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Determination of the Direction That Has Maximum
Phase-Velocity for the 2-D and 3-D FDTD Methods
Based on Yee's Algorithm

An Ping Zhao, Senior Member, IEEE

Abstract—To easily evaluate the performance of the numerical
dispersion of the FDTD method, a simple and efficient manner to
theoretically determinethe special direction that hasthe maximum
phase-velocity for arbitrarily shaped two-dimensional (2-D) and
three-dimensional (3-D) Yee'scellsisproposed. It isfound that the
wave propagating along the special direction obeys the following
physical rule: the time that the wave takes to traverse the spa-
tial step sizes along each of the main axes of the cell isidentical.
It is demonstrated that this special direction is closely related to
the aspect ratio(s) of the cells, rather than the diagonals of the
cells. Moreover, the mathematical expressions for the maximum
phase-velocity of the 2-D and 3-D cellswith arbitrary aspect ratios
are derived for thefirst time.

Index Terms—FDTD method, maximum phase-velocity, numer -
ical dispersion.

I. INTRODUCTION

T HAS been shown [1] that the performance of the numer-

ical dispersion of the finite-difference time-domain (FDTD)
method can be quantified by two normalized error measures:
i) the physical phase-velocity error Avpp,ysicqr and ii) the ve-
locity-anisotropy error Avg,;... They are defined as[1]

AVphysical = (1 - (11)

Vmax — Mmin o
AVgniso = — == x 100%.
Ymin

”—“) % 100%
C
(1.2)

From (1) one can see that in order to evaluate the performance
of the numerical dispersion v,,;,, and v, must be known. Al-
though for both the two-dimensional (2-D) and three-dimen-
sional (3-D) FDTD methods based on Yee's scheme 1,,,;,, and
Vmax €aN be numerically obtained by solving the corresponding
numerical dispersion relations, it will be more convenient if
the analytical solutions are available. Deriving the mathemat-
ical expression for vy, can be easily done as v, appears
along the axis that has the biggest spatial increment [1]. In the
past, the mathematical expression for v,,,,,. Wasderived only for
the cases where Yee's cells are either square (for 2-D case) or
cubic (for 3-D case) since in these cases the special direction
that has the maximum phase-vel ocity is the same as the diago-
nals of the square or cubic cell [1], [2]. For nonsgquare and non-
cubic Yee's cells, however, mathematical expression for v,
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was not found. Thisis because for the nonsquare and noncubic
cells the special direction is no longer identical to the diagonal
of the cells, and most importantly, it was unclear that for the
wave propagating along the special direction what physical rule
should be obeyed.

In this paper, wefirst find the physical rule that is obeyed by
the wave propagating along the special direction. Consequently,
the exact angles that define the special direction are determined
for both general 2-D and 3-D Yee's cdlls. It is found that a-
though in general the special direction isnot directly associated
with the diagonal of the 2-D and 3-D Yee's cdlls, it closely re-
lates to the shape of the cdlls. In addition, the mathematical ex-
pressions of 1, are derived for the 2-D and 3-D cells with
arbitrary aspect ratios.

II. DETERMINATION OF THE SPECIAL DIRECTION
FOR 2-D AND 3-D YEE'S CELLS

Two-Dimensional Case: If for an arbitrary 2-D Yee's cell
Az and Ay are the cell sizesin the 2 and y directions, respec-
tively, then the numerical dispersion relation of the 2-D FDTD
method is

1 . of kxAx 1 . of kyAy
(Aa)? sin < 5 )—l— (By)? sin < 5
1 . wAt
= (can)? 51112< 5 ) (2

and the time step used in the 2-D FDTD method is limited by
1

1 1
¢\ @er T @eP

where ¢ = 1/,/ep is the speed of light in the medium; w is
the wave angle frequency; and k&, and k, are the numerical
wavenumbers in the = and ¥ directions, respectively. If we as-
sume that the wave propagates at an angle ¢ with respect to the
positive z direction, then the numerical wavenumbers in the z
and y directions are given by

