y

H H

t
H H

z

H







 

     

 

     

 

     

  



 
 

  


 



 
   


1/2 1/2

1 1 1
, ,

4 4 4 4

.
a

n n

y i j k
H

 

  


 



(2) 

Similarly, the update equations can be obtained for 
1

, , a

n

y i j k
E



and 
1

, , a

n

z i j k
E


, 

 1 1

, , , ,

1/2 1/2

1 1 1 1 1 1, ,, , , ,
4 4 4 4 4 4

1/2 1/2

1 1 1 1 1 1, ,, , , ,
4 4 4 4 4 4

+

- ,

a a

a a

a a

n n

y yi j k i j k
FCC

n n

x i x ii j k i j k

n n

z i z ii j k i j k

E E

t
H H

z

t
H H

x





 

 

     

 

     



  
     

  
     

(3) 

 1 1

, , , ,
FCC

1/2 1/2

1 1 1 1 1 1, ,, , - , - ,
4 4 4 4 4 4

1/2 1/2

1 1 1 1 1 1, ,, , - , - ,
4 4 4 4 4 4

,

a a

a a

a a

n n

z zi j k i j k

n n

y i y ii j k i j k

n n

x i x ii j k i j k

E E

t
H H

x

t
H H

y





 

 

   

 

   



  
     

  
     

(4) 

where 

 1

, , , ,

1/2 1/2
1 1 1 1 1 1

, , , ,
4 4 4 4 4 4

1/2 1/2
1 1 1 1 1 1

, , , ,
4 4 4 4 4 4

1 1 1
, ,

4 4

1/2 1/2
1 1 1 1 1 1

, , , ,
4 4 4 4 4 4

a a

a a

a a

a

a a

n n

y yi j k i j k
FCC

n n

x xi j k i j k

n n

z zi j k i j k

z i j k

n n

x xi j k i j k

E E

t
H H

z

t
H H

x

H

H H







 

     

 

     

  

 

     



 
 

  





 
 

  



 

1/2 1/2
1 1 1

, ,
4 4 4 4

,
a

n n

z i j k
H

 

  






(5) 

x

y

z

 0 0 0
, ,i j k

0 0 0

1 1 1

4 4 4
, ,i j k  

 
 
 

0 0

1 1 1

4 4 4
, ,

a
i j k  
 
 
 

0

1 1 1
+ +

4 4 4
, ,

a a
i j k
 
 
 

 , ,
a a a

i j k

1 1 1
+ + +

4 4 4
, ,

a a a
i j k
 
 
 

TF/SF

boundary

Δz 

4 
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 1

, , , ,

1/2 1/2

1 1 1 1 1 1
, , , ,

4 4 4 4 4 4

1/2 1/2
1 1 11 1 1 , ,, ,
4 4 44 4 4

1/2 1/2
1 1 1 1 1 1

, , , ,
4 4 4 4 4 4

1 1 1
, ,

4 4

a a

a a

aa

a a

a

n n

z zi j k i j k
FCC

n n

y yi j k i j k

n n

y z i j ki j k

n n

x xi j k i j k

x i j k

E E

t
H H

x

H H

t
H H

y

H







 

     

 

    

 

     

  



 
   


  



 
 

  


1/2 1/2

1 1 1
, ,

4 4 4 4

.
a

n n

x i j k
H

 

  






(6) 

In addition, for the electric field components located 

at four edges of the upper boundary, they also belong to 

the corners of FCC grids, and can be derived in the same 

way. 

