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Abstract—We demonstrate compact 12-channel 400 GHz ar-
rayed waveguide grating wavelength demultiplexers (AWG) in
silicon with a flattened spectral response. Insertion loss, crosstalk
and non-uniformity are —3.29 dB, 17.0 dB and 1.55 dB, respec-
tively. The flattened spectral response is obtained by using an
optimized mode shaper consisting of a multi-mode interference
coupler as the input aperture of the AWG. The ratio of the 1 dB
bandwidth to the 10 dB bandwidth is improved by 50%, from 0.33
to 0.49 compared to a conventional AWG. The device size is only
560x350 pm?.

Index Terms—AWG, phasar (phased array), MMI, silicon-on-
insulator (SOI).

[. INTRODUCTION

AVELENGTH division multiplexing (WDM) is now

widely used in commercial telecommunication net-
works. It allows to increase the capacity and provides more
flexibility in complex network architectures. Since the early
1990°s, Arrayed Waveguide Grating based devices (AWG)
are a key component in these WDM systems, allowing for
demultiplexing and routing of wavelength channels. An AWG
consists of two free propagation regions (FPR) and an array of
waveguides with successive increments in length [1]. The spec-
tral response of a conventional AWG channel is Gaussian-like,
but a flat spectral response is desirable, or even necessary
for many WDM applications. To fulfill this requirement, one
of the commonly used methods is the use of a Multi-Mode
Interference Coupler (MMI) integrated with an AWG as shown
in Fig. 1. This approach was first adopted by Soole ef al. in
InP-based AWGs [2].

In silica-on-silicon [3] and InP [4], low contrast waveguides
and the associated large bend radii result in relatively large de-
vice dimensions, which is not beneficial for the integration of
many functions on a single chip. In silicon-on-insulator (SOI)
the high contrast waveguides and the sharp bend radius [5], [6]
allow to reduce the size of the device by several orders of magni-
tude [7]-[9], but make the design of such MMI couplers and the
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Fig. 1. (a) Schematic diagram of 12 x400 GHz MMI-AWG. (b) Schematic
diagram of the MMI aperture used as a input aperture of the AWG. (c) Cross-
section of a silicon wire waveguide.

AWG itself difficult. The silicon waveguides used in the array
are more sensitive to phase errors because of the high index
contrast. As a result compact silicon AWGs typically have a
higher crosstalk compared to silica-based and InP-based AWGs.
However by improving the fabrication process and using wider
waveguides we were able to reduce the phase errors and the as-
sociated crosstalk to an acceptable level [9].

In this paper we demonstrate an optimized design of
SOI-based AWG’s with an MMI at the entrance port. We
optimized the MMI and the number of waveguides used in the
array waveguides, and analyze the performance of the design
by comparing simulation results with experiments in terms of
insertion loss, crosstalk, and non-uniformity between the center
and the outer channels. The aspect ratio between the 1 dB
passband and the 10 dB passband of the optimized MMI-AWG
is compared with that of a conventional AWG.

II. THEORY

The operation principle of a conventional AWG is described
as follows. A light beam exiting from a suitable waveguide aper-
ture enters into a first free propagation region (FPR) and di-
verges. This diverging light beam is then coupled in an array
of waveguides and propagates through these waveguides to a
second FPR. The optical path length difference between two
successive waveguides in the array is constant and given by
AL = m - A./Ny, where m is the order of the phased array,
A is the center wavelength of the AWG, and NV, is the group
index of the waveguide. Therefore, for this center wavelength,
the field distribution at the entrance of the waveguide array will
be reproduced at its exit aperture. In a perfect system a perfect
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Fig. 2. Schematic representation of insertion loss, insertion loss non-uni-
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image of the object plane can then be formed and the field dis-
tribution in the image plane will have the same amplitude and
phase as the field distribution of the object plane [1]. Obviously,
the imaging is never perfect because one uses a finite number of
arrayed waveguides and the FPR has a finite numerical aperture.

