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Abstract

In this work, a novel ADI- CFDTD technique is presented.
The proposed technique is a combination of ADI concept
with CFDTD analysis method. The proposed method restores
the second order accuracy with high stability than ADI-
CFTD. ADI-CFDTD suits well to overcome the limitation
of existed ADI-FDTD for analysis of curvilinear objects. By
controlling wave propagation confining to the object
boundary and avoids wave leakage performance will
enhanced. In this study, ADI-CFDTD applied on circular
microstrip patch antenna to evaluate the performance.
Obtained results are compared with CST Microwave CAD
model results. Both the results are good in agreement. The
proposed ADI-CFDTD method helps to reduce the
computational complexity.

I Introduction

In FDTD technique the time step ‘4¢’ plays an
important role; however it is limited by the CFL stability
condition. The FDTD method becomes unstable when the
step size exceeds the CFL limits. In order to overcome this
drawback, the Alternative Direction Implicit (ADI) FDTD
method is introduced. The ADI FDTD method [1-2] is
unconditionally stable for any time step size. The spatial
discretization in FDTD method provides inaccurate outcomes
for curved objects which is known as staircase error. This
staircase error becomes larger in ADI FDTD for curved
objects. This limitation of ADI FDTD has been addressed in
many research articles. In this chapter Conformal based ADI
FDTD (ADI CFDTD) method is introduced. A circular patch
antenna array is used to evaluate proposed conformal ADI
FDTD. The proposed method provides good results as
compared with antenna CAD tools.

In this work a novel ADI Conformal FDTD (ADI-
CFDTD) technique [3] is proposed for restoring the second
order accuracy with high stability in the ADI-FDTD
technique. Mainly, the CFDTD is applied as a local correction
to the ADI-FDTD technique. This correction enhances the
local finite difference approximation accuracy from the zero
order to the first order, and the global accuracy from the first
order to the second order because of the super-convergence.
The proposed method can be used for many CEM
applications where the curved objects are integrated in a
system. The proposed technique is capable in reducing the

spatial sample density and computational complexity of CEM
applications.

The ADI methods have been proposed n by the authors
Peaceman and Rachford in the year 1955 [4]. These methods
were mainly developed for getting the effective numerical
outcomes of elliptic and parabolic partial differential
equations.

The heat equation can be represented as follows

du 0%u N 0%u "
ot ox?  dy? M
The best example of parabolic differential equation, over the
mesh superimposed on the rectangular region 0 < x < a,0 <
y<b.

By utilising the space time notation
ut; = u(idx, jAy, nAt) (2)

The simple explicit finite-difference strategy for the solution
is expressed as

n

n+l __
ij

ur; u

At
3 u?ﬂj - Zu{fj + u{‘_l,j
- Ax?
up; = 2ui +upy
Ay?

3)

Even though the above explicit representation appears simple
and straight forward for solutions, it is limited by the
following CFL condition for stability i.e.

i + i < i (4)
Ax?  Ay? T 2At

The perfect time matching is achieved by selecting a very
small At value which results in accurate outcome. In the
implicit technique, the iterations are necessary to be long for
a solution to settle. This is major drawbacks in implicit
technique.

In the ADI approach [5], each time step is partitioned into two
sub-portions i.e., the n'" and the [n+1/2]™ steps. In the first
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0%u
a_yzl
iteration by the finite difference replacement. The first,

2%u

—— Is replaced by the [n+1/2]

iteration. A pair of simulation equations are implicit in the x-
direction. In the process of converting from the intermediate
iteration, n+1/2 to n+1 iteration, the difference equation gets
implicit in the y-direction and explicit in the x-direction.
Especially, the two sub-computations are:

half step, the second derivative, is approximated at the nt"

second order derivative,

1 1 1
n+s n+s +5 n+s
2 _ . n. 2 2 2
U ; WUij Uy 2u; C
At 2
/2 Ax
n
ul]+1 2ui,j + ul]—l
> 5)
Ay
1 1 1 1
n+1 _ 71.+E n+§ _ n+§ n+§
Upj = — U Uy —2u "ty
At 2
/2 Ax
n+1 n+1 n+1
Ujjr1— Zul,] + U
3 (6)
Ay

The above equation is chosen as unconditionally stable and
realization can be similar to that which has been utilized by
the O’Brien, Hyman, and Kaplan [6].