At < AP —

max

©)

ky =kcos¢, and k, =ksing. 4

According to the definition of the special direction, one can
see that when the wave propagates along this special direction
the following physical rule must be obeyed: the time that the
wave takes to traverse the spatial step sizes along the = and
1 directions must be identical. This is the only condition that
ensures the wave propagating along this special direction have
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the maximum phase-vel ocity. The amount of the traveling time
of the wave spends in the x and ¥ directions of the 2-D cell
can be represented by At (=Ax/v,) and At (=Ay/v,), re-
spectively; wherev,,(=w/k,) and v, (=w/k,) arethe phase-ve-
locity of thewave aong the x and y directions. Therefore, while
the physical rule At, = At, issatisfied, one has

ky Az =k, Ay. 5)

Combining (4) with (5), one can obtain the exact angle of the
special direction for ageneral 2-D Yee's cell

Az

¢ = tan"H(R) = tan™! <A—y) (6)

where R = Az/Ay is the aspect retio of the 2-D Yee's cell.
Note that the special direction is identical to the diagonal of a
2-D cell only when the 2-D cell issquare (i.e., R = 1.0).

Substituting (4) and (6) into (2), one can obtain the mathe-
matical expression for the numerical wavenumber % along the
specia direction of the 2-D FDTD method

2V1I+R? . T1 . wAzS
= ——¢in" | =sin| ——— (7
Az S 2¢v1 4+ R?

where S = At/At2P _isthe Courant number of the 2-D FDTD

method. Hence, the mathematical expression of v, aong the
special direction of the 2-D FDTD method is

w wAT
E - i —1| 1 s wAzS ) (8)
2v1+ R?sin [g sm(Qcm )}

From (8), one can see that v/, = cif S = 1. Thisalso means
that the numerical wavenumber & along the special directionis
identical to the theoretical wavenumber w/c if the maximum
time step is used.

Three-Dimensional Case: If for an arbitrary 3-D Yee's cell

Az, Ay, and Az arethe cell sizesin the z, y, and ~ directions,
respectively, then the numerical dispersion relation of the 3-D

FDTD method is
1 . of kzAx 1 . of kyAy
(Aa:)Q sin < 5 )—i— (Ay)2 sin < y2
n 1 sin? k.Az\ 1
(A2 "\ T2 )T (can?
and the time step used in the 3-D FDTD method is limited by
1
C\/ wor + @ T G

Assume that ¢ and @ are the azimuth and polar angles of the
wave propagation direction, then the numerical wavenumbers
inthe z, y, and » directions are

k

Vmax =

At < AP =

max

(10)

kr = ksinfcos¢, k, =ksinfsing, and k.= kcosé.
(11)

If the wave propagates exactly along the special direction of
the 3-D Yee's cell, then the time that the wave takes to traverse

the spatial step sizes along the z, v, and = directions of the 3-D

cell must also be identical. Therefore, similar to the 2-D case,
the following condition must be hold for the wave propagating
along the special direction of the 3-D Yee'scell:

ke Az =k, Ay = k.Az (12)

Combining (11) with (12), one can find the exact angles of
the special direction for ageneral 3-D Yee's cell

+J1+ R2
¢ =tan"'(R,), and 6=tan"" (—J> (13

RZ

where R, = Az/Ayand R. = Ax/Az arethe aspect ratios of
the 3-D Yee' s cell. Note that the special direction isidentical to
the diagonal of a 3-D cell only when the 3-D cell is cubic (i.e.,
R, = R, = 1.0).

Substituting (11) and (13) into (9), one can obtain the math-
ematical expression for the numerical wavenumber £ aong the
special direction of the 3-D FDTD method

2\/1+R3+R§ 1|1 wAzS
k= ————0——sin
2¢,/1+ R2 + R2

Ar — sin
(14)

S
where S = At/A#3P isthe Courant number of the 3-D FDTD

max

method. Thus, the mathematical expression of 1., aong the
specia direction of the 3-D FDTD method is

w
VmaX:E
_ wAx
2 2gin~ ! | L gipn [ —wAxS
2,/1+ Ry + RZsin [s Sm(%\/mﬂ

(15)

From (15), one can see that, similar to the 2-D case, we still
have vy, = cif S = 1. Thisimplies that for the 3-D case
the numerical wavenumber & along the special direction isalso
identical to the theoretical wavenumber w/c if the maximum
time step is adopted.

I1l. NUMERICAL VALIDATIONS

The numerical dispersion relations (2) and (9) can be numeri-
cally solved with aroot-finding technique. Thisimpliesthat the
angles of the special direction can be numerically determined.
Therefore, comparing with the numerical solutions can validate
the theory proposed in Section Il for finding the exact angles of
the specia directions.