(2) Electric field grid lying in the center of the face

of FCC grids: 

1 1
1 1 1 1

+ , + , + , + ,
2 2 2 2

1/2 1/2

3 3 1 1 1 1, ,, , , ,
4 4 4 4 4 4

1/2 1/2

3 3 1 1 1 1, ,
, , , ,

4 4 4 4 4 4

,

a a

a a

a a

n n

x xi j k i j k
FCC

n n

z i z ii j k i j k

n n

y i y i
i j k i j k

E E

t
H H

y

t
H H

z





 

 

     

 

     

 
 
 

 
 
 

 
 
 




 
 


 
 

(7) 

1 1

1 1 1 1
+ , + , + , + ,

2 2 2 2

1/2 1/2

3 3 1 1 1 1, ,, , , ,
4 4 4 4 4 4

1/2 1/2

3 3 1 1 1 1, ,, , , ,
4 4 4 4 4 4

,

a a

a a

a a

n n

y y
i j k i j k

FCC

n n

x i x ii j k i j k

n n

z i z ii j k i j k

E E

t
H H

z

t
H H

x





 

 

     

 

     

 
 
 

 
 
 

 
 
 




 
 


 
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(8) 

1 1
1 1 1 1

+ , + , + , + ,
2 2 2 2

1/2 1/2

3 3 1 1 1 1, ,
, , , ,

4 4 4 4 4 4

1/2 1/2

3 3 1 1 1 1, ,, , , ,
4 4 4 4 4 4

.

a a

a a

a a

n n

z zi j k i j k
FCC

n n

y i y i
i j k i j k

n n

x i x ii j k i j k

E E

t
H H

x

t
H H

y





 

 

     

 

     

 
 
 

 
 
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 
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
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 


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(9) 

Here,
1

1 1
+ , + ,

2 2
a

n

y i j k
FCC

E
 

 
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, 
1

1 1
+ , + ,

2 2
a

n

y i j k
FCC

E
 

 
 

 and 

1

1 1
+ , + ,

2 2
a

n

y i j k
FCC

E
 

 
 

in equations (7-9) are the update 

equations of electric field components at node

0

1 1
+ , , +

2 2
i j k
 
 
 

, which can be easily obtained by 

replacing  , , ai j k  in equations (2), (5) and (6) with 

0

1 1
+ , , +

2 2
i j k
 
 
 

, respectively . 

B. Update equations of magnetic field components

In Fig. 3, it is also seen that the computations of

magnetic field components on the exterior boundary 

located / 4z  distance away from the upper boundary 

are related to the electric field components on the TF-SF 

boundary, and therefore the iteration equations of 

magnetic field components are required to subtract the 

incident wave field value at the corresponding the grid 

on the TF-SF boundary. Then, the update equations of 

magnetic field components can be represented as below: 

(1) Magnetic field grid located at the corners of FCC

grids: 

 1/2 1/2
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are the update equations of magnetic 

field components at location 
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(2) Magnetic field grid lying in the center of the face 

of FCC grids: 
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and

 1/2
3 3 1
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a
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

  
 are the update equations of magnetic 

field components at location 
3 3 1

, ,
4 4 4

ai j k
 
   

 
 based 

upon FCC grids, respectively. 
 

IV. NUMERICAL RESULTS 
In this section, we will first validate update 

equations for the electric and magnetic field component 

reformulated on FCC grids, as the implementation  

of the proposed TF-SF boundary for the FDTD method 

are based on these update equations. Here, let us  

consider an empty rectangular metal cavity. The  

cavity size is 10 15 16mm mm mm  . The FCC cell  

sizes are 0.5x y z mm        . The time step is

0/ 2.5 =0.667t c ps  , where 0c  is the speed of light  

in vacuum. A modulated Gaussian pulse is used as the 

source function, which is described by: 

  2 2

0( ) exp[ 4 ( ) / ] cos( )P t t t t      ,           (19) 

with the angular frequency parameter 
10=4 10   , delay 

parameter =30 t   and 
0 0.8t  . The excitation source 

is placed at (0,0,0). Figure 4 plots the waveform of 
zE  

component of TM111 mode at observation point (0,0,10). 

