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Abstract—A thorough numerical  assessment  of  Finite 

Difference Time Domain and Complex-Envelope Alternat-

ing-Direction-Implicit  Finite-Difference-Time-Domain 

Methods  has   been carried  out  based on a  basic  single 

mode Plane Optical Waveguide structure. Simulation pa-

rameters for both methods were varied and the impact on 

the performance of both numerical methods is investigat-

ed.

I.  INTRODUCTION

IFFERENT numerical  modelling  techniques 

have been proposed in literature to analyse op-

tical and photonic devices, such as Beam Propagation 

method  (BPM)  [1],  Finite-Element-Time-Domain 

(FETD) method [2] and Finite-Difference-Time-Do-

main  [3]  method.  The  Finite  Difference  Time  Do-

main (FDTD) is a very popular method mainly be-

cause  of  its  ability  to  simulate  ultra-complicated 

structures in a very simple and straightforward man-

ner.  However,  as  main  drawback,  FDTD  requires 

high computational resources due to Courant criteri-

on which limits the time step size in order to preserve 

the numerical stability of the scheme. As an efficient 

alternative  to  FDTD,  Complex-Envelope  Alternat-

ing-Direction-Implicit  Finite-Difference-Time-Do-

main  (CE-ADI-_FDTD)  method  [4]  has  been  pro-

posed in literature. The main advantage of CE-ADI-

FDTD  is  the  time  step  sizes  not  bounded  by  the 

Courant  criterion  making  virtually  possible  to  em-

ploy larger time step sizes with low impact on accu-

racy and great saving in terms of computational re-

sources. But the approach proposed in [4] has been 

proven to suffer from numerical instability due to the 

Absorbing  Boundary  Conditions  (ABCs)  [4]-[7]. 

This instability affects the maximum time step size 

that is possible to use in order to maintain the scheme 

stable  limiting  the  numerical  efficiency  of  the 

method itself. In [5], an improved formulation of the 

ABCs has been implemented in the context of CE-

ADI-FDTD  making  the  numerical  scheme  stable 

even for very large time step sizes. The focus in this 

paper is to assess and investigate the performance of 

FDTD and CE-ADI-FDTD methods against Courant, 

D

Friederich, Levy Criterion (CFL) and different parame-

ters of Uniaxial Perfectly Matched Layer (UPML).  Pa-

rameters such as geometric coefficient (g), number and 

size of PML cells were varied for a number of simula-

tions and the obtained results are presented in this pa-

per.  

II.  ASSESSMENT OF FDTD METHOD

A simple waveguide structure shown in Fig .1 is sim-

ulated using the developed FDTD code to investigate 

the performance of the FDTD method. As shown in this 

figure,  the refractive indices  of the core and cladding 

are 3.2 and 1, respectively. The structure is  discretised 

into  a  uniform  mesh  and  is  terminated  by  20  cells 

UPML to absorb the reflected power. To ensure the sin-

gle mode propagation at 1.55μm wavelength, the width 

(W) of the waveguide chosen to be 0.2μm. All the re-

sults for the reflected power are obtained by injecting a 

source-field along the transverse x direction, modulated 

at  wavelength  1.55µm and 5-fs  wide  Gaussian pulse. 

The source-fields for TE and TM  used is presented by 

the equations given below;
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As shown in Fig. 1, the detector point  is labelled as 

D1 to record the incident and the reflected power inside 

the waveguide. Once the incident and reflected power 

recorded in D1, the ratio of FFT of the reflected to inci-

dent field is calculated to compute the spectrum varia-

tion of the reflected power coefficient. 