The phase difference in the arrayed waveguides varies
with wavelength because of their length difference and the
wavelength-dependence of the propagation constant. This
phase delay will induce a tilt in the phase fronts in the FPR
and introduce a lateral shift of the image field profile. The
spectral response of the AWG will therefore be determined by
the overlap of this shifted field profile with the mode profile of
the different output waveguide apertures located in the image
plane. In most AWGs demonstrated in silicon, the geometry of
the aperture at the input (object plane) and output (image plane)
is identical: this results in a maximal overlap when the shifted
image is perfectly aligned with one of the output apertures (i.e.,
at a given wavelength). However, the output power rapidly
drops with a small image shift (i.e., a small wavelength shift).
For many applications, such a rapid roll-off of the output power
is undesirable. Therefore, we can modify the input aperture to
get a better overlap for small wavelength shifts. The simplest
approach is to add a multi-mode interference coupler (MMI)
at the input. Fig. 1 shows the schematic layout of such an
MMI-AWG. With the use of an MMI as the input for the AWG
a wider twofold image can be generated in the object plane.
The exact shape depends on the length, width and taper width
of the MMI. With careful optimization of these parameters,
we can produce a ‘flat’ field profile, and the convolution of
the imaged flat field and the aperture mode in the image plane
will produce a flattened spectral response. To characterize
the flatness of the spectral response we introduce the aspect
ratio: AA1gg/AAigas, where AAjgp and AAjggp are the
1 dB and 10 dB band width of the spectral response as shown
schematically in Fig. 2. Note that the MMI-AWG intrinsically
has a somewhat higher loss than a conventional AWG because
of shape mismatch in the image plane of the AWG and the fact
that the power in the image is now spread over a wider area to
obtain a flat-top wavelength response.

III. DESIGN OF MMI AND AWG

All devices were fabricated on 200 mm SOI wafers having a
220 nm thick silicon guiding layer on top of a 2 zm buried oxide
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Fig. 3. (a) Geometry of the MMI-aperture used in the simulations and actual
design. (b)—(f) Simulated field distribution of the MMI-aperture for different
widths. The black circular dots indicate, for a given MMI width, the optimal
length for achieving a flat spectral response. The square dots in (d) indicate the
positions 13 ytm, 15 ggm, 17 jem and 19 gm of the 5 em wide MMI for which
Fig. 5 shows the field distribution.

layer. The patterns were defined using 193 nm deep UV lithog-
raphy. A double etch process was used: 220 nm deep trenches
define the high contrast photonic wires (further referred to as
the deep etch) and a 70 nm etch defined grating couplers and
lower contrast waveguides in the star coupler regions (further
referred to as shallow etch). See [10] for further fabrication de-
tails. The shallow etch was used for defining all star coupler
apertures, including the MMIs, to reduce reflections at the tran-
sitions. The array waveguides were tapered to 2 ym at the star
coupler interface and separated by 0.2 ym. Also the output aper-
tures are 2 p#m wide and through a 25 pm long adiabatic taper
connected to a 450 nm wide photonic wire. The input apertures
of the MMI-AWGs consist of a 42 yim long taper having a width
of 4 ;sm coupled to an MMI with length and width varied as dis-
cussed below. Both the MMI and the taper are shallowly etched.

