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Abstract: A Finilc Difference Time Domain (FDTD) analysis has been effectively applied to investigate
the transmission of the transverse cloctric polarized pulses in phofonic crystals arrangements. The photonic
bandgap of 2-I> photonic crystal with squarc and veins lattices has been calculated using three methods
Band structure, transmission diagram and defocted structures, and comparison with published results arc
done and excellent agreemerit are obtained. Morcover, two different pholonic crystal devices are analyzed

Iridex Terms: Pholonic Crystal [PC], Finite DifTerence Time Domain (FDTD), Photonic Bandgap (PBG).

I, Introduction algorithms for modeling photonic  crystal

Plevionic ervstals (PUR) are peniekdic
dielectric or metatlo-diclectric  (hano)structurcs
that arc designed to alleet the propagation of
electromagnetic waves (EM) in the some way as
the periodic potential in a semiconductor erystal
affects the cleciron motion by defining allowed
and forbidden clectronic cnergy bands. The
absence of allowed propagating EM medes
mside the structures, in 2 range of wavelengths
called a photonic band gap, gives risc to distinct
optical phenomena such as inhibitien of
spontancous  cmission,  high-reflecting  omni-

 directional mirrors and low-loss-wave guiding
among others[t]. o

. According to the number of dircclions

in which dieleciric maierials exhibit periedicity,
one, two, or three dimensional photonic crystal
structures are possible [2].

A two dimensional system  cxhibits
most of the important characleristics of photonic
crystal structures. This type has a periodic
geomelry in iwo directions and homogeneous in
the third. There are many lypes of lwo
dimensional photonic crystal systems such as
square , triangular, honeycomb and veins lattices
[3-4):

Rescarches over the last decade have
gencraled a wide tange of rigorous numerical

structures, such as planc-wave expansion (PWE)
and finite cienrent methods [5]. These versatile
algorithms have been applied with success 1o
study issucs such as dispersion relation and
propagation chargzteristics for PC structures.

In this paper, Finite Difference Time
Domain (FDTD) Technique has been utilized to
calculate the photonic bandgap of 2D PCs with
diffcrent latlice arrangements and lo analyze two
different types ol photonic bandgap devices.

This paper s organized as follows
Foltowing this introduction, a bricf mathematical
realment of FD'TTD method is given 1n seclion I
Methods of calculating PBG are given in section
1. Section IV detailed the results and theb
physical cxplanation. Finally, some conclusions
are presenied in section V,

1. Formulation
A- Basic Equations

In a two-dimensional case, the fields
can be decoupled into two lransversely polarized
modes, namely the E polanzation (£, H,, and
H,) and the H polarization (/,, E,, and E,). Yee's
mesh is widely used in the FDTD analysis [6)
Here, Yee's two dimensional mesh in Finite
Difference Time Domain solver 18 used. The unit
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Yoo cell of the two-dimensional mesh for E
polarization case is illustrated in Fig. 1.
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Fig. 1. The unit Yee cell of the iwo-dimensional
FDTD mesh for E polarization casc[6].

The continuity conditions are automatically
salisficd  since;  all  the transverse field
components are (angential to the unit cell
boundaries. The following 2-D FDTD time
stepping formulas constitute the discrelization (in
space and time) of Maxwell's equations on a
disercte two-dimensional mesh in a Carlesion x v
coordinate system for I polarization case:
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where superscript o indicates the discrete timc
slep, subscripts ¢ and § indicate the position of a
grid point in the x, and p directions, respectively.
A is the time increment, and Ax, and Ay are the
space incremenis between two neighboring grid
points along the x and y directions, respectively
@ is the angular frequency, g , £ and o are the
permeability, the permittivity and the
conductivity of the medium considered.

C- Stability Condition
For two-dimensional FDTD time-

stepping formulas, the stability conditions for an
orthogonal case i3 [6]

At < ! 3)

eNJ(ax)T + (ay)?

II1. Methods of Calculating PBG

A. Band Structure

When caleulating the band structures ol
photonic crystals, one naturally chooses a unil
cell of Inttice as the finite computation dornain
(Bnllouin zone), and uscs the periodic boundary
condition, which satisfics the Bloch theory |3] as
shown in Fig. 2. Therefore, we have Ihe
Jollowing simple boundary conditions for
updaling the fields,

E(r+L)y=e""E(r), )
F(’r_+ E_)-e'“ F(;_).
where L 15 the lattice vector.

In FDTD method, all the fields arc
oblained in the time domain. However, the
dispersion relation (the band structures, guided
modes, elc) of a photonic crystal is a relation
between the frequency and the wave veclor
Therclore, we need to perform a Fourie
transform, +en

u(@w) = fu(r)e"”'a’! , 5

-
where u i5 one of the field components
Unfortunately, the exact Fourier transform
cannol be obtained since the information about
u(t) for <0 is not available in our compulation
However, one is not inlerested in the exacl
spectral shape of Fourier transform but the peaks
of the spectral distribution, which correspond to
the locations of the cigen frequencies. Therefore.
one can use the following transformation o

obtain the spectrum,
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y(w ) = J-u(.')c et (6)
0
Nl
= Z v (ndt)e™ 2 A,
n=0

where N, is the lota) number ol time steps. The
peaks of the function u{ @) are located st the
same places as the peaks i the Fourier transform
of u(t), and these peaks become higher (more
obvious) as N, increases.

