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On the Modeling of Losses in Short Length
Photonic Crystal Waveguides
Martin J. Cryan

Abstract—The 3-D finite difference time domain (FDTD)
cut-back method is used to study losses in nondisordered photonic
crystal silicon membrane waveguides. Losses above the light-line
have been shown to be in good agreement with other methods.
Below the light-line, however, FDTD is predicting a rapid increase
in losses. This paper studies the possible causes for this effect,
including meshing effects, back reflections, and finite thickness
sidewalls. It is found that since below the light-line the group
index becomes very high and the loss becomes very low, strong
Fabry–Perot oscillations dominate the cut-back results. The
paper also discusses the impact of operating near to the cut-off
wavelength of the photonic crystal waveguide Bloch mode and the
implications this has for loss calculation.
Index Terms—Photonic crystals.

I. INTRODUCTION

L

OSSES in PhC waveguides have been studied for a
number of years. Recently great progress has been made
in reducing loss levels in membrane waveguides to 1 dB/mm
[1], [2]. It has been realized that even when working below
the light-line it is difficult to maintain low loss over large
bandwidths. Much work, both experimental and theoretical has
studied this regime and in particular the role of disorder [3]–[6].
It is, however, interesting to consider the much simpler case of
a completely uniform waveguide with no disorder as a benchmark against which to assess the effects of disorder. When
modeling such a system with purely modal, frequency domain
methods [4], [7], [8], the loss must be zero below the light-line;
however, somewhat unexpectedly, other nonmodal methods
produce finite losses below the light-line [9], [10]. Obviously,
this must be an extrinsic loss since theoretically there must be
no loss below the light-line. Experimentally, groups have observed increasing loss below the light-line which is postulated
to be caused by roughness induced scattering being increased
by the low group velocity regime [4], [11]. However, in the
case of the aforementioned modeling results [9], [10], there is
no disorder, and, thus, a different explanation is required. This
paper will study the uniform, nondisordered waveguide case
and look at the possible reasons why such increasing losses
could occur including, meshing effects, back reflections and
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Fig. 1. Photonic crystal membrane waveguide with r=a = 0:3, a =
430:55 nm, h = 0:6a = 258:3 nm, L
= 6:028 m, 10.76 m, 19.37m,
L
= 11a, 22a, 42a, d = 870 nm, W1 guide in 0 K direction, n = 3:4
(a) top view, (b) side view.

0

finite thickness sidewalls. This is then followed by a detailed
assessment of power flows from the structure including both
sidewall and out-of-plane leakage. There is then a discussion
on the role of Fabry–Perot oscillations in the cut-back method
and its impact on accuracy. Finally comments are made on the
fact that the cut-off wavelength for the Bloch mode in the PhC
waveguide is within the spectral region being studied here.
II. SIMULATION RESULTS AND DISCUSSIONS
Fig. 1 shows the structure to be studied. This is a silicon
slab PhC waveguide with dimensions that have been used in a
number of earlier works [8], [12]. It was also the subject of a
benchmarking exercise in the EU COST-P11 activity on PhCs
[13]. The band structure of this structure has been extensively
studied [14]–[16] and the membrane is found to support an even
and odd TE-like mode (E parallel to slab). This work concentrates solely on the even TE-like mode, since this is the most
commonly used.
Losses are calculated using the FDTD cut-back method as described in [12]. The structure has uniform meshing in the
plane, with
nm and
nm. This results in 20 cells per lattice constant, , in the direction and 37
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Fig. 3. Losses for different FDTD mesh sizes in both x and z directions.
Fig. 2. FDTD and Fourier method simulated loss results for waveguide shown
in Fig. 1.

