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Abstract: A Finite Difference Time Domain (FDTD) analysis has been effectively applied to investigate
the transmission of the transverse electric poiarized pulses in 90° bend optical waveguide. Comparison with
a Time Domain Beam Propagation Method (BPM) based on finite element scheme has been made and
exceilent agreement is achieved. Moreover, a detailed study of photonic crystal square ring waveguide
resonator has been carried out. A series of simulations are performed to determine by how much the radius
of holes would have to be tuned to result in radiation at & = 1.55255 pum (the center of the
ielecommunications c band) to be dropped.

index Terms: photonic crystal, Finite Difference Time Domain Method (FDTD) , optical waveguide resonator,

1. Introduction Researches over the last decade have
generated a wide range of rigorous numerical
photonic crystal (PC) is a periodic algorithms for modeling optical waveguide
Aarrangcment of dielectric or metallic structures, such as plane-wave expansion (PWE)
ntaterials. and is an optical anafogy to a (4-5], and finite element methods [6]. These
conventional crystal. A conventienal crystat can versatile algorithms have been applied with
provide an energy band gap to prevent an success 1o study issues S}.lch as transmissions and
electron from propagating through the crystal. A reflections for Photonic Crystal (PC) wave-
photonic crystal provides a possibility to control guides. In this paper, Finite Difference Time
and manipulate the propagation of light. If, for Domain (FDTD) Technique [7] has been utilized
some frequency range, no light of any to anal?fzt the Propagation propertics of PC
polarization can propagate in a photonic crystal, waveguide structuces.
the crystal is said 10 have a complete photonic The paper is organized as follows.
band gap (PBG). If one introduces a line defect Following this introduction, a brief mathematical
into a photonic crystal which has a photonic band treatment of FDTD method is given in section 1),
gap, one can guide light (whose frequencies are The results and their physical explanation are
within the photonic band gap) from one location detailed in section 11I. Finally, some conclusions
to another since the light has nowhere eise to are presented in section V.
go| 1,2].
Resanant filters are attractive candidates Il. Formulation
for channel dropping, since they can potentially
be used to select a single channel with a very A- Basic Equations

narrow line widih. Channel dropping filters,
which can access one channel of a wavelength
division multiplexed (WDM) signal while
leaving other channels undisturbed, are
essential[3].

In a two-dimensional case, the felds

" can be decoupied into two transversely polarized
modes, namely the E polarization (£, H,. and
H,) and the H polanzation (f,, E,, and E). Yee's
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mesh is widely used in the FDTD analysis [7].
Here, Yee's two dimensional mesh in Finite
Difference Time Domain solver is used. The unit
Yee ceil of the two-dimensional mesh for E
polarization case is illustrated in Fig.1.
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Fig. [. The unit Yee cell of the two-dimensional
FDTD mesh tor E polarization case| 7].

The continuity conditions are automatically
satisfied since, all the transverse field
components are tangential to the unit cell
boundaries. The following 2-D FDTD tirne
stepping formulas constilute the discretization (in
space and time) of Maxwell's equations on a
discrete two-dimensional mesh in a cartesian x y
coordinate system for E polarization case:
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wherc the superscript n indicates the discrete
time s¢ep, the subscripts { and j indicate the
position of a grid point in the x, and y directions,
respectively. As is the time increment, and Ax,
and Ay are the space increments between two
neighboring grid points along the x and ¥
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directions, respectively. @ 1is the angular
frequency, u , £ and o are the permeability, the
permtivity and the conductivity of the medium
considered.

B- Boundary Conditions

When calculating the band structures of
photonic crystals, one naturally chooses a unit
cell of lattice as the finite computation domain,
and uses the periodic boundary condition, which
satisfies the Bloch theory [2]. Therefore, we have
the following simple boundary conditions for
updating the fields,

+ L y= e PLE (7
Bl rtd=el E0D (3)
H{(r+L)=e H (r).

where L is the laitice vector,

A perfectly matched layers (PML) with
the following impedance matching condition [8]
is applied to bound the computational window.
In the PML, the electric or magnetic field
components are split into two subcomponents
(e.g., E,=E,+E,) with the possibility of
assigning losses to the individual split field
COMPONEnts.