One should subtract the  slalic
component from (he fields so thal their tme
average is zero. Also, il is not always necessary
o calculate the above transformation al all the
discretizalion peints in the unit cell of lattice (Ihe
compulation domain). One may choose 100
points randomly and then sum up the speclral
amphitudes al atl ihese points,

v, t, (1nA0) -

w{w) = Z z

l . J’um&:ai ] (?)
i.j |»=0 ;zu_,_j(mﬁr)
m=z

where (i) indicales Whe 100 vandowly chosen
points, The paks of the speetral Junction Ui y)
indicate the locations of the cigen lrequencics @.
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[Fig.2. One Unit Celdl of square lallicc
Pholonic ¢rystal structure

B. Transmission Diagram

In this melhod, we suppose Lhat a
Gaussian pulsc propagates normally (normal
incidence) lo the 2-D photonic crystal. A
perfectly  molched  layer (PML)  with  the
following impedance matching condition [7] is
applied to bound the computational window. In
the PML, the eleclric or magnetic field
components are split into two subcomponents

(eg, E~E.+tE)) wilh the possibility of

assigning losses to the individual split fckd
componcents.

o

o
SR ®
a [+

where o, and 6, arc the clecinc and magnelic
conductivilics of the PML, respectivety, and i i3
the refractive index of the adjacent compuling
domain, which means that the wave impedance
ol a PML medium exaclly equals (o that of the
adjacent medium in the computing window
regardless of the angle of propagation.

Fhe transmission s compuled by
comparing incidenl md transnntled energy and is
given by the Jollowing relalion [6]

P ( v irang Y @ 1 )

7 = &)
(@) Py, ,o;) ’

where, yue 15 a value of y at the very beginning
ol the domain i yq,. at the very end.

There may  be numencal  problems
compuling transmission wilh (9), lor example
unexpected relleclions. An allemative way is 10
usc # reference structure, Then we compule the
power Mows P (Yo and P™(y.) Jor a
siructure whcre the subject ol inlerest does not
appenr in the specilied problem, lor example i
wavegdide withoul holes. Then we do (he
compulations once again, wilh (he interesling
subject  uppearing.  MNow, the  (ransimission
becoines:

‘P(ymms "w-')
Pﬂ'f (y.rmns ?m})

Thig is the raction ol ¢encrgy that passes throuph
an ared al Y = Yy will and withoul a speeilic
subjecl.

T (w,;) = (10)

The diagram of trapsinission ol (his
crystal gives the presence of band gaps il exisl.

This mcthod alsa is used for calculating
Usc propagation characleristics ol two types of
photenic bandgap devices: filler and splitler.

C. Defected Structure

This methed is used for ensunng (he
exislence of PBG through caleulating the electric
field paitem. If one inroduces a line defect (e,
a waveguide) into a pholonic crystal which has a
photonic band gap, one can guide light (whose
frequencies are within the photonic band gap)
from onc location 1o another sinee light has
nowhere ¢lse lo go.
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V. Numerieal vesulés

Firsl, we uscil the Unee nuserics
methods outlined above lo caleulte tie band gap
of a lwo-dimensional square lattice of dicleciriv
rods 1w air, in which the diclecine “aloms’ are
isolaled. The radius ol the rod is R=0.18a (A is
the lattice constanl A=0.58 pm) {8]. The
dielectric constland ol the rods is £,=3.4 as inscl in
Iig. 3.0, Figure 3.b shows the band structures of
the photonic crystal for E polarizations case, in
this case, only, onc cell has been discretized with
a aaiform mesh [Ax x Ay } ae | 0.0145um x
0.0145um §, the me slep Az s 0.02335806 f5 ana
Cre sunuiabon time is 500 /5 Jo 2 PC (Pantion
IV, 5202, 2613 RAM), the whole simuutolion
period ook srotnd 200 min. Also, e
iansmisson power spectimn is o caleulaied ip
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been discrehizad with @ unilorg mesh wlere the
computational window sizes jx x vy} are [11.631n
®x 3.8um |, the tme step A7 18 0.0171002 f5 and
ihe simulation time 1s 3000 5. The PML layers
arc assumed to be 50 layers. On a PC (Pantum
IV, 3.2GHz, 2GB RAM), (he whole simulation
penod 1ook around 45 nun. Onc can sec from
these Figures hat there is only large band gap lor
e L[ pelimzation around the nomalized
requency 0.34, Morcover, this is obvious from
the clectric dickd patlern when an clectromagnetic
wave propagates Uwoupglt o pholonic cryslui
swaveguide withe esseatislly a 100% transimission
when the wavelength equats 1.5 pm; however,
tere is o propagation lor wavelength equats:
F LG i shown i g, 5.

