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Hybrid FDTD Simulations of Rib-Waveguides

A. Lauer, A.Bahr and I. Wolff

Afdmd-Finite Difference Ttme Domain simulations of rib-wave- To the extent of the author’s knowledge, the hybrid simulation

guides on GSAS substrate are performed using a real-number hybrid method presented in thk pubficafion has not been mentioned be.

(Yee/discrete-wave-equation) scheme in two dimensions. Locat grid fore. It saves computation time and computer memory and gives

refinements are derived using equivalent circuit modMcations, Dis- interesting perspectives to simple local grid refinements.

mete formulas are written using sfdft-tqterators, wfdch make them

short and eaay to use. Resrdta are compared to those obtained ua- 11. FDTD R13SONATORSEPARATION
ing the well-known effective-refractive-index (EfU) approximation.
FIYl13 results show exceffent agreement with the aPprOXbnOtive fop For infmitely long, lossless waveguide structures, exp(j~z) de..

mrrfaj which is given in an explicit form. The refinements work well

for low frequencies to determine cutoff-frequencies.
pendence in the direction of propagation is considered, ~ given.

Using thk condition to separate a 3D FDTD-scheme leads to a

complex 2D algorithm [4].

I. INTRODUCTION
In thk paper, a cos(/3z) dependence of E=, Hz and Hv and n

sin((3z) dependence of Hz, E. and EU is assumed. This can be

The Fhtite Difference Time Domain (FDTD) method has first been
interpreted as putting the waveguide in a resonator with perfectly

conducting planes (z = O, (?z = 7r/2, first resonance only) ancl
USedto solve Maxwell’s equations in 1966 [1]. Irr the recent time) leads to a real 2D ~gorifim.

growing performance of computers made it possible to use FDTD *

in a large scale for analysis of micro- and millimeter-wave corn-
wave with exp(j~z) dependence can be generated by superpos -

ponents [2].
ltion of the resonator waves e.g. A(COS(LIZ) + j cos(~z + 900)),

using the translation-invariance of Maxwell’s equations.
In dds paper, rib-waveguides are analyzed using a two dimen- In [5] tbk topic is considered, too.

sional real–number hybrid Yee algorithm/discrete wave equation me 3D-y_~’TD scheme is

method. A similar kind of afgorithm was proposed in [3] for three

dimensional antenna structures. tHZ = Hm + ~ [(1 – I/)Ez + (Z – l)Eg] , (1)

Section II shows, how the three dimensional Yee-FDTD-scheme

can be separated to generate a two dimensional red–number Yee E. . ;Ea t~ [ 1(1-j%+(;-1)%, (2)
algorithm for arbhrary lossless waveguide structures.

To save computation time and computer-memory, homogeneous % = :1+:+ ;+;)6,4( (3)

regions can be simulated using a special dkcrete wave-equation

method, which is derived from the Yee algorithm in section III. cyclic. For shortness, simpler calculations and easy implementa-

To derive local grid refinements, section IV shows an equivalent tion, shift operators and integer indices are used.

circuit for the dkcrete wave-equation nodes. D All field components denote dkcrete fields, e.g.

In section V an approximative formula for ritr-waveguides is de- HZ = Hm(i, ~~k) n). i>~! k>n G ~.

rived with the Effective Refractive Index–Method, using a special where n is the time index. Hz (i, j, k, n) is at the position

Taylor%xpansion for writing it in an expficit form. (iA, (j + l/2)A, (k + l/2) A,nAL), Et(i, j,k, n) is at ((i +-

Section VI shows a comparison of FDTD and ERI results for two
l/2) A,jA, kA, (n + l/2) At) and so on.

sample rib-guides on GaA–substrate.
D x,y,z and t are shifi operators, e.g. zA = A(i + 1,j,k,n);tA:=

A(i, ~, k, n+l); *A = A(i, j, k, n–l). Shift operators can bemul-
tiplied by or added to other shift operators or numbers, e.g. xgA:,

A, Lauer, c-mail andrc@ateG.uni-duisburg.de, Fachgetriet Allgemeine und Tbe-
A(i+l, j+l, k,n), &A= A(i–l, j-l, k,n)or(5+6z)A:=

orctische Elektrotcchnik, Gerhard MercatorUnivercaSt-H- Duisburg,0+7048 5A(i, ~, k, n) + 6A(i + 1, ~, k, n).
Duisburg, Genrrany, Phrme +49 203379 2S12 _ Cycfic means from each formula two addhional formulas can be