cells per
in the direction. This produces uniform meshing
across the holes and keeps staircasing errors constant across
the structure. In the vertical direction, nonuniform meshing is
nm, resulting in 16 cells in the
used with a
results in a simulation requiring
membrane. PhC waveguide
800 MB of RAM and taking 140 h on a Pentium 4 2.4-GHz machine. This method uses modal S-parameters to accurately calculate transmission through three different length waveguides
and from this, loss per unit length data can be calculated. In
these simulations great care has been taken to remove any artificial roughness that can be introduced by staircasing caused by
the FDTD grid. Thus, although the holes will not be perfectly
circular, they will all be identical and arrayed perfectly periodically. Later in this paper the effects of this residual staircased
roughness will be studied. Hamming windowing of the time domain data is used to remove residual ringing effects [12]. Fig. 2
presents loss in dB/mm versus wavelength obtained from the
FDTD cut back method and from a Fourier Modal method [8].
It shows that good agreement is obtained above the light-line
from 1350–1525 nm; however, as discussed above, the Fourier
modal method predicts very small losses below the light-line.
The FDTD results on the other hand show rapidly increasing
losses. These have been observed, but not commented on using
another nonmodal method namely the Multiple Scattering Technique [9]. It should be noted that Fig. 2 shows negative losses
which are obviously unphysical and to remove these would need
longer length guides. Thus, there is a limit to the accuracy of
10 dB/mm. However, for the purthese results of around
poses of this paper where very large losses are being observed
below the light-line this level of accuracy is sufficient. This
paper will now investigate possible reasons for these increasing
losses as discussed in the introduction.
In any numerical method such as FDTD which relies on
meshing the most important effect to observe is the dependence
of the results on mesh size. As the mesh size is reduced the
results should converge to some limit. Care should be taken
here since reducing the mesh size results in reduced time step
size which can make comparison of results less straightforward.
Fig. 3 shows these results for the case when the direction
mesh is reduced from 20.15 to 10.07 nm and the z direction

Fig. 4. Modal back reflection for two different length PhC waveguides.

mesh is reduced from 21.53 m to 10.76 nm. Due to memory
constraints it was not possible to refine the mesh in both x
and z directions simultaneously. It can be seen that the results
remain almost constant. Not only does this show the method
is converged but also that any numerical surface roughness
effects caused by staircasing are not inducing the loss below
the light-line.
The following results look at the effects of back reflection,
which occurs in any low group velocity waveguide due to both
increased modal mismatch and group velocity mismatch. If
the back reflection was increasing with the length of waveguide, as might be expected in say a 1-D Distributed Bragg
Reflector(DBR) structure then the cut-back method used here
would produce finite loss results since it is assuming fixed
reflection loss at each transition. The back reflection can be calculated directly by the FDTD method outlined above : since the
input photonic waveguide is being excited by its fundamental
mode, almost all of the energy is directed forwards; thus, any
energy observed behind the excitation point must be due to back
reflection. Thus, a modal time domain probe is placed before
the excitation and this calculates the amount of power reflected
back into the fundamental mode of the input waveguide. The
results for two different length guides are shown in Fig. 4.
Fig. 4 shows that apart from a change in interference beat
period due to the change in length no extra back reflection appears to be occurring. It remains a possibility that energy is
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Fig. 5. View of probe positions for assessing reflection into higher order modes.

Fig. 7. Loss dependence on number of rows of holes in PhC waveguide
sidewall.

Fig. 8. Field plots for abs (E ) at center of slab—top view for wavelength
(a) 1.475m, (b) 1.525 m, (c) 1.6 m.
Fig. 6. Total back reflected power at (a) probe 21 and (b) probe 16 from different length waveguides.

being reflected back into higher order modes of the waveguide.
Currently overlap integrals cannot be performed with respect to
higher order modes, so in order to assess this effect, standard
time domain probes are placed around the input photonic wire
to assess the reflection into other modes. The probe positions
are shown in Fig. 5 which is a view taken from the FDTD user
interface.
Example probes, shown as probe numbers 21 and 16 are used
to sample the back reflected energy. The results are shown below
in Fig. 6 and they confirm that there is no strong dependence on
length in this case either.
Low group velocity can increase existing loss because the
light takes longer to propagate through the waveguide. Thus, it

could be postulated that sidewall leakage is being increased by
the low group velocity. To study this effect, different thickness
side walls have been studied by increasing and decreasing the
number of rows of holes in the sidewalls. Fig. 7 shows these
results. It can be seen that there is a small dependence on number
of rows of holes in the sidewall, however, these results alone
seem not to explain the dramatic rise below the light-line.
Thus, to understand in detail where power is being lost from
the structure the fact that FDTD has access to all fields in the
simulation domain can be used [14]. Thus, power leaking vertically from the structure can be calculated. In order to do this a
measurement plane can be placed above the slab a distance of
0.47 m from the surface of the slab. In this code these measurement planes can be specified in the frequency domain where a
running discrete Fourier transform is performed at each point in
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Fig. 11. Total vertically emitted power at different wavelengths for different
length guides.

Fig. 9. Field plots of abs (E ) 0.47 m above the slab—top view for wavelength (a) 1.475 m, (b) 1.525 m, (c) 1.6 m.