11 Conventional ADI- FDTD Algorithm:

The CFL condition for FDTD results in upper bound value of
the time step. To eliminating the CFL condition, the above
mentioned ADI principle is integrated with FDTD method
which leads to an unconditionally stable FDTD strategy,
called ADI-FDTD technique.

2.1 Derivation of ADI-FDTD Scheme

As specified in the previous sections, in an isotropic medium
with medium permittivity e and medium permeabilityu, the
curl vector equation of Maxwell’s equations can be expressed
in six scalar partial differential equations in the Cartesian
coordinates as specified in the previous equation. The initial
equations are as follows:

OE,
ot

_1(0H, 0H,
e\ dy 0z

JE,

at
1 (aHx GHZ)
T e\ oz ox

(7a)

(7b)

oE,
ot

_1(0H, 0H,
T e\ ox dy

(7¢)
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oH,
at

_1(% 9,
u\ oz Jdy

oty

ot

_1(8EZ 8Ex)
Cu\ox 0z

(7d)

(7e)

oH,
at

_1(0E, 0E,
T u\dy ox
After applying ADI method to the equation 5.7a the time step

of FDTD n to n+l is segregated into two sub- step
calculations which is nth to n+1/2 and n+1/2 to n+1 time step.

(7f)

The two sub-step calculations are elaborated as follows

For the first sub-step (i.e.atthe(n+ 1/
2)thtimestep), thefirst patial derivation on the right-hand
side of 5.7a, i.e %, is replaced with an implicit difference
approximation of its unknown pivotal values at the [n+1/2]th
time step, while the second derivatives on the right-hand side,
i.e %, is replaced with an explicit finite difference

approximation in its known values at the previous n-th time
step. In the other words, equation 5.7a becomes

ol ol ol
2 n 2 2

X1 x. . 1 Z 1.1 Z. 1.1

i+5.k i+5.)k - 1 i+5.j+5k it+5,j-3k

At‘/z e Ay

n-+ n-+
H 2 —H 2

y.1. 179Z. 1. 1

L+7,],k+§ 1+§,],k—§ (8)

Az

For the second sub-step (i.e at (n+1)-the time step), the second

term on the right-hand side, dHy/dZ’ is replaced by an

implicit finite-difference approximation of its unknown
pivotal values at (n+1)-th time step; while the first term,

dHZ/dy, is replaced with an explicit finite-difference

approximation in its known values at the previous (n+1/2)-th
time step.

Similarly, equation (5.7a) evolves to

1 1 1
n+s n+s n+s
2 n+1/2 2 2
x 1. “Ex. 1 Hz { 1 —Hz { 4
L+E,],k l+5,],k _1 l+E,]+E,k l+E,]—E,k
At/z e Ay
gL _H, L
y., 1. 17 Hy 1. 1
L+E,1,k+5 H'E’]’k_f (9)

Az
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Note that the above two sub-steps represents the alternations

in the FDTD recursive computation directions in the sequence
of the terms, the first and the second terms. They result in the
implicit formulations as the right-hand sides of the equations
contain the field values which are unknown and need to be
updated. The method is then termed “the Alternating
Direction Implicit (ADI)” method.

By applying the same process to all the remaining scalar
differential equations as mentioned in 5.13 and 5.14, one can
acquire the entire set of the implicit unconditionally stable
FDTD equations.

For converting the n'" time step equation to the [n+1/2]" time
step:

1 1 1
Exn+§ S, HZn+15 - Zn+15 .
L1, 1 L1, L1
l+5v1vk l+2'1'k — l l_E']+E’k L+E']_E’k _
Bt/ p Ay
_1
H —H,
y. 1, 1 Py, 1. 1
L+E,],k+5 I.+2,],k 3 (10a)
Az
1 1 1
E n+z g u nt+s _n n+s
Vitejrl Yitejk CTNTE RS S I P
I.,E+], +5 ot :l L.]+2. +2 L,]+2, 7 _
At/z £ Az
HyM 1 1 —H" 1. 1
(10b)
Ax
1 1 1
Ezn-'—E _Ez_nL 1 "3 -H "2
At/z & Ax
n n
x, .. 1, 1 Hx, . 1 1
Litgkts bi—gkty (10¢)
Ay
1 1 1
xn+i _Hxn 1,1 "2 —E )
kil ks 1| Yijedken Yijeli
8/, I Az
EZ" 1Bz 1
Lj+1k+5 ijk+s
— 10d
= (10d)
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1 1 1