T, (4)

where o, and o, are the electric and magnetic
conduclivities of the PML, respectively, and » is
the refractive index of the adjacent computing
domain. which means that the wave impedance
of a PML medivm exactly equals to that of the
adjacent medium in the computing window
regardless of the angle of propagation. '

C- Stability Condition

For two-dimensional FDTD time-
stepping formulas, the stability conditions Tor
erthogonal case is [7]

At Sl/[c\/ax‘z+Ay'2] (5)

D- Frequency Transformation

With the FOTD method, all the fields
are obtained in the time domain. However, the
dispersion relation (the band structures, guided
modes, etc} of a photonic crystal is a refation
between the frequency and the wave vector.
Therefore, we need to perform a Fourier

" transform. MATLAB package ver.7 is adopted to

evajuate this transform and evaluate the phase
shift constant p.
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II1. Numerical results

First, we used the 2-D FIXTD numerical
method  outlined above to calculate the
transmitted and reflected power spectra around a
90" sharp bend whose schematic diagram is
shown in Fig.2-a [9]. Figure 2-b shows the input
TE mode pulse with a central wavelength
1.55um which is located in the transverse y
direction at the reference point Pf. The time
variation of the field is recorded at the reference
poinls A2 and P3, sespectively as shown in Fig.3.
This structure has been discretized with a
uniform mesh where the computational window
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stzes [ x x y | are [ 30pm x 30um ], the time step
At is 0023586 f5 and the simulation time is 800

J5. The PML layers are assumed to be 50 layers.

On a PC (Pantium [V, 1.2GHz, 2GB RAM]), the
whole simulation pericd tock around one hour
and 25 min. The frequency dependence of the
transmitted and reflected power spectra are
shown in Fig.4. The results of the finite-element
based time domain beam propagation method
[9] are also shown on the same figure,
Comparison between the results of the two
methods  shows a  satisfactory agreement,
However, the FOTD method is simpler and was
effectively carried out on the Pantium IV PC .
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Fig. 2. A 90° sharp bend (a) Details of the structure w = 0.2 um, (b) Input TE mode pulse at point £/
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Fig.3. Time variation of the field recorded al points: (a) P2, (b) P3.
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Fig. 4. Power spectra around a 90° sharp bend (a) Reflected |Rf, (b) Transmitted |TF.

Next, we consider a photonic crystal
structure of dielectric rods arranged in air on a
sguare array with a lattice constant 4 as shown
Fig.5.a [10,11]. Figure 5-b shows the calculated
band structure of the cosidered square lattice in
TE mode. From the figure one can see that, the
crystal has a PBG for TE modes which extends
from A =A/302pum to b= A4 /443 pm. Figure 6-
a shows a 90° bend with an element division in
the neighboorhood of the comer{10]. This
siructure has been discretized with a uniform
mesh where the computational window sizes [ x
xy]are[ 50.601%um x 51.6019um ], the time
step Af is 0.0641259 /5 and the whole simulation
time is 350 /5. The PML is assumed to have a
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thickness of 3.5um. One gaussian pulse with ),
= 1.45 pm is sent down the waveguide covering
different ranges of frequencies. On the same
used PC, the whole simulation period took
around 2 hours and 25 min. The reflection and
transmission charcterstics calculated at port |
and port 2, respectively are shown in the Fig. 6-a.
Figure 6-b shows the clectric field patiemns of
the pulse with gaussian profiel propgating in the
cosidered 90° bend waveguide, the figure
demonstrates that the transmission is a little
deteriorated. The results obtained using the
presented 2-D  FDTD are in very good
agreement up to realibility of figure in these
references [ 10,11]. :

Photonic Band Gap

Normalized frequency [4/ A

(b}
Fig. 5. Cross section of square lattice of dielectric rods arranged in air: (a) Details of the structure 4 =
0.58 pm, d=.364, r=3.4, (b) Calculated band structure for TE mode.



Fig. 6. A 90° bend photonic crystal waveguide: (a) Propagation characteristics , {(b) Snapshots of
the propagating pulse at different time periods.

Next, we consider the mode supported
by the photonic crystal waveguide at the center
of the telecommunication band 193.1 THz. The
waveguide itself is formed by removing one line
of dieleciric rods of the square lattice shown in
Fig.5.a. as observed in Fig7.a. To keep
reasonable accuracy, this structure has been
discretized with a uniform mesh where the
computational cell steps [ Ax x Ay ] are [
0.026 um = 0.026)um ], the time step Af is
0.0307805 f5 and the whele simulation time is

" 2500 f5. The whole simulation period took
PML thickness = 5.22
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Fig. 7. Photonic crystal waveguide of dielectric rods in air
d=.364, /=3.4, (b) Input Gaussian pulse at P/.
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around 7 hours and 17 min. Figure 7.b shows the
excitation gaussian pulse with 3, =1.55 pm. The
time domain electric field signal, monitored for
sufficiently long time at point P2 is shown in
Fig.8.a. As may be observed from this figure,
this time monitor ensure that the radiation has for
the most part, left the simulation volume. Also,
in order to find the mode of interest, the data
collected by the frequency domain monitor at
193.1THz found at point P2 is used as shown in
the inset of Fig.8.b.
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Fig. 8. Photonic crystal waveguide of dielectric rods in air: (a) Time domain signal at P2, (b) Calculated

TE mode at A =1.55 pm.