I. Wolff, Fachgebiet AEgcmeme und Thcoretische Elektmtcchnii, Gerhard Mer-

cator Universitiit -OH- Duisbu~, D-47048 Drdsburg,Germany
generated by substituting (z + y, y -+ z and z + z) or (x -+ z,

A. B* ~d I. wOIff, Institute Of Mobile md Satellite Communication T~h- Y + ~ and z + Y). SMft operatom as well as component indices
niques, D-47475 Kanrp-Lintfort, Germany have to be substituted.
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m p is assumed to be constant, At is the time step and A the step IV. DERIVATION OF LOCAL GRID REFINEMENTS

in space, assumed to be constant.

Assuming E= = Ez (i, j, n) cos(p(k + l/2)A) (same for H. and s~bk 10C~grid refinementsfor FDTD usage we not easY to find.

Hv) and H= = H, (i, j, n) sin(@A) (same for -Q and Ev), a two Figure 1 shows the equivalent circuit for (12). Circuit analysis

dimensional FDTD-scheme for arbkmry Iossless waveguides is

generated: P
yA

tHz = Hz + ~ [(1– Z)EV + (Y – 1)% > (6)
PA

[ 1E. = ~Ez + $ (1 – ~)H. + 2HV sin(~~A) , (7)
AT!

IqLL
c

A/y

E9 =
[ 1

Fig. 1.Equivalent circuit for one nade.
~&+ ~ (~ – l)HZ – 2HZ sin(~~A) , (8)

%@

[ 1

yields the time-continuous equivalent to (12),

,EZ = ;Ez+& (l–;)Hv+(; –l)Ha , (9)

2A . *(x+~+v+~–4)A–*A , (13)

with c. etc. obtained by substituting ~ by 1 in the two cyclic for-

mulas of(3), since c is constant in z-dkection. where s,g, 1/x, 1/y are shift operators and A denotes the electric
Excitation is done by setting one field-component at a single point potential of the node. L,LI and C have to be chosen appropriately,

(called FC(P)) to one, all others to zero as initial condition. ‘l%us we chose J51 = 1, C = A~/c2, L = 1/S2. For low frequencies,

all modes with F.(P) # O at ~ are excited. Observation of F. (P)

in dependence on time and usage of the Faat-Founer-Transforrn

leads to sharp peaks, which denote the appropriate frequencies at + c’ ,.

(3 for all modes excited. * L. L~
Since the usual Absorbing Boundary Conditions cannot handle the

*

AIX L A h
exponentially decreasing fields to be expected outside the wave- XA

guide, magnetic walls have been used as boundaries for the 2D cal-

culations.

CT “.: “+? ‘3

III. THE DISCRETE WAVE EQUATION ~

In a homogeneous region, e is constant, this means C. = Cg = Fig. 2. Modified Equiwdent arcuit for one node,

% = e. NOW (4,8) and (5,7) yield

the Y-Matrix of figure 1 converges against that of figure 2, with
(T(t -1)+ C2S’)HZ = rrfl’(1- y)E, + SC2(; - l)Hz (10)

(T(t -1)+ C’S2)HY = rrff(z - l)E. - SC2(1 - ;)HZ (11)
L~ = 1+ *S’ ,

L3 = ~+1 ,
S2

withc2 = ~, m = ~,T = (1 – }) and S = 2sin(~~A).
lq

Substituting (10,11) in (9) multiplied by (T(t – 1) + c’S’) and
cl=—

4+ S2C2 “
(14)

then divided by T gives
Now the node can be completely eliminated, re-rtrranging the cent-

tE, =
[ 12–; +c2(z+; +v+; –4– S2) E., (12) ral coils as in figure 3, with L4 = 4 + S2. No approximation is

needed here fore. Thus a method to “erase” nodes is designed, e.g.

a discrete wave equation. The same equation can be obtained for allowing to erase half of the nodes in a homogeneous region as in

HZ. figure 4.