Figad b, Wi, in this case, Uis siructure has .
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Fig. 3. Squarc lattice ol diclectyie rodhi i wir
Drispersion dingram for I2 polartzation case.
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The above results help to caleulaie the Bloch As shown n Fig. 6, the Bloch modes are
modes of the first Brillouin zone. calculated for 1.309 pum and 1.736526 pm,
respectively
3
.§ . g
$ o
)
% {rresnem) e v Ipmceges) v
(a) (L)
Fig. 6. Bloch modes (a) %=1.309 nm , (b) %,=1 736526 um.
_ Next, consider another l\\-'o-dim;nsionql icld pattern when an eleclromagnetic wave
photonic crvstal, a square lattice of diclectric propagates through a defecled photonic crystal

veins, in which the dielectnic ‘aloms’ are structie as demonstrated in Fig. 9.
connecled as insel in Fig. 7. Figure 8 shows the
band slructure and transmission diagram for [
polarization case with hall vein widih ¢=0./20a
[3]. From Fig. 8, one can sec thal there is a band
gap for the H polarization around the frequency
0.35¢ ( wa’? nc). Therefore, it appears that #
polarization band gaps arc favored in a lallicc of
isolaled high-  regions, and H polarization band
gaps are favored in a connected latlice. This is a Fig. 7 Squarc latlice of diclectric veins in air.

rule of thumb for photonic band gaps. The half vein width is =0./20a. The
Furthermore, Lhis is obvious [rom the electric diclectric constant of the veins 1se=/7.4.
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Fig. 8. Square tattice ol diclectric veins in air: (a) Dispersion relation for H polarization,

(L) Transmission diagram.
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Fig. 9. Steady slate field profile ol defected structures at: (a) k=1 Sum, (b) A=I.16um.

Now, we analyze two different pholonic
ceystal circuit components as shown in Figs 10-
16 and  sunulale  those  propagation
characteristics. For all exmnples presented in
conneclion willt pphotonie eryslal cireuils in this
subscclion, the circuits are held in the above
anatyzed square lattice shown in Fig. 3.aand the
nput Gaussian pulse are the same at central
wiavelength 1.55 ym and ted at point P/,

First, we consider different numbors of
micro-cavities coupled to straight waveguides ns
shown in Tig. 10a and Fig 11, The
computational window sizes [x x y] aic
[53.94pum x 6.85125um], the limc slep AL 15
0.0641259 5 and the simulation time is 5000 f5.
The PML layers are assumed to be 20 layers. On
a PC (Pantiom 1V, 3.2GHz, IGB RAM), the
whole simulation period look around 30 min.

From the (ransmission characleristics
shown in Fig. 10.b, it is clear that, with ths
imerease ol the number ol circular rods in the
center ¢l the PC waveguide, there 1s a decreasc
of the amount of the transmitted power to nl
puint 22 in the structore shown in Fig, 10.0.

On the other hand, inserting a single
cavily can produce an oplical filter with a sharp
transinission resonance. Iig. 12.a shows that , the
single cavily should be held only in the centre of
the circular rods to achieve filter with high sharp
transmission resonance. The results obtained by
the Onitc clement method are presented
reference [8] wsnd  excellent  agreement  is
oblained. Varying the width of the single cavity
will changes the frequency resonant peint as
msel in Fig. 12.b. Moreover, Fig. 13 shows thal,
increasing the number of micro-cavities will
increase the bandwidih ol the PC [ikier.
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Finally, Fig. 14.a shows a T- branch PC
splitler. The computational window sizes [x x y]
are [53.94um x 1{.471um |, the Ume slep Al is
0.0645129 fs and the simulation time is 1800/.
The PML layers are assumed to be 20 layers. On
a PC (Pantium IV, 3.2Gllz 1GB RAM), the
whole simulation period took around one hour.
From the calculated propagation characteristics
shown in Fig. 14.b, the high transmission is
observed al normalized [frequency ranges from
0.386 1o 0.403. Also the two ports of the PPC
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gpliier have obtained approxumately the same
amount ol the transmitled inlensity over the sume
considered lrequency range. On the other hand,
the transmission properties of splitters shown in
Figs. 15 and 16 are also high but, each port has
cblained a different amount of transmitted
intensity than the other for specific values of
frequencies. This device could be used for
designing a multiplexer consisting of such a
splitter followed by a filter in cach arm tuned to
the correspending Irequency.
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Fig. 14. PC splitter of dielectric rods in air: (a) Struclure geometry, (b) Propagation characteristics.
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¥, Conclusion

Finite difference Time Domain algonthm
incorporated with Blach periodic or perfoctly
matched layer absorbing boundary condition is
formulaled for the calcufating the band gap of
different lattices of 2-D photonic crystal
structures. To validate the program, companison
wilh the finite clement method in frequency
- domain is obtained and showed an cxcelient
agreemenl. Furthermore, two different photonic
crystal circuit components were simulated and
their fascinasing properties were presenied.
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