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Abstract : To save finite-difference time-domain (FDTD) computing time,severa methods are proposed to convert

the time domain FD TD output into frequency domain. The Padé approximation with Baker’ s algorithm and the pro-

gram are introduced to smulate photonic crystal structures. For a smple pole system with frequency 160THz and

quality factor of 5000 ,the intensity spectrum obtained by the Padé approximation from a 25-item sequence output is

more exact than that obtained by fast Fourier transormation from a 2%-item sequence output. The mode frequencies
and quality factors are calculated at different wave vectorsfor the photonic crystal dab from a much shorter FDTD
output than that required by the FFT method ,and then the band diagrams are obatined. In addition ,mode f requencies

and Qfactors are calculated for photonic crystal microcavity.
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1 Introduction

The finite-difference time-domain ( FDTD)
technique! is widely used to smulate optical mi-
crocavities and photonic crystal because it can deal
with complex cavity structures flexibly® " . How-
ever ,the FD TD smulation only yields the time var-
iation of electromagneticfields,i.e. the FDTD out-
put. The FDTD output must be trandormed into
frequency-domain to obtain mode frequencies and
quality factors. The common selection to useis the
fast Fourier trandorm (FFT) method,which has
resolution inversely proportiona to the total per-
dstence time of the FDTD iteration ,i. e. the prod-
uct of the iteration number and the time step. The
time step of the FDTD smulationislimited by the
Courant limit ,s0 a very large FD TD iteration num-
ber is required when a high-quality-factor mode ex-
ists or several modes have nearly degenerate fre-
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quencies ,which always means a terrible computa
tion task. To save the computing time of the FDTD
process ,Prony’ s method™® ,the matrix-pencil meth-
od® ,and the FFT/ Padé approximation method™”
have been used to efficiently analyze the FDTD
output. Recently ,we apply a Padé approximation
with Baker’s algorithm!™"! for calculating the mode
frequencies and quality factors™ ,and find that the
method is easy to manipulate and can save more
computation time than the FFT/ Padé approxi ma
tion ,especially for a cavity with nearly degenerate
modes.

In this paper ,we apply the Padé approxima
tion with Baker’ s algorithm to evaluate the mode
frequencies and quality factorsfrom the FD TD out-
put for photonic crystals and a photonic crystal mi-
crocavity and compare the results with those ob-
tained by the FFT method. The results show that
the FFT method cannot yield accurate mode quality
factors even usng a 32 times longer FD TD output
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than that of the Padé approximation. Suppressing
the spectral width of the impul se function to excite
only one mode ,we analyze the sngle modefield var
rying with time and calculate its resonant frequen-
cy and quality factor ,and thus obtain the results
well in agreement with those obtained by the Padé
approximation. We also calculate the mode fre
quencies and quality factors at different wave vec-
tors,obtain the band diagrams for photonic crys
tals,and compare the field spectra obtained by the
Padé approximation and the FFT method.

2 Comparison with FFT method

The basc formula of the Padé approximation
with Baker’ s algorithm is already introduced in
Ref.[12]. We present the program of the Padé ap-
proximation in Mathlab in the appendix and give a
numerical comparison with the FFT method. After
obtaining field spectrum U (f) from the time varia
tion output ,we use a Lorentzian line shape func
tion to fit the intensity spectrum | U (f)|? and cal-
culate mode frequencies and quality factors from
the central frequency and thefull width of the half-
maximum (FWHM) A ferwum of each peak by

frmode = fcenter
Q = foenter/D frwnm

We consder a smple-pole model composed of
two poles with the resonant frequencies of 160T Hz
and 162THz and the quality factors of 5000 and
500, respectively. The time sequence of the field
component is recorded at a time step of 4 7173 x
10" s. Figure 1 shows the intensity spectra ob-
tained by Padé approximation and FFT under dif-
ferent time sequences of field. The results show
that the stable intendty spectrum can be obtained
from a 2°item sequence ,and that theintensity spec-
trum obtained by the FFT method from a 2"item
sequence cannot distinguish two peaks. The inten-
sty spectraobtained by the FFT method approachs
that of the Padé approximation as the output se-
quence is 2'- and 2°°- item. In Table 1 ,we compare
the mode frequency and quality factor obtained by

(1)

Padé approximation and FFT for the pole with f =
160THz and Q =5000. The results show that the
mode quality factor obtained by the Padé approxi-
mation from a 2*-item sequence is more exact than
that obtained by FFT method from a 2”°-item se-

guence.
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Fig.1 Frequency spectraobtained by Padé approximar
tion and FFT for two poles under different length of
time sequence