n+s n+3 n+3

H 2 —H,T E. 2 _ 2
y.. 1. 1"y, 1., 1 z, ..o 17"z, 1

i+5,).k+5 i+5)k+3 _1 i+1,jk+5 Ljk+s _

ExT —Ex"
Yirljktr Cirljk

Af/z u Ax

(10e)
Az
1 1 1
zn+1E 1 _Hzn 1.1 xntE - xntE
45 j+zk i+5j+5k — 1 i+3,j+1k i+3.jk _
at/, u Ay
Ey" —Ey"
Yitrj+ix Vil
Jtok Lj+5k (
gk Tl 101)

Ax

Conversion of [n+1/2]th to the [n+1]th time step

ey il nil ntl
Ex 1. —Ex 1 Hz { 1 —Hz 1 4
i)k Titgik 1 i+5,j+5k i+zi-zk
At/z £ Ay
oL _gntl
Vird it My 1 1
1+2,],k+2 1+2,],k 5 (11(1)
Az
pr ntl ntl
By 1, By’ He 5 17Hx 5 1
2 ) igtik  _ 1| “ijtzkty  Ljtzk-3
At/z £ Az
B
1+7,]+7,k 1—5,]+§,k (11b)
Ax
a1 b nil nid
Bz 17Ez 1 Hy 17Hy 1
Likts  Tijkts 1 gkt igjkty
At/z £ Ax
n+1 —HMYL
X. . X. .
L,]+7,k+§ 1,1—§,k+§ (11C)
Ay
1 1 1
n+s n+s n+s
HXTI-'-ll 17 Hx, .21 1 Ey 21 —Ey 21
Lj+5k+5 Ljtsk+s 1 Lj+5k+1 Lj+5k _
At/z P Az
E,L —E,ML
i,j+1,k+E i,j,k+5
11d
= (11d)

INTERNATIONAL JOURNAL OF RESEARCH IN ELECTRONICS AND COMPUTER ENGINEERING
A UNIT OF I20R 3498 |Page



IJRECE VOL. 7 ISSUE 2 (APRIL- JUNE 2019)

1 1 1
gontl g 2 gtz gtz
yi+l‘k_+l y.1.k1 z, ek y..kl
2Rt i+5 )kt _l i+1,jk+5 Ljkts _
AC/Z u Ax
osl _EM
i+5,).k+1 i+5,),k
2 2nr 11le
-~ (11e)
n+1 n+g n+g n+g
z. 1.1, "Hz {7 4 Ex .  —Ex {
5, j+5K i+zj+3k 1 i+, j+1k i+5,].k
A/, u Ay
Eyn+1 _ yn+11
i+1,j+zk  Yijrzk
11
- (11f)

Here the field components are represented with the notations
Eo(:fj'k and H(xzj_kwith «= x,y,z. The grid positions of the
field components are similar to those of the conventional
FDTD of the Yee’s method. When a large step size is
considered which results a large number of numerical
dispersion errors in ADI-FDTD technique. The spatial
discretization in ADI-FDTD technique provides accurate
results for first order discontinuous media. The increased
error in the spatial discretization is coupled to the large error
temporal discretization which increase the error rate in ADI-
FDTD technique for discontinues media. The ADI-FDTD
technique fails when conformal structures are considered as
an object. In order to overcome these drawbacks the ADI
technique is integrating with CFDTD technique for the reason
of enhancing the accuracy in the conventional ADI-FDTD
technique.

111 Proposed ADI-CFDTD technique

Integrating ADI FDTD with CFDTD technique can
helpful to enhance accuracy for the analysis of conformal
structures. With this scope ADI CFDTD is proposed and
same is discussed here. In the ADI-CFDTD technique the
updating equations at regular grid points are similar to the
ADI method. The electric field equations which are Ex, Ey
and Ez updating equations are also identical to the ADI
method at conformal boundaries.