As discussed above, through the MMI at the input of the
AWG we can tailor the image of the input field for an opti-
mized overall response. The MMI aperture needs to be about
twice as broad as the output aperture to be able to create an
image which is sufficiently flat. For narrower MMIs, the pro-
file will be too narrow, for broader MMIs, the profile will have
a significant dip in the middle. It also depends strongly on the
dispersion of the waveguide array, i.e., the lateral shift of the
spot as function of the wavelength. Fig. 3 shows the simulated
field distribution for 4.0 y#m, 4.5 pgm, 5.0 pm, 5.5 4m and 6.0
p#m wide and up-to 25.0 pm long MMIs. The black circular dots
in the figure indicate the optimal length to achieve a flat spec-
tral response. (The simulation method will be explained in Sec-
tion IV.) When used in an AWG the MMI should interface at
this point with the FPR. A line scan of the field profile at these
positions is shown in Fig. 4 (as a function of width) and in Fig. 5
(as a function of length). From this figure it is obvious that the
convolution of the output waveguide field profile (dash-dot line)
with the input field profile of the 4.0 ym wide MMI-aperture
will produce the lowest loss but will have a spectral response
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Fig. 4. Simulated field distribution of 4.0 pm, 4.5 ptm, 5.0 pem, 5.5 pm and
6.0 yzm wide MMlI-apertures for optimal length.
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Fig. 5. Field distribution at the end of the MMI for different lengths.

with narrower, more rounded top. The 4.5 ;sm and 5.0 pxm wide
MMI-apertures (close to twice the width of the output aperture)
are the best compromise for achieving a low loss and flat spec-
tral response. The loss will increase significantly for further in-
crements in width.

The flatness of the spectral response depends on the length
of the MMI-aperture as well. To illustrate this we use a 5.0 yzm
wide MMI-aperture. Fig. 3(d) shows the field as it propagates
through the 5.0 pm wide and 25.0 #m long MMI-aperture. In
Fig. 5 we can see how the field distribution changes from a
Gaussian-like to a twofold image with a center dip, by varying
the length of the MMI from 13 pm to 19 pm (the width of the
MMI in this example was fixed to 5 zm). At a certain point
along the length of the MMI, we get a field profile with a flat
region in the center. The convolution of this flat image field and
the mode in the image plane will produce a flattened spectral
response. The width of the flat region in the spectral response
depends on the width of the input field at the entrance of the first
free propagation region from the MMI-aperture.

Also the number of waveguides in the dispersive array will
strongly influence the transfer characteristics of the device.
The acceptance angle of the array is fixed by the apertures used
at the input and output planes of the star couplers. Hence, if

(a)

(b)

Fig. 6. (a) Hybrid-analytical model for star-coupler simulation. (b) T-matrix
approach for AWG.

we increase the number of waveguides in the array, we will
also have to increase the focal length of the FPR. This in turn,
for a given shift in wavelength, will increase the lateral shift
in the image plane. Also, the increase in number of waveg-
uides itself will improve the image sharpness. Therefore, the
1 dB normalized passband width (AA1a5/AX) and the 10 dB
normalized passband width (AX1gap /AN, where AX is the
channel spacing) will be smaller and the neighboring channel
crosstalk will be lower. On the other hand, a higher number
of waveguides will introduce more phase errors, resulting in
a larger overall crosstalk floor. As will be demonstrated in
Section V, a good compromise for the number of waveguides
to keep both the steepness of the pass band and the crosstalk
floor within limits is to use between 2.5 and 4 times the number
of wavelength channels in one FSR. However, the passband
aspect ratio, i.e., the ratio between the 1 dB and 10 dB normal-
ized passband width (AX1as/AA10a) is largely independent
of the number of waveguides, but almost fully determined by
the overlap of the image with the output aperture mode. To
map the influence of the number of waveguides, we designed
AWGs with 44, 47, 50, 53 and 56 waveguides.

IV. AWG MODEL

To simulate the AWG we developed a semi-analytical model
integrated with our design software (IPKISS). IPKISS is a mod-
ular framework: the components are based on parametric cells,
which can be reused, modified and portable between the tech-
nologies: the technology informations contains the default de-
sign rules and fabrication informations based on the foundry
[11]. Our model simulates the transmission matrices (T-matrix)
of all parts of the AWG using the most suitable method [12]. In
our approach we divided the AWG in three parts: two star-cou-
plers (FPR) and the waveguide array. Fig. 6(b) illustrates our
simulation approach for an AWG.