Table 1
approximation and FFT method

Frequencies and Qfactors obtained by Padé

Padé FET
ltem 28 217 218 219 220
f/ THz 160.00 | 159.99 | 160.00 | 160.00 | 160.00
Q 5000 2390 3560 4860 4950

3 Photonic band of hexagonal pho-
tonic crystals

In this section ,we first present the numerical
results of the photonic band diagram obtained by
the FDTD technique and Padé approximation for
the TElike modes in a hexagonal photonic crystal
dab. The top view of the photonic crystal dab is
shownin Fig.2(a) . It isformed by a dielectric Sab
of refractiveindex 3 4 suspended in air with hexa
gonal circular air hole arrays. The period of the
photonic crystal is a=500nm ,the air hole radiusis
r=0 25a,and the dab thickness is 0. 5a,all the
same as the photonic crystal dab analyzed in Ref.
[5]. Inour FDTD smulation,the space step Asis
0. 04aand the time step A t=A ¢ (3V%¢) . An initial
distribution of the magnetic field componentsis set
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to excite different modes. Because the TElike
modes have even symmetry with respect to the cen-
tral plane of the photonic crystal dab centered at z
=0,we only need to perform the FD TD smulation
in the upper half space (z=0) of a unit cell andim-
pose an everrsymmetry condition on the electric
field components at the central plane. To deal with
the infinite extent of the air region ,we impose the
first order Mur’ s absorbing boundary condition!™
at the z=5/ 4aplane. Modes at wave vectorsin the
- K andl"-M directions have even or odd symmetry
with respect to the y and x directions,respectively ;
thus we add the corresponding symmetry condi-
tionsto the electric field components at the y =0 or
x = 0 plane in order to excite the even and odd
modes individually. Furthermore ,we find that vari-
ous modes can be well excited in such a reduced
cell with an arbitrary initial field distribution. For
boundaries apart from those symmetry planes,the
periodic boundary condition isimposed on the elec-
tric field components. We perform the FD TD smu-
lation for each wave vector in thel - K andl-M di-
rections in the two dimensonal Brillouin zone,as
shownin Fig.2(b) ,and then obtain the mode fre-
quencies and quality factorsfrom the FD TD output
by the Padé approximation. In Ref. [5] ,the quality
factors are calculated by exciting a single eigen-
mode by a dipole moment oscillating at its eigenfre-
quency located in the photonic crystal and observ-
ing its decay after switching off the oscillation ,af-
ter obtaining the photonic band structure by the
FFT method from the FD TD output. However it is
difficult to perform single frequency excitation in
the FDTD smulation for a cavity with nearly de-
generate modes. In the nearly degenerate case,the
Padé approximation with Baker’ s algorithm can
still yield a very good field spectrum. For example,
we got clear spectra for two nearly degenerate
modes with afrequency difference of 0. 014 % very
well in Ref.[4].

In Fig.3,we plot the intensity spectra of odd
modes at 0. 1k« ,where kk is the wave vector at the
K point of the photonic band diagram. The spectra
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Fig.2 (a) Top view of the hexagona photonic crys

tal ;(b) Thefirst Brillouin zone of the hexagonal crystal

obtained by the Padé approximation from the 2"-i-
tem and 2”-item FDTD outputs are plotted as the
thick solid line and the circles,respectively ,which
are agreement very well. The intensity spectra ob-
tained by the FFT method from the 2- ,2"°- and
2"-item FDTD outputs are a so plotted in Fig. 3 as
the dashed-dotted ,the dashed ,and the solid lines,
where a series of zero is added to FD TD output to
calculate the spectra with high resolution. The in-
tensity spectra obtained by the FFT method with a
32 times FD TD output is still much wider than that
obtained by the Padé approximation. To obtain
quality factors from the intensity spectra obtained
by the FFT method is almost imposs ble because it
requires a very long FD TD output series. The qual-
ity factorsof the two modesobtained by Lorentzian
fitting are 670 and 14000, respectively. Based on
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Fig. 3 Spectra intensty of the odd modes at k =

0. 1kk point of the photonic band diagram of the hexa
gonal photonic crystal sab 2™ and 2% steps FDTD
outputs are used in the Padé approximation ,whereas 2*
to 2'° steps FD TD outputs are used in the FFT method.

the mode frequencies at each wave vector ,we plot
the photonic dispersion in thel - K andl-M direc
tionsin Fig. 4 ,which are obtained by the Padé ap-
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proximation method from the 2"-item FDTD out-
puts.
05

04

03

02

Normalized frequency/(wa-2mc?)
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M r K