The update equation for Ex from the time step n to n+1/2 is
expressed in equation

2,0
=A@, j, k). Ex(i,j, k)

[ k) = Hy ) = 110
.. A
+B(,j, k). A L (12
Il _HpGj k) —HpGj k= 1) JI
Az

The update equation for Ex from the time step n+1/2 ton+1 is
expressed in equation
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ER1(i,j, ko)
= AG,j, k). By ™2 (0, k)
[ G — Hy )~ 1K)
+BGR., A | a3
l_H’;* (ij, k) —H}* (l,J,k—l)J
Az

Similarly update equations for E,andE,are similar to the
ADI- FDTD technique.

In the proposed ADI- CFDTD technique the Magnetic field
components are modified at conformal gird points and
corresponding H-Field updated equations are mentioned
below:

The magnetic field equations which are Hx, Hy and Hz from
the time step n to n+1/2 can be written as :

21, k)

= Hy(i,j, k)
CG,j k) . i
St Bk DL R
yz )

—E} 20,4, 0L, (i jo k) — PG + 1,00, G, k)

Hy* 21, k)

= H(i,j, k)
C(i;j! k) n+1/2 . . . .
S0 [E; ((+1,j,k),3E+1,j,k)
—EMY23 5, 101, j, k) — ERGLj k4 DG j, k + 1)
+ER (i, j, k)L (i, J, k)| (15)

Hy 23, k)

= H2(i,j, k)
C(ilj! k) n+1/2 .. PR
m [EXTY2G, ) + 1,3 j + 1, k)
—EPY2 (1,7, 1)L (i, k) — PG+ 1,j, k)L, (0 + 1,7, k)
+E (i, ), 1)L, (6, j, K] (16)

In the same way, the H-field updated equations from n+1/2 to
n+l

HE (I, j, k)

= HZ2G0, 500

C(i!j! k) n+1/2 .. PR
W[Ey (l,],k+1)ly(l,],k+1)
—E3*2 (0,5, 10, Gy j k) — B2, J + 1,100, G, j + 1, k)
+EM(, 1, )L, (i j, )| 17)
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HZ*(G,j, k)
— H;l+1/2 (i,j, k)
G, j,k)
Sy (i, k)
—E;2 (1,5, L3, k) — ERFA G g,k + DGk + 1)
+EP(,j, kLG, k)] (18)

AEZTY2 G+ 1,7, 00,6 + 1,5, k)

HZ*1 (0, ), k)
= H; "2, k)

C(i;j’ k) n+1/2
—2~ _[E i+ 1, ij+1,
50 (), 1) [ o (G,j+1L,k)LGj+1,k)
—EP2 (1,4, 0L, k) — ERF(+ 1,5, k)L G+ 1,7, k)
+EM(, j, )L, (0, k)] (19)

Where the coefficients are:

_46—0AtB_ 2At C_At
" 4e+ oAt de+oAt 2u

Ly, l,andl, are Cell lengths along X, y, and z directions

Sxy» SyzandS,, are Surface areas which are present in the

irregular cell parallel to xy, xz, and yz planes.

Substituting the values of magnetic field back to the electric
filed will lead to an implicit tri-diagonal updating equation
for the electric field and explicit updating equation for the
magnetic field at every sub-time step.

The tri-diagonal updating equation for Ex can be written as:
oy Ex 20 ) = 1K) + By B2 (g k)

+ VijkEg+1/2 @i,j+1k)
= bijx (20)

Where

BGjk) Caj—10)
STy S, Gy — iy G T ER

B(@,j k), . C(@i,j, k)
Bi]'k = 1 + —lx(l,],k). [m
C(,j—1k) ]
Sxy(i:j - 11 k)
B(G,jk) CGjk) .
Yk =8y 5, G LR
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bijk
= AL, j, EXY2 (i, j, k)

B(i,j, k) C@,j, k)

—— |\-E}i+1,j,k)————=,(i+1,j,k
+ Ay y(l+ ']’ )Sxy(iijik) y(l+ ']‘ )
C(i,j k)