Finatly, we consider the light transmission
through an optical ring resonator. This structure
consisls of two line defects (a “through” channel,
and a “drop” channel) connected by a square ring
defcel of dimensions a and b as shown in Fig.9.a.
The waveguides comprising the drop and
through channels and the ring resonator consist
of a core that is 0.9512 pum wide and has
refractive index 1. This structure has been
analyzed using the same computational window
of thc above analyzed pholonic crystal
waveguide. The calculated TE mode pulse
shown in Fig.8.b with a central wavelength 1.55
pm is used for the excitation of the through

channel and is located in the transverse x
direction at point P/. Figure 9.b monitors the
time signal in the drop waveguide. As may be
observed, this signal contains seven puises,
which correspond to seven round-trips of the
ring. Figure 10.a shows the steady-state field
profiles at 193.1THz for different values of o and
b. As may be noted from the figure, the
interested frequency is approximately dropped at
dimension a = b; where, The magnitude of the
normalize power transmission with respect to the
input source power for the square ring case at
193.1 THz is about 0.61 as shown in Fig.10.b.
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Fig. 9. photonic crystal Ring Resonator of dielectric rods in air: (a) Details of the structure, (b) A time

varialion of the field recorded at points at PJ
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Fig. 10. photonic crystal Ring Resonator of dielectric rods in air : (a) steady state field profile at & =
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{b) The transmitted power to the drop channel.
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Therefore, these encouraging results
have stimulated further efforts seeking better
performance. In this respect, the proper choice of
the radius of the holes on the inner edges of the
square ring resonator would be possible to
optimize the performance of the transmission. To
this cnd we run a series of simulations to
determine the optimum hole radius and the
whole simulation period took around 72 hours.
Figure 11.a shows the fractional transmission as

a function of hole radius, and demonstrates that
the radius of the holes would have to be
modulated from the original 0.1044 um to
0.09135 um to efficiently divert a signal at
193.1THz from the through channel to the drop
channel as observed from the calculated steady
state profile shown in Fig.11b. Figure.llc
shows the magnitude of the transmitted
normalized power to the through and the drop
channels for the optimum case.



E. 25 Nihal FF. Areed, Salah S. A. Obayya & Hamdi A. El-Mikati

F
1 T T T T T T T

Fractional Transmission |T|’l

¥
El
0.2} i reaesd eeseend Peaneod]
; ¥
. L} k) I3 " ¢
T T T P B R o A
1 . . .
; N TR T O g

.
8os 6 om  oi 012 014 GBI 018 02 02
Hole Radius{ pm ]

(a)

! |
] 3 . I '
" :5
o ) ' . b 1 N
? : i &
s, 2 . v
£ £ |
: { L)
™~ N - a
(3]
-1 ] (31
L |
Radius =0 1566 pm Radtus 0.09135 pm o
1 “a -
1 . . -1 N
¥ Dvkrneer " r (ke "
(b)
] T T | — e =-. T T
: : _,-9'".’" D :
05 feeeennns Ferere g SRR .
H 7 \\
~ " .4
~— 0B} e R ' .
E° 4 » '
o 07 g - .
B el b L]
~ o 05l dx’" ~o- Drop Channel b ;
N e e Through Channel : ;
PN S O S T AP [ eemiienaan |
E it H
<] !
= 03f .:.'h,:\.‘. ; T i
0.zl PR S B Raacrs IITII PP
[ SR Massinaasnsnn a-;.‘... ------ Amarasasmaman Temaan ;‘-;,—J
0 A 1 e el ] i
1,54 1 1.56 1.565

155 1,555
Whavelength [pm ]
{c)
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1V. Conclusion

Finite difference Time Domain algorithm
incorporated with Bloch periodic or perfectly
matched layer absorbing boundary condition is
formulated for the analysis of 90° sharp bend
waveguide and 90° curved bend PC waveguide.
Moregver, an efficient serdes of simu]q_}_jon
developed to efficiently transmit the a signal at
193.1THz from the through channel to the drop
channel in the suggested optical square ring
resonator which is designed in 4 square lattice of
dielectric rods arranged in air. This designed
structure is useful in optical communication
integerated circuits.
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