Fg. 4
approximation from 2"-item FDTD outputs for the

Photonic band diagram obtained by the Padé

hexagonal photonic crystal dab

4 Photonic crystal microcavity

Finaly ,we consder a microcavity in a two di-
mensional photonic crystal (PC) with air holes ar-
rayed in a triangular lattice. The dielectric constant
isset at€ =11 and the radius of the air hole r =
0. 32a,where aisthelattice constant. The photonic
crystal structure has a photonic band gap for TE
modes between thefrequencies f =0. 221d ato f =
0. 305¢ a. We fill an air hole to form a photonic
crystal microcavity. Usng a narrow Gaussan pul se

J. = exp| - (%)z]cosmfotwith ty =3 x10°dt,

to = 6 x 10°dt where dt is the time step of FDTD
smulation ,we excite a sngle guided mode at f =
0. 252¢/ aand show thefield distribution in the in-
set of Fig.5,we can see the mode is a dipole reso-
nant mode. In Fig. 6 ,we plot the value of the Qfac-
tor of this mode versus the number N of the PC
layers. We can see that the Qfactor exponentially
increases with N and the quality factor is large as
8700 when N =6.

5 Conclusion

The FDTD technique combined with the Padé
approximation is used to analyze the mode frequen-
cies and quality factors for photonic crystal struc-
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Fg.5 Spectra intensty of defect mode at f =0. 252d
aobtained from 2- and 2'°-item FD TD outputs by the
Padé approximation and the FFT method ,respectively ,
in the two-dimensona triangular photonic crystal mi-
crocavity The mode fied distribution is shown in the

inset ,which is a dipole resonant mode.

10*

Q-factor
2
T
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Fg.6 Mode quality factor versus the number of PC
layersfor the dipole resonant mode

tures and corresponding microcavities. For the pho-
tonic crystals,the field spectrum obtained by the
Padé approximation from a 2"'-item FDTD output
is more accurate than that obtained by the FFT
method from a 2'°-item FD TD output ,especialy in
the photonic crystal dab case.
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Appendix Program of Padé approximation

function spec = Pade(data ,dt, f)
%Pade Calculate the intendty spectrum of a time-domain

signal .

%spec = Pade(data ,dt fre)

%data ,the time-domain signal vector.

%dt ,the time step.

%f ,the frequency vector with unit GHz.
%A uthor :We- Hua Guo ,May 2 ,2004.
fre=f *1.0e9; %Hz

hd =1/ dt/ 2; %Half of the sample frequency
temp =0.8 *hd/ max(fre) ;

if 9z1= =
N=9522;

if

e

u

mod(N ,2) = =0
N=N-1;
nd

=data(l:N).’ ;

elsaif §22= =
N=g2z1;
if mod(N,2) = =0

N=N-1;

end
u=data(1:N) ;

end

tv=(0:N-1).";
spec = zeros(size(fre)) ;

num = max(size(fre)) ;

for

end

di=1:num

%Prepare Cn

Cn=u. *exp(-i *2 *pi *fre(di) * (2*deciRate *dt) *
tv) ;

%Calculate the spectrum

spec(di) =fast Pade(Cn) ;

%Calculate the intensity spectrum

spec = abs(spec.”2) ;

%Normalize the intensity spectrum

spec = spec/ max (Spec) ;

%Plot the intensity spectrum

figure;plot (f ,spec) ;
xlabel { Frequency (GHz)') ;
ylabel ( Intensity (a.u.)’) ;

function y =fast Pade(C)

N =sze(C,1) ;

cYita0 = zeros(N ,1) ;

cYital =zeros(N ,1) ;
cZyital = zeros(N ,1) ;

cYitad = C;

cYital=[C(1:N- 1) ;0];
cZyital(2:N) =cYital(1:N - 1) ;
citaD=1;
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cital=1; (cYitaO(N - j) - cYital(N - j)) ;
forj=1:(N-1)/2 cYital= (cYitaO (N - j) *cYital - cYital (N - j) *
citad =cita0-cYitaO(N - j+1)/cYital(N - j) *cital; cYita0)/ (cYitaO(N - j) - cYital(N - j)) ;
cYitaD =cYitaO-cYitaO(N - j+1)/cYital(N - j) *cZyi- cZyital(2:N) =cVital(1:N- 1) ;
tal; end
cital=(cYitaO(N - j) *cital-cYital (N - j) *cita0)/ y =sum(cYita0)/cita0;

Padé
( , 100083)
(FDTD) , FDTD .
Baker Padé , 160THz, 5000

, Padé 28 2%

. Padé ,
FDTD ) ,Padé
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