—=1,3,j,k)
Sey ()i k)Y
Szy(i;j - 1) k)

g L&
(@ 'k)SZy(i,j—l,k) L@, —1k)
B(i,j, k)

Ay
B(i,j, k)
Az
—H2(i,j, k
-1)] (21)

+EJ(i,j, k)

+ER(i+1,j — 1,k) L(i+1,j—1k)

+

[H3 (i, j, k)

The tri-diagonal updating equation can be written as a matrix
form as show in the equation

[ EPTY2(i,4,k)

E}Y2 30, - 1,k)
EF2(0,5K)

=b
EMV20 5+ 1,000

E2 (0~ 2,k)
[EMY2(1 -1, k)

Where

[ Bilkyilk00 ...0 1
| ai2kfi2kyi2k0 ...0 |
Tz =| : |
[0...0ai(J — 2)kBi(J — 2)kyi(J — 2)k|
| 0..00ai(J — DKBI(J — Dk
The tri-diagonal matrix having dimension (J — 1) x (J — 1),
the PML boundary condition is applied at the outer boundary
of the computation domain.
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bv -, Figure: 5.2 Circular patch antenna modeled in CST
Sub-step = Microwave Studio
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Compute tri-diagonal |V \ \\_‘ A
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S-15¢ W 5

v

Observe

201 \ “j‘
v X 7
Step = ™ . B ST
0 0.5 1 1.5 2 25 3 3.5 4 45 5
l Frequency
Figure5.3 S11 observed in Matlab at 2.1 GHz frequency

Y Is N S-Parameters [Magntuds in 8]
Step < E 2

Simulatio 't

S do &

Figure 5.1. Flowchart of ADI-CFDTD Algorithm

IV Results

Developed ADI-CFDTD technique is validated by using
circular micro-strip patch antenna as conformal object. The
same object is designed and simulated in CST microwave
studio as shown in Figure 5.2.to operate at 2.1GHz .

= RS s 5

Frequency | Gz
Figure 5.4 S11 observed in CST MW Studio at 2.1 GHz
frequency.

Above two S11 figures depict the results obtained by
using CST Microwave studio simulation and Matlab
computation. The results achieved using CST Microwave
studio considered as benchmark. Then same circular micro
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strip antenna has developed in Matlab and applied ADI-
CFDTD with PML boundaries to obtain results. The obtained
results are good in agreement with bench mark results. Hence,
the developed ADI-CFDTD can be used to studies about the

curvilinear structures.

During the computation in Matlab, The applied input sine
wave signal and achieved output signal are shown in Figure

5.5 and 5.6.

08t //\\\ /‘/\\ ﬂ\ / \\
06 / | \- / \ | \\:
] | |
M l\ / \ / '\ ,’

0.4 \ | \ ‘,‘ \ ;,‘
061 .\ / | |

Figure 5.5 Input pulse applied at 150,100

«10°

17T
: / /\\ I

Figure 5.6 Output pulse at 100,100
Electromagnetic wave propagation has observed at
distinct time steps. Among them, two are presented here. In
case study 1,From Figure 5.7, at time step 73 the EM wave
propagates outside of the computational domain since the
conventional ADI-FDTD is failure to proper meshing of
domain since it is in curvilinear nature.
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Ex at time step =73
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& -0.01
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100 y0i02
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Figure 5.7 ADI-FDTD without PML

Ex at time step = 400 <10

20
3

40

60

80
¢ 100

120

140

160

180

4

200 5
20 40 60 80 100 120 140 160 180 200

mm

Figure 5.8 ADI-CFDTD method with PML

While in other case study, ADI-CFDTD is applied to the
domain to compute the object. l.e. shown in figure 5.8, it is
observed that the wave is totally confined within the object
boundaries, thus helps to get accurate results.

Conclusion

This paper discusses about the Stability improvement of
modified ADI algorithm for conformal structures. In general,
CFDTD becomes unstable when large step size is considered.
Namki proposed ADI FDTD technique which is
unconditionally stable irrespective of the step size. In this
research, the conventional ADI technique is modified to suit
circular objects and further improved accuracy at the
boundaries using modified PML. The Proposed ADI-CFDTD
with PML is validated with circular patch antenna and
compared with CST Mw studio.
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