A. Free Space Propagation Region

For the star coupler simulation we developed a hybrid-ana-
lytical model. As shown in Fig. 6(a) the star-couplers are again
split in separate parts: the input apertures, the output apertures
and the free space region. To obtain the field profile, the aper-
tures are simulated numerically using eigenmode propagation
(CAMFR [13]). Fig. 3(a) shows the geometry used for the
CAMEFR simulation and Fig. 3(d) shows the field distribution
of an MMI aperture simulated by CAMFR. Alternatively,
we can use 2D or 3D FDTD to simulate the aperture. The
calculated field-profile is used as the input for the free-space
propagation region, which is solved analytically using a 2D
Fresnel-diffraction scheme. The transmission from the input
aperture to the output aperture of the star-coupler is obtained
by calculating the overlap between the field-profile obtained
from the free space propagation with the field-profile of the
output aperture. Finally by using this process repetitively we
can build the T-matrix of a star coupler with multiple inputs
and outputs. The coupling between two successive apertures is
not taken into account. From FDTD simulations we observed
that this coupling is negligible small for our devices.

B. Waveguide Array

The transmission of the waveguides is given by 7' = ¢xp(7 -
27 - Der(A)/A) - L — @loss - L+ 7 - 0phase(A) - L'/?), where
Ner(A) 1s the effective index, L is the length of the waveguide,
A is the operating wavelength, o,ss is introduced to take into
account the propagation loss and the last term is used to sim-
ulate phase errors due to small variations in waveguide width.
To quantify the phase error we assumed that the variations on
each sidewall to be stationary and uncorrelated [14]. Thus, the
phase error deviation can be described as ophase(A) = (Le -
(6B(N)/6w)? - 02 1) Y/?, where L is correlation length along
which the sidewall approximately keeps a constant lateral po-
sition, 43(\)/éw is the variation of propagation constant with
the variation of the waveguide width for the operating wave-
length )\, and 02, ,,, is the variance of the waveguide width
deviation. This will introduce an additional phase factor in the
transmission of the waveguides depending on the length of the
waveguide. As the distribution of the sidewall roughness over
a waveguide is random, we used Monte Carlo methods to esti-
mate the phase error variation by running the simulation for 100
samples.

C. T-Matrix

We consider an AWG with n input channels, m output chan-
nels and p arms. Then the T-matrix of the input star coupler
is Ty,p, the T-matrix of the output star coupler is 7,, and the
T-matrix of the array waveguides is 7,,,. So the overall T-matrix
(Tn) of the AWG is calculated as Ty, « Tpp - Tg;.

V. RESULTS AND DISCUSSION

To characterize the device grating couplers are integrated
with the input and output channels of the AWG’s. These have
a coupling efficiency with standard single mode fiber of nearly
30% [15]. To eliminate the effect of the grating coupler from
the AWG’s spectral response we subtract the transmission
of the AWG from the transmission of a reference waveguide
having identical grating couplers. In this section first we sepa-
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Fig. 7. (a) Microscopic images of the fabricated 12 x 400 GHz MMI-AWG.
(b) Microscopic images of the fabricated mmi aperture. (¢c) Microscopic images
of the fabricated waveguide array.
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Fig. 8. Simulated spectral response of 400 GHz AWG with variation of MMI
lengths.

rately describe the effect of the MMI length and the effect of
the number of waveguides used in the waveguide array on the
AWG spectral response. Next we discuss the characterization of
the MMI-AWG optimized based on the previous results. Fig. 7
shows the fabricated MMI-AWGs under characterization.