The simulated results demonstrate the convergence of 

the proposed FCC grid method. In Fig. 5, the resonant 

frequency of TM111 mode of the cavity using the FCC 

method is 20.086GHz, and the theoretical resonant 

frequency of the cavity is 20.319GHz. The structure  

is also simulated in the standard Cartesian grids using  

the same cell sizes, and the resulting resonant frequency 

is 19.932GHz. The relative error is defined as

 0 0 100%E rf f f    , where 
0f  is analytical 

frequency of the cavity, 
rf  is the simulation frequency 

of the cavity. The relative error obtained by FCC  

method and Cartesian method are 1.147% and 1.904%, 

respectively. It is shown that the FCC grid code is more 

accurate as compared to the traditional Yee grid method.   
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Fig. 4. 
zE  component of TM111 mode at observation 

point (0,0,10). 
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Fig. 5. The resonant frequency of TM111 mode of the 

cavity based upon the FCC grids.  
 

Next, numerical examples are presented to validate 

the proposed TF-SF boundary for a plane wave 

excitation in the FDTD scheme based upon FCC grids. 

Here, a sinusoidal wave as an incident source is 

expressed by: 

       
0sin(2 / )f c t  ,                        (20)  

where c0 is the speed of light in vacuum, and the 

wavelength of plane wave is =0.1m . The total 

computational region contains 280 280 280   FCC cells 

with 280 cells along x, y and z directions, respectively. 

The TF region has 60 FCC cells along x, y and  

z directions, respectively. The spatial step is set as
35 10x y z m         , and the time step size is 

0/ 4 =4.17t c ps  . The calculation program was set 

to run 1000 time steps. Numerical results in Fig. 6 are for 

the case of vertical incidence. Figures 6 (a) and 6 (b) 

show the plane wave amplitude distribution in the yz-

plane section of the TF area at time step 220 t  and 

380 t , respectively. The value of the right color bar 

indicates the relative amplitude value of 
xE . The 

xE  

field value against time at the observation point (0,0,0) 

is shown in Fig. 6 (c). It is clearly seen that there are no 

field leakage errors across the TF-SF boundary. The 

incident wave is successfully introduced into the TF area 

with the proposed TF-SF boundary.  

Finally, the effectiveness of this TF-SF boundary for 

introducing plane wave at oblique incidence will be 

verified. The plane wave amplitude distribution in the 

yz-plane section of the TF area at time step 220t t    

and 440t t   are shown in Fig. 7 (a) and Fig. 7 (b), 

respectively. Figure 7 (c) plots the 
xE  field value against 

time at the observation point (0,0,0). It is further shown 

that the incident wave is successfully introduced into the 

TF area efficiently with the proposed TF-SF boundary. 

It therefore appears that this study lays a solid foundation 

for using FDTD method based on FCC grids to deal with 

scattering problems. In Figs. 6 (c) and 7 (c), we found 

that the value of electric field varies slightly with the 

increase of time. This is due to the fact that the 

computational domain wasn’t truncated by the absorption 

boundary. There are certain reflections from the 

computational boundary. The related absorbing boundary 

conditions for FDTD method based upon FCC grid will 

be studied in future work. 
 

 
                                         (a) 

 
                                         (b) 
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Fig. 6. Plane wave introduced into the TF area at  

vertical incidence: (a) amplitude distribution of electric 

component Ex at time step 220t t  ; (b) amplitude 

distribution of electric component Ex at the time 

380t t  ; (c) field value of Ex against time at the 

observation point (0,0,0). 
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Fig. 7. Plane wave introduced into the TF area at vertical 

incidence: (a) amplitude distribution of electric 

component Ex at time step 220t t  ; (b) amplitude 

distribution of electric component Ex at the time 

380t t  ; (c) field value of Ex against time at the 

observation point (0,0,0). 

VI. CONCLUSION
In this paper, we formulate an effective TF-SF 

technique for the FDTD method based upon FCC 

grids is presented. According to the location of electric 

and magnetic field components in the FCC voxel, the 

difference iteration formulas for the electric and 

magnetic field components of the upper boundary are 

derived. Numerical results demonstrate that the incident 

plane wave can be successfully introduced into the TF 

area with the proposed TF-SF boundary. Future work 

will establish the complete FCC-FDTD algorithm for the 

EM scattering of targets by researching on the related 

absorbing boundary conditions and the near-to-far field 

transformation boundary. 
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