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Add-drop filter with complex waveguide Bragg
grating and multimode interferometer operating
on arbitrarily spaced channels
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We present a silicon nitride/silicon dioxide add—drop filter
operating on arbitrarily spaced channels using multimode
interferometers (MMIs) and complex waveguide Bragg gra-
tings (CWBGs). The add—drop filter shows a rejection ratio
of >40 dB on all five channels, with a line width of 1.2 nm
and an on-chip loss of <1 dB. By designing the CWBG
with the Layer Peeling/Layer Adding algorithm, this
MMI-CWBG add-drop filter platform has the capability
for ultrabroadband add-drop operation on arbitrarily
spaced channels. © 2018 Optical Society of America
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On-chip optical filters have recently attracted great interest
because they are the building blocks of integrated nanopho-
tonic circuits. Multiple approaches have been proposed to real-
ize on-chip optical filtering such as techniques based on arrayed
waveguide gratings (AWG) [1] and echelle gratings [2].
However, in many applications, both transmitted and rejected
signals are required. For example, in exoplanet detection, as-
tronomers wish to separate the spectral components at certain
wavelengths from the background and compare them to deter-
mine whether water and oxygen exist in the atmosphere of the
observed exoplanet. While neither AWG or echelle gratings,
nor many other on-chip multiplexing/demultiplexing tech-
niques can separate and collect both transmitted and reflected
signals simultaneously, on-chip add—drop filters provide a
unique solution to this issue and also facilitate, for instance,
the separation between a strong pump and weak idler and signal
beam in quantum information applications [3], and new opti-
cal switches using thermal [4] or electrical tuning [5].

Many on-chip add—drop filters have been implemented with
grating contradirectional couplers [6-8], phase-modulated
shifted Bragg gratings [9-11], multimode interferometer
(MMI) and and waveguide Bragg grating (WBG) systems
[12—-14], multimode antisymmetric WBGs [15], and ring res-
onators [16,17]. Among these techniques, WBG-MMI
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systems have demonstrated a highly flexible add—drop
operation capability by changing the WBGs from simple
Bragg gratings to gratings of different types, such as phase-
shifted Bragg gratings and apodized Bragg gratings [12-14].
The operating principle of the WBG-MMI filter is shown
in Fig. 1. Light injected into the input port is evenly split into
two branches by the first 2 x 2 MMI, then both light beams are
injected in the following identical WBGs. The transmitted sig-
nals from the two arms go to the through port after reflected
signals converge on the drop port. The add port does not
receive any light in this whole process, which minimizes the
on-chip loss. In fact, this technique is particularly attractive
because it can realize the add—drop operation with any type
of WBG in between if the two WBGs are identical and their
Bragg wavelength is located within the bandwidth of the MMI.
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Fig. 1. Schematic layout of the WBG-MMI add—drop filter. Light
injects from the input channel waveguide and is evenly split after the
first 2 x 2 MMI. The transmitted light goes towards the through port
after the second 2 x 2 MMI while the reflected light refocuses on the
drop port. The WBGs between two MMIs can be of arbitrary types,
i.e., simple Bragg grating, phase shift Bragg grating and complex
waveguide Bragg grating, for different applications.
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This flexibility enables us to extend the add—drop operation
from single channel to multichannels when the WBG is de-
signed to have multiple resonant wavelengths. By optimizing
the design of the 2x2 MMI, the 3-dB bandwidth of
WBG-MMI can be as broad as several hundred nanometers,
thus making the WBG-MMI promising for ultrabroadband
multiwavelength add—drop operation.

In this Letter, we first optimize the MMI design to maximize
its 3-dB bandwidth for ultrabroadband add—drop operation.
Then we fabricate a silicon nitride/silicon dioxide WBG-
MMI add—drop filter with simple Bragg grating to demonstrate
the robustness of this WBG-MMI platform. The silicon nitride/
silicon dioxide system has been shown to be an ultralow loss and
is transparent from visible to midinfrared range [18,19]. Finally,
by substituting the simple WBG with the complex waveguide
Bragg grating (CWBG), we demonstrate a CWBG-MMI
add—drop filter with five channels at arbitrary preselected wave-
lengths. Carefully designed with the layer peeling/layer adding
(LP/LA) algorithm, the CWBG exhibits a great potential to
operate on mote channels with narrower line widths.

MMI works based on the “self-imaging” principle [20]. Light
entering the multimode propagation region excites modes of dif-
ferent orders that are supported in the multimode waveguide.
Along the propagation direction, these modes interfere with
each other, and a different number of images of the input optical
field can be obtained at different propagation lengths.

In our add—drop filter application, because we need to sep-
arate the transmitted and reflected light signal from gratings, we
design a 2 x 2 MMI that can divide the incoming optical power
from one of the input ports equally into two output branches
with a 7/2 phase shift between the two output channels. This
power uniformity plays an important role in the final extinction
ratio between the through and add ports.

There are several design parameters. First, a better power uni