Two-dimensional case: Without loss of generality, we can
assume that for the 2-D cell we have Az > Max(Az, Ay).
In addition, we define N = \/Axz as the mesh resolution of
the 2-D cell. Fig. 1 shows the normalized phase-velocity (v, /c)
[obtained numerically from (2)] asfunctionsof R, S, and ¢. In
particular, the values of R are chosento be 1.0, 1.5, and 2.0; and
the values of S are 1.0 or 0.5. In addition, the mesh resolution
N = 20 isusedfor all the cases. From Fig. 1 one can seethat, as
expected, the special direction that has the maximum phase-ve-
locity varies with R. To ensure the accuracy of the angle ob-
tained numerically from (2), a small increment A¢ = 0.0001°
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Fig. 1. Normalized phase-velocity (v, /) asfunctionsof R and S for the 2-D
FDTD method.

isused. For R = 1.0, 1.5, and 2.0 the angle ¢ (of the spe-
cial direction) obtained numerically from (2) is 45°, 56.31°,
and 63.435°, respectively. These angles are just the same as
those obtained directly from (6). Note that for the 2-D cellswith
R = 1.0, 1.5, and 2.0 the angles of their diagonals are defined
by ¢o = 45°, 33.69°, and 26.565°, respectively. This means
that only for the square cell (i.e., R = 1.0) the special direction
isidentical to the diagonal of the cell. In addition, from Fig. 1
one can see that for S = 1.0 or 0.5 the angle for the special
direction is unchanged. Moreover, the values of v, Obtained
numerically from (2) are also the same as those obtained from
(8).

Three-dimensional  case: Without loss of gener-
ality, we can assume that for the 3-D cell we have
Az > Max(Az, Ay, Az), and define N = A/Az as
the mesh resolution of the 3-D cell. As an example, we use
R, =20, R, =3.0,and N = 20 for validation. Fig. 2 shows
the normalized phase-velocity (v,/c) [obtained numerically
from (9)] as functions of 4, ¢ and S. To ensure the accuracy
of the angles obtained numerically from (9), a small increment
A¢ = A = 0.0001° isused. Notethat theangles # = 73.398°
and 36.699° shown in Fig. 2 are the polar angles of the diagonal
and the specia direction of the 3-D cell, respectively. The
angles of the specia direction obtained numerically from (9)
are ¢ = 63.435° and 6 = 36.699°, which are the same as those
obtained directly from (13). In addition, the angles of the diag-
onal of the 3-D cell are ¢ = 26.565° and 8y = 73.398°, which
implies that for the 3-D cell under consideration the special
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Fig. 2. Normalized phase-velocity (v, /¢) asfunctions of 6 and S for the 3-D
FDTD method.

direction is different from its diagonal [however, if the cubic
cel (i.e, R, = R. = 1.0) is used, then the special direction
will be identical to the diagona of the cell]. In addition, the
values of v, obtained numerically from (9) are also the same
as those obtained directly from (15). More studies indicate that
the above conclusion is also true for the cases where arbitrary
values are used for R, and .. These investigations certainly
confirm the validity of the theory proposed in this letter.

IV. CONCLUSIONS

Based on the physical rule discovered in this paper, the exact
angles of the special direction are determined for both general
2-D and 3-D Yee's cdlls. In addition, the mathematical expres-
sions for the maximum phase-vel ocity are also derived. This, in
turn, makes the evaluation of the performance of the numerical
dispersion of the FDTD method based on Yee's cells with ar-
bitrary aspect ratios smpler and easier. Furthermore, from the
analysis carried out in this paper one can know that the special
direction is generaly not the same as the diagonal of the Yee's
cells; and it reduces to the diagonal only when the Yee's cells
are either square (in 2-D case) or cubic (in 3-D case).

REFERENCES

[1] A.Tafloveand S. Hagness, Computational Electrodynamics: The Finite-
Difference Time-Domain Method, 2nded. Boston, MA: Artech House,
2000.

[2] J. B. Schneider and R. J. Kruhlak, “Dispersion of homogeneous and
inhomogeneous waves in the Yee finite-difference time-domain grid,”
|EEE Microwave Theory Tech., vol. 49, pp. 280-287, Feb. 2001.



	MTT025
	Return to Contents