 As shown in Fig. 1, the reference point is labelled as 

D1 to record the incident field transmitted and reflected 

power from the PML inside the waveguide, respective-

ly. Once the transmitted power reaches the output ter-

minal of the waveguide, the ratio of FFT of the reflect-

ed to incident field is calculated to compute the spec-

trum variation of the reflected power coefficient.
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A. Assessment of FDTD against Courant,  
Friederich, Levy Criterion ( CFL)

In order to investigate the effect of CFL criterion on 

the performance of the FDTD, the waveguide structure, 

shown in Fig. 1 is simulated using the developed FDTD 

code. The TE-mode and TM-mode source field given 

by equations (1a) and (1b) are injected inside the wave-

guide along the transverse x direction [8], modulated at 

wavelength 1.55µm and 5-fs wide. At the first simula-

tion ∆t chosen to be larger than the CFL criterion and 

the structure is discretised into a uniform mesh with cell 

size of 20nm. ∆t used in the simulation can be calculat-

ed as follows; 

Δt>
1

c √ 1

( Δx )2
+

1

( Δy )2
                 (2) 

Based on the parameters  stated above, field profile 

shown in Fig. 2 is obtained. As it may be observed from 

the Figure, the field profile inside the waveguide is in-

stable and constantly increases as the time step increas-

es. As a result of this stability problem, the propagation 

of the field profile inside the waveguide can not be sim-

ulated.  The  FDTD  code  has  been  tested  when  ∆t> 

2*(∆t)CFL,  and ∆t> 3*(∆t)CFL and it has been observed 

that field profile is extremely instable when  CFL crite-

rion not applied. On other  words FDTD is absolutely 

useless to simulate wave propagation if CFL criterion is 

not applied.  

The simulation parameters modified and ∆t chosen to 

be less than (∆t)CFL and the obtained result is presented 

in Fig. 3. As it may observed that the field profile pre-

sented in Fig.  3 represents a Gaussian pulse which is 

given by the equation (1) and therefore a stable field 

profile  will  propagate  inside  the  waveguide  and  the 

transmitted and reflected power can be observed along 

the waveguide. 

B. Assessment of UPML Reflection.

For further assessment of the FDTD scheme, the re-

flected power coefficient of the UPML is investigated 

for both TE-mode and TM mode. In order to investigate 

the effect of the scaling factor (g) on the reflected pow-

er coefficient, the structure presented in Fig.1 is simu-

lated for three different values of scaling factor (g)  for 

both  TE  and  TM  mode  of  propagation.  The  central 

wavelength, λ is 1.55μm, the size of discretisation cell 

( ∆x and ∆y)  are 30nm,  and the  number of UPML 

cells is 20 .

As it  may be  observed  from Fig.  4a,  the reflected 

power coefficient for TE-mode is obtained for a differ-

ent  scaling  factor,  g=1.5,  2.5  and  3.5.  The  reflected 

power coefficients obtained are about -37dB, -25dB and 

-19 dB, respectively.  From the obtained results, it can 

be observed that minimum reflected power coefficient 

is obtained when g is equal to 1.5 and therefore this fig-

ure is considered for the rest of the simulations in this 

research study.

Fig. 1  Basic single mode waveguide,

width (W) = 0.2μm and refractive index, n= 3.2

Fig. 2:  Time variation of the electric field recorded at point detec-

tor D1 inside the waveguide presented in Fig. 1,when 

Δt>( Δt )
CFL

     Fig. 3 Time variation of the electric field recorded at point de-

tector D1 inside the waveguide presented in Fig. 1,  when 

Δt<( Δt )
CFL
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Fig. 4a:  Variation of UPML reflected power coefficient for TE-

Mode against the wavelength for three different values of “g” at cen-

tral wavelength 1.55μm.

Similarly,  the reflected power coefficients  for TM-

mode are obtained for the same values of (g) and as pre-

sented in Fig. 4b, the values of the reflected power coef-

ficients obtained for TM-mode are about -40dB, -30dB 

and -27dB respectively. From both figures it can be ob-

served  that  the  reflected  power  coefficient  for  both 

propagation modes ( TE and TM ) is very low and the 

UPML gives  a  higher  performance  when  the  scaling 

factor (g) chosen      around 1.5 and therefore this figure 

is considered for the rest of the simulations.

Fig. 4b: Variation of UPML reflected power coefficient for TM-

Mode against the  wavelength for three different values of “g” at cen-

tral wavelength 1.55μm.