Fig. 10. Total vertical power versus distance for different wavelengths.

the plane at a specified frequency. First, however, it is instructive to observe the field profiles at the center of the slab at three
different wavelengths, above (1.475 m), close to (1.525 m)
and below (1.6 m) the light-line.
These show the strong confinement that can be achieved in
these types of waveguide and that in (c) below the light-line
the mode is more extended as expected in a low group velocity
regime and has high fields in the holes nearest to the guide. Note
also that most of the energy is propagating to the right of the
excitation point—indicating forward propagation, this is what
enables the reflection calculation carried out previously. Now
the electric field is observed 0.47 m above the slab in Fig. 9.
Here, we can see that substantial amount of energy is present
in this plane and as expected below the light-line much less
power is present, though the total amount of power is not clear
field. Thus, the Poynting vector at
from looking at only the
each z value in this plane has been summed and can be plotted
versus distance for each wavelength as shown in Fig. 10.

There are a number of interesting features in Fig. 10. Firstly it
can be seen that for wavelengths above the light-line the out of
plane leakage is high as expected. Below the light-line the out
of plane leakage is much smaller, in fact on close inspection of
Fig. 10 it can bee seen that below the light-line power is in fact
travelling in both the positive and negative vertical direction,
this is indicative of evanescent near fields which are not leaking
in the vertical z direction. Another interesting feature is the large
amount of power being scattered at the input and output of the
waveguide. This will be mostly due to the transition from the
photonic wire waveguide to PhC waveguide. It can be seen that
the amount of scattering is increasing as the wavelength moves
further below the light-line, as expected since both the modal
and group velocity mismatch are increasing.
In order to further quantify the vertical leakage below the
light-line, the analysis of Fig. 10 can be repeated for a different
length guide—6.028 m in this case. The total vertically emitted
power can then be summed at each wavelength and plotted as
shown in Fig. 11.
Fig. 11 shows that above the light-line the total vertically
emitted power is increasing with length as would be expected.
However, below the light-line, there is no length dependence,
and, thus, this must be pure end effect loss.
Thus, this section has confirmed as expected there is no vertical leakage from these waveguide below the light-line.
The paper will now consider the case of sidewall leakage.
This has been studied in 2-D models [17], [18] but less so in
full 3-D with a focus on below light-line operation. The following results show a Poynting vector calculation for sidewall
leakage. Thus, frequency domain snapshots are placed as shown
in Fig. 12 below.
In this case different thickness sidewalls will be studied as in
Fig. 7. Fig. 13 shows the directed Poynting vector at 1.6 m
for 7, 6 and 5 hole thick sidewalls.
The results in Fig. 13 show very convincingly that sidewall
leakage is a strong function of sidewall thickness. The results
can be used to calculate total sidewall leakage at different wavelengths, these results are summarized in Fig. 14.
Fig. 14 furthers confirms that sidewall leakage is strongly dependent on the thickness of the walls and also on the wavelength
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Fig. 12. Top view of sidewall leakage snapshot in 7 hole thick sidewall case.

once propagation is below the light-line. These results suggest
that the loss below the light-line observed in Fig. 2 could be
caused by sidewall leakage being enhanced by low group velocity. The ultimate test of this is to further increase the sidewall
thickness to attempt to eliminate side wall loss. Fig. 15 shows a
PhC waveguide with very thick sidewalls. The cut back method
has again been used here with two different length waveguides
in order to extract the loss.
The loss result for this structure is shown below in Fig. 16
and it is clear that the loss below the light-line is still present,
implying that sidewall leakage is not the cause of the observed
increasing losses.
Thus, at this point, the paper has shown that the loss observed
below the light-line could be nonphysical in nature and may
be due to the cut back method itself. The length of waveguides
being used here are very short when compared to typical lengths
used in measurement based cut-back methods, however, above
the light-line reasonable results are being obtained. Thus, it is in
the low group velocity regime that the cut-back method starts to
breakdown. Below the light-line this waveguide becomes essentially lossless apart from small levels of sidewall loss. Thus, in
terms of the cut back method if the directed Poynting vector
is measured at any point in the waveguide it should be essentially unchanged, resulting in zero loss. This can be tested directly here by placing modal time probes along the waveguide as
shown in Fig. 17. These are modal overlap integrals with respect
to the fundamental mode of the input waveguide and, thus, will
only approximate the actual z-directed Poynting vector of the
Bloch mode that exists in the PhC waveguide. However, these
would still be expected to be essentially constant in a lossless
waveguide. The results are normalized to the straight photonic
wire waveguide case and, hence, are termed transmission coefficients (S21).
Fig. 18 shows the results for the time probes at three different positions. A number of features are observed. Firstly the
snapshots near the input of the waveguide are seen to be larger
in magnitude above the light-line than those nearer the output,
as might be anticipated in a lossy waveguide. Secondly, the
Fabry–Perot ripple increases in period as the probe moves to
the output again as expected since the probe is moving closer
to the mismatch at the output of the waveguide. It is clear that
as the wavelength goes below the light-line the Fabry–Perot effects start to increase dramatically in amplitude, due to the fact
that losses in the waveguide have become very low. There is
also an overall increase in the average level of the transmission
coefficient, this is indicative of the increase field intensity that
occurs in the slow light regime which gives rise to enhanced
nonlinear performance in these types of waveguide. The period