A. Effect of MMI Length

The simulated and experimental spectral response of MMI-
AWGs with four different MMI lengths (13 pm, 15 pm, 17 pm
and 19 pm) is shown in Fig. 8. The width of the MMIs was
equal to 5 pm in each case. We observe that there is a sig-
nificant qualitative correspondence: the 13 pm MMIs result in
a Gaussian-like response, 15 gym MMIs result in a flattop re-
sponse, 17 um MMIs result in a small dip and 19 pm MMIs
result in a large dip at the center of the response. The exper-
imental results for the 17 pm and 19 pm MMI-AWG show a
higher center dip than the simulated response, most probably to
be explained by a small mismatch in MMI width, waveguide
thickness or choice of refractive index used in the simulation.
From these results we can conclude that a 15 zm long and 5 pm
wide MMI is suitable for achieving a flat-spectral response.

B. Optimization of Waveguide Array

The most complex part of the AWG to optimize is the wave-
guide array. The optical path length difference between two suc-
cessive waveguides of the array is constant over the array (see
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Fig. 9. Simulation and experimental spectral response of the MMI-AWG with
variation of the number of waveguides used in the waveguide array. Solid lines
indicate the measurement results and dash lines indicate the simulation results.

Section II) and depends on the design parameters (e.g., the de-
sired free spectral range). A key variable is also the number
of waveguides to be used in the array, which influences the
steepness of the pass band and the crosstalk floor. As discussed
above, a good compromise for the number of waveguides is to
use between 2.5 and 4 times the number of wavelength channels
in one FSR (see Section IIT). To map the influence of the number
of waveguides, we designed 12 X400 GHz AWGs with 44, 47,
50, 53 and 56 waveguides in the array, whereby an MMI-aper-
ture of 5 pm wide and 15 pm long was used as the input for the
first star coupler. Fig. 9 shows the simulated and experimental
spectral response for these devices. Both in the simulated and
the experimental results we observe that the pass band width
increases as the number of waveguides decreases, but that the
flatness of the response is not affected.

1) Bandwidth and Aspect Ratio: The simulated and experi-
mental 1 dB and 10 dB normalized passband widths of AWG’s
with increasing number of array waveguide are shown in Fig.
10(a). The 1 dB and 10 dB normalized passband width decreases
with an increasing number of waveguides in the array, both for
conventional and for MMI-AWG’s. For the MMI-AWG the ex-
perimental result matches the simulation very well. In Fig. 10(b)
we can see that the aspect ratio of the conventional AWGs is
much lower than that of the MMI-AWGs: simulated values for
the aspect ratio of conventional AWGs and MMI-AWGs are
0.33 and 0.49 respectively. These values are nearly independent
of the number of waveguides in the array. The measurement re-
sult of the aspect ratio for MMI-AWGs matches well with the
simulation. This shows in a quantitative way that we get a much
flatter passband response from the MMI-AWG.

2) Crosstalk: The crosstalk is mainly dependent on the
number of waveguides used in the waveguide array. From
Fig. 10(a) we can observe that with 44 waveguides in the array
the 1 dB bandwidth is nearly equal to the channel spacing of
the AWG (means normalized passband width equal to one),
implying that the neighboring channel crosstalk will be high.
For a higher number of waveguides the neighboring channel
crosstalk decreases. Fig. 11 shows that the experimental
neighboring channel crosstalk follows the same trend as the
simulated results. As the number of waveguides increases the
effect of phase errors also increase however. The phase errors
are mostly dependent on the side wall roughness and thickness
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the MMI-AWG.

variations of the waveguides in the waveguide array. In Fig. 11
we can observe that for lower numbers of waveguides in the
AWG, the effect of phase errors decreases. For 56 waveguides
the neighboring channel crosstalk and the crosstalk floor are
at the same level. When further increasing the number of
waveguides, the neighboring channel crosstalk is hidden in
the crosstalk floor. In Fig. 11 we can also observe that the
experimental phase errors do not match the simulated phase
errors. The reason behind this discrepancy is in the phase error
model, which is based on a one-dimensional approximation
while in reality the thickness variation and the inclined sidewall
of the waveguide have an important impact on the phase error,
and phase errors between waveguides might be correlated.