For further assessments of the reflected power coeffi-

cient of UPML for both TE and TM mode of propaga-

tion, the structure presented in Fig.  1 is simulated for 

10, 20, 30 and 40 UPML cells. The central wavelength, 

λ  is  1.55μm,  the  size  of  discretisation  cell  (  ∆x  = 

∆y=30nm),  and the  scaling factor ( g )  is 1.5.   As it 

may observed from Fig. 5a, the lowest reflected power 

coefficient  or  TE-mode  is  obtained  when  number  of 

UPML cells used is 20, 30 and 40. The reflected power 

coefficient  obtained is about (-38dB).  The highest  re-

flected power coefficient  is  obtained when 10 UPML 

cells are used and the  obtained is about (-20dB). 

Fig. 5a: Variation of UPML reflected power coefficient of TE-

Mode against  wavelength, λ when the number of UPML cells is a pa-

rameter

When  the  number  of  UPML  cells  increased  the 

UPML layers thickness increases and the ability to ab-

sorb incident  power  on the boundaries  increases,  this 

improves the performance of the UPML layer and min-

imise the reflected power from the UPML boundaries. 

Similarly,  the  reflected  power  coefficients  for  TM-

mode  are  obtained  for  the  same  numbers  of  UPML 

cells. As presented in Fig. 5b, the values of the   reflect-

ed  power  coefficient  are  slightly  different  from  TE-

mode. When the number of UPML cells used is 20, 30 

and  40  reflected  power  coefficient  is  slightly  below 

(-40db) and when UPML cells chosen to be 10, the re-

flected power coefficient obtained about (-35dB). Over-

all the reflection ratios for both TE and TM propagation 

mode are very low and this will help the accuracy of the 

results  obtained  by  the  simulations  in  more  complex 

structures.

For  further  investigation  the  structure  presented  in 

Fig. 1 is simulated using different sizes of discretisation 

cell (Δx = Δy) at central wavelength, λ is 1.55μm and 

the  scaling factor,   g  is 1.5.   As it may be observed 

from Fig. 6a, Δx and Δy values used in the simulations 

are 10, 20 and 30 nm and the obtained reflected power 

coefficients are -28dB,  -35dB and -39dB respectively. 

Experimentally ∆x and ∆y need to < 0.05a.  Generally, 

for the TE-mode the reflected power coefficients for the 

three different values of Δx and Δy are very low. How-

ever it can be concluded that the reflected power coeffi-

cients are inverse proportional to the size of the discreti-
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sation cell, in other words the larger the cell the lowest 

the reflected power coefficients. 

Fig. 6a:  Variations of UPML reflected power coefficient of TE-

Mode against wavelength, λ when Δx and Δy size is a parameter.

Fig. 6b presents the variation of reflected power  co-

efficient with the wavelength for different values of dis-

cretisation cells. As it may observed from the graphs, 

when  Δx and  Δy value is  10 nm,  the  reflected power 

coefficient reaches the lowest value (-40dB) at the cen-

tral wavelength, λ is 1.55μm, when  Δx and Δy value is 

30  nm,  the  reflected  power  coefficient  at  the  central 

wavelength is about - reflected power coefficient 40dB, 

however  it  reaches  the  lowest  value  (  -50dB)  at  the 

wavelength, λ is 1.55μm.  Meanwhile, when  Δx and Δy 

value is  20 nm,  the  is about -36dB and similar cross 

the bandwidth.  

III.ASSESSMENT OF CE-ADI-FDTD METHOD.

The same waveguide structure presented in Fig. 1 is 

simulated using the developed  CE-ADI-FDTD code to 

investigate  the  performance  of   the  CE-ADI-FDTD 

method.  As shown in this figure, the refractive indices 

of the core and cladding are 3.2 and 1, respectively. The 

structure is discretised into a uniform mesh and is ter-

minated by 20 cells PML to absorb the reflected power. 

To ensure the single mode propagation at 1.55μm wave-

length,  the  width  of  the  waveguide  is  chosen  to  be 

0.2μm. 

A.  Assessment of CE-ADI-FDTD against CFL Cri-
terion.

In order to investigate the effect of CFL criterion on 

the performance of the CE-ADI-FDTD, the waveguide 

structure presented in Fig. 1 is simulated using the de-

veloped  FDTD code. The TE-mode  source-field given 

by equation (1a)  injected inside the waveguide along 

the  transverse  x direction,  modulated  at  wavelength 

1.55µm and 5-fs wide. The structure is discretised into a 

uniform mesh with cell size of 20nm.