Fig. 13. Side view of x directed Poynting vector at 1.6 m in snap plane shown
in Fig. 12, for (a) seven hole, (b) six hole, and (c) five hole thick side walls. The
slab extends from 0.871 m to 1.129 m in the y direction.

of oscillation also starts to rapidly decrease as the group index
of the waveguide is increasing and, thus, increasing the effective
length of the waveguide. The cut back method relies on taking
differences between time probes in different length waveguides,
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Fig. 14. Total sidewall leakage versus wavelength for different thickness
sidewalls.
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Fig. 18. Normalized overlap integral at different positions down the PhC waveguide.

Fig. 15. PhC waveguide with very thick (16 rows) sidewalls to strongly reduce
sidewall leakage.

Fig. 19. Loss for L2-L1 for 120-K time points with no Hamming windowing.

Fig. 16. PhC waveguide with very thick sidewalls (16 rows) to strongly reduce
sidewall leakage.

Fig. 17. PhC waveguide with modal time probes distributed along its length,
showing positions 1, 4, and 8.

and, thus, these results show that it becomes very susceptible to
errors in the low group velocity regime.
In order to explore the effect of Fabry–Perot ripples it is important to increase the frequency domain resolution in these results. Currently Hamming windowing is being used to reduce
ringing caused by the finite length time sample being taken.
Thus, here the simulation is extended from 65535 to 120000
time points.

Fig. 19 shows that with the increased number of time points,
the ringing effect has been reduced to a very fast, small amplitude ripple observed across the whole spectrum (see [12]
for unwindowed results at 65536 time points). In contrast to
the previous results, however, the fine detail beyond 1600 nm
is now more visible. It is very clear that a strong ripple is
being observed here, which after windowing was not being
resolved. This appears to confirm that an important issue
here is one of Fabry–Perot oscillation introducing inaccuracy
when comparing the transmission of different length guides.
However, what is also clear from Fig. 19 is that there remains
an increasing trend to the loss results below the light line. One
important point that has yet to be discussed is the fact that
PhC waveguides such as this can become cut-off at a particular wavelength [14]–[16], [19] such that there are no modes
available to transport energy and the modes become purely
evanescent. A strong indication for the onset of this regime is
given in Fig. 4 where the reflection coefficient changes from
a periodically varying response to a constant high level at
1620 nm. This would agree with the idea that a large portion of
the input energy is being reflected directly from the input of the
waveguide and a small amount is evanescently coupling into
the waveguide. Thus, there will be no signal being reflected
from the output to cause the Fabry–Perot oscillation. A cut-off
waveguide is well know to act as a strong attenuator and it
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appears that the increasing loss observed here may indeed by
physical and be associated with a transition from propagating
to evanescent modes. Fig. 19 also shows nonphysical results
in that gain is being observed. This is caused by Fabry–Perot
ripple in the longer length waveguide causing the transmission
to sometimes go above that of the shorter guide. This situation
can be improved by using larger numbers of longer length
waveguides.
III. CONCLUSION
This paper has explored the large losses observed in
PhC waveguides below the light-line when using the FDTD
cut-back method. Above the light-line where the group velocity
is “normal” and losses are high, very good agreement with
other methods is obtained. However, below the light-line where
losses are very low and the group index is very high, large
amplitude Fabry–Perot ripples observed in the transmission
response reduce the accuracy of the method. By increasing the
frequency resolution of the method with increased number of
time points the effect of the Fabry–Perot ripples has been more
clearly observed. Beyond this regime this paper discusses the
impact of the proximity of the cut-off wavelength for the Bloch
mode in the PhC waveguide. It appears that the increasing
loss may be in part due to a transition from a propagating to
an evanescent mode in the waveguide. It should be noted that
frequency domain methods such as the Fourier Modal Method
shown in Fig. 2 do not, unlike the FDTD method, in general
include evanescent modes; hence, the large discrepancy with
FDTD based results below the light-line. Workers studying the
impact of disorder below the light-line may need to take into
account that even in this completely ordered, lossless case quite
complex behavior is observed. Future work will use longer
waveguide lengths and tapers to improve the understanding of
these results.
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