C. Optimized Spectral Response

From the previous results we can conclude that the
12 x400 GHz MMI-AWG with 56 waveguides and a 15 um
long and 5 #m wide MMI as the input aperture presents a good
compromise in achieving a flat response with minimal loss and
good crosstalk level. Using our AWG model (see Section 1V)
we simulated this device now in more detail. Fig. 12 shows
that the device is expected to exhibit a central channel loss of
—2.07 dB, an insertion loss non-uniformity of 0.8 dB and a
crosstalk level of 19.5 dB [16], which is defined by the neighbor
channels. Experimentally we find (Fig. 13) a central channel
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Fig. 13. Measurement result of 12 x400 GHz MMI-AWG.

loss of —3.29 dB, an insertion loss non-uniformity of 1.55 dB
and a crosstalk of 17.0 dB [16], which is defined by the phase
error level. In both simulation and experiment we see that not all
channels have a perfect flat-top response, but are slightly asym-
metric: the left side channels have left side increments and the
right side channels have right side increments. This is an ef-
fect of imaging aberrations for the outer channels [17]. As ex-
pected the MMI-AWG also has a somewhat higher loss than a
conventional AWG with the same design parameters because
of the shape mismatch in the image plane of the AWG and the
fact that the power in the image is now spread over a wider
area to obtain a flat-top wavelength response. The difference
in center channel loss between simulation and experiment re-
sult is due to the waveguide propagation loss, the slab propaga-
tion loss and the propagation angle of the aperture mismatch
between the designed and the fabricated AWGs. The disper-
sion mismatch and the aperture field profile mismatch between
the designed and the fabricated waveguide is the reason behind
the mismatch of insertion loss non-uniformity. One of the main
concerns for this type of device is the non-uniformity of band-
width and channel spacing over the different channels due to the
dispersion mismatch between the designed and the fabricated
waveguide. Fig. 14 shows the fiber to fiber measurement of the
device and the reference waveguide. As we can see from Fig. 14
that the envelope of the device spectrum follow the envelope of
the reference waveguide spectrum. If we change the coupling
method this envelope of the reference waveguide as well as the
envelope of the device spectrum will change. We observe that
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for this device (shown in Fig. 15) the non-uniformity of the 1 dB,
3 dB and 10 dB bandwidths is 0.23 nm, 0.17 nm and 0.15 nm
respectively. Fig. 16 shows that the channel spacing decreases
as the wavelength increases although the device was designed
for a constant channel spacing of 400 GHz, taking into account
first-order dispersion. The deviation between experimental re-
sults and design value can be explained by the mismatch in the
dispersion relation and waveguide thickness used in our model
compared to the actually fabricated waveguide. The average
channel spacing obtained from Fig. 16 is 391 GHz.



VI. CONCLUSION

A compact 12-channel flat-top arrayed waveguide grating
(AWG) on silicon-on-insulator (SOI) was presented. The de-
vice size is 560 x 350 gm?. Center channel loss is —3.29 dB,
crosstalk is 17 dB, average channel spacing is 391 GHz, aspect
ratio is 0.52 and imaging error is low. The experimental results
match well with simulation results. The effect of the MMI
length on the spectral response of the AWG is demonstrated in
detail both through simulation as by experimental results. The
aspect ratio of the channel response of the MMI-AWGs is con-
siderably improved compared to that of a conventional AWG.
The neighboring channel crosstalk depends on the number
of waveguides and also matches well with the simulations.
The non-uniformity of the bandwidths is limited and given by
0.23 nm, 0.17 nm and 0.15 nm for the 1 dB, 3 dB and 10 dB
bandwidth respectively. The average channel spacing obtained
from the experiment is 391 GHz. These results demonstrate
that we are able to design and fabricate compact silicon flat
passband AWGs with predictable spectral response.
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