For  the first  simulation, ∆t  chosen  to be ten times 

larger than the CFL criterion,  ( Δt=10 ( Δt )
CFL ) and 

the structure is discretised into a uniform mesh with cell 

size of 20nm. Based on the parameters stated above the 

CE-ADI-FDTD  tested  for  ( Δt=10 ( Δt )
CFL ) and 

( Δt=30 ( Δt )
CFL ) and the field profile shown in Fig. 

7 is obtained. As it may be observed from the Figure, 

the field profile inside the waveguide is very stable and 

the CFL criterion is completely eliminated. Furthermore 

the same structure simulated with ∆t chosen to be less 

than the CFL criterion,  ( Δt=0 .9 ( Δt )
CFL )  and the 

obtained field profile shown in Fig. 8 is very stable.

Fig. 5b:  Variation of UPML reflected power coefficient for 

TM-Mode against the  wavelength, λ  when the number of 

UPML cells is a parameter.

Fig. 6b:  Variations of UPML reflected power coefficient of TM-

Mode against the wavelength, λ when Δx and Δy size is a parameter.
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Fig. 7:  Time variation of the envelopes of the electric 

field recorded at point detector D1 inside the waveguide pre-

sented in Fig. 1, when Δt>( Δt )
CFL

Fig. 8: Time variation of the envelopes of the electric 

field recorded at point detector D1 inside the waveguide pre-

sented in Fig. 1, when Δt<( Δt )
CFL

B.  Assessment of  PML Reflection 

For  further  assessment  of  the  CE-ADI-FDTD 

scheme, the reflected power coefficient of the PML is 

investigated for TE-mode. In order to investigate the ef-

fect of the scaling factor (g) on the reflected power co-

efficient, the structure presented in Fig. 1 is  simulated 

for three different values of scaling factor (g). The cen-

tral wavelength, λ is 1.55μm, the size of discretisation 

cell,  ∆x and ∆y  is 30nm,  and the  number of  PML 

cells is 20 . As it may be observed from Fig. 9, that the 

lowest  reflected  power  coefficient  obtained  when the 

scaling factor (g) is equal to 1.5, it is about (-50dB ). 

In order to investigate the effect of time step (Δt) on 

the reflected power coefficient, the structure presented 

in Fig. 1 simulated for three different values of Δt. The 

central wavelength, λ is 1.55 μm, the size of discretisa-

tion cell,   ∆x and  ∆y  is  30nm,  and the  number of 

PML cells is =20 . It may observed form Fig. 10 the re-

flected power coefficients  obtained for  three different 

values of Δt are about the same and therefore it may be 

concluded that using a large Δt value it will have no ma-

jor  impact  on  the  accuracy  of  the  CE-ADI-FDTD 

scheme.

Fig. 10:  Variations of PML reflected power coefficients with the 

wavelength for different values of Δt at central wavelength 1.55μm.

Furthermore, the same structure presented in Fig. 1 is 

simulated to investigate the effect of the size of the dis-

cretisation cells on the reflected power coefficient.  Dis-

cretisation cells in x and y direction are chosen to be 

equal and the structure simulated three times using cell 

size 10, 20 and 30nm. As it may observed from   Fig. 

11, the lowest value of reflected power coefficient ob-

tained is about -55dB when the cell size is 20nm.

IV. CONCLUSION 

In this paper a number of simulations have been car-
ried out in order to investigate the performance of the 
FDTD and CE-ADI-FDTD for different simulation pa-
rameters such as, Courant,   Friederich, Levy Criterion, 
scaling  factor  (g),   size  and  number  of  discretisation 
cells. From the simulation results presented can be ob-
served that the applying of  Courant,   Friederich, Levy 

Fig. 9:  Variations of PML reflected power coefficient of TE-Mode 

against the wavelength for three different values of “g” at central 

wavelength 1.55μm.
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Criterion  has a big impact on the stability of the simu-
lation in FDTD method but has no impact  on CE-ADI-
FDTD in terms of stability. The scaling factor (g), cell 
size and  thickness of PML layer have an impact on the 
reflected  power  coefficient  for  both  FDTD  and  CE-
ADI-FDTD and have to be selected carefully.
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