Discontirruities are treated with the normal YEE-FDTD-scheme, Standard nodes can be erased in arbb.mrily shaped homogeneous

(4-9). regions. To erase already modified nodes, the above procedure can

Usage of the hybrid scheme saves approx. 33 ’70 of computer be used, too.

memory and approx. 25 % of computation time.
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The modified grid is stable for ~ = O, because passive lumped Squaring (15) and using the identity tanz (a) = 1/ COS2(a) – 1

element circuits are simulated only. For (3 # O, instabilities were leads to

observed, but for small values of ~, the results are still usable.
7rb

L4
COS2(/-—) = *(6. - Cr,efr),

a

Ao
(16)

4 L4 CO’(J=:) = ~g “ d-g, (17)

x
L4

‘= -$,
L4

(18)

L4
r

1 Ao
L4 k := —— (19)

c~–lnb’

L4 Cos(x) = lcz. (20}

Fig. 3, Rearranged coils. Using a second order Taylor expansion for COS(Z), (20) can ap-

proximately be solved as

x% –k + fl+?. (21)

To obtain more exact approximations, this can also be done iterat-

ively, using the approximate z as expansion point for the next ap-

proximation. If two iterations are done, the formula gained is still

explicit and usable, being exact enough for all practical cases.

This way, tr,eff is calculated for the regions I and II. To obtain the

waveguide’s effective permittivity,

tan({er,elr,,, - Er,eff,wgy) =

=(22)

is solved the same way [6]:

Fig. 4. Re-’’fined” grid, ~i

= ‘-dww=-’]’
Erasing half of the nodes in a region reduces computer memory

[c

2

requirement by 50 percent. Computation time is also reduced.
A:

*2a2

%g = ~11- 44 2 ~(c~r - 6,)+1 -1
rr a (611 – 6]) o 1

V. THE ERI-FORMULA
where the indices “r” and “eff’ are left out for shortness, and i can

Figure 5 shows the considered symmetric rib-waveguide on GaAs
be I or II.

(e, = 12.9).
VI. RESULTS

... ...... .....+...u~~~~~a...........
1: m A- a“ Figure 6 shows FDTD and ERI-results for a = 300 pm, bl = 110

, -----------:::%:~::=~Y

k:

pm and bz = 150 pm. A is 5 pm, At = 7.5 fs. 65536 time-steps

*a :< were used for the simulation, the simulation area is 1.5 mm x 1.5
x mm (see fig. 5).

z
Figure 7 shows FDTD and ERI-results for a = 250 pm,

Fig. 5. SymmetricRk-wavesuide. bl = 125pm and bz = 180 ~m. A is 5 pm, At = 7.5 fs. 65536

time-steps were used for simulation, the simulation area is 1

First Cefi for the TE&dm–mode (& ,IIv and H= only) is CdCU- mm x 1mm. The FIYIT1-simrdated waveguide is asymmetn”c, its

latcd for region (1,111)and II separately. Therefore usually bottom is flat.

FDTD and ERI results do agree extremely well, for both, symmet-

nb

r

G,eff — 1
tan(~w~) = —

nc and asymmetric rib-waveguides.

(15) The figures 8–10 show the recorded electric field of the symmet-G. — ~r,eff
tic waveguide after a Faa–Fourier-Transform has been applied to

is solved numerically for c,,eff (region I) [6]. obtain the eigen–frequencies as peaks.
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Fig. 9. Spectrum for@= O (TE)
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Fig. 7. FDTD and ERI-1’esuks (B).

(Md 1 is the standard Yw-grid, Grid 2 ahybrid YeeMiscrete–

wave-equation assembly with as many as possible nodes deleted

as explained in section IV

R can be seen, that the local grid refinements do not influence the

calculated eigen–frequencies of the first few modes.

The Grid 1 simulations took approximately 2:11 hours on a MIPS–

R4400 processor (200 MHz), for Grid 2 is was 1:05 hours.

200 2s0 300 350 400 450 500

f/GHz

Fig. 8, Sprctmm for ~. 10COO/m.

VII. CONCLUSIONS

The 3D Yee–FDTD scheme has been separated for a waveguide

put into a resonator, so a 2D algorithm has been obtained. The res-

100 200 300 400 500

lYGHz

Fig 10. Spectrum for @= O (TM)

ults are usable for traveling wave structures, too. The 2D Yee–

algorithm was then simplified in homogeneous regions, leadhg to

a discrete wave-equation. This way, computer memory and com-

putation time can be saved.

An explicit approximate formula was derived for rib-waveguides,

its results agree very well with those of the hybrid FDTD-

simulations.

Local grid refinements can be easily done in the wave-equation

regions, using a special node erasing procedure. The refinements

save up to 50 percent of computer memory and are accurate for low

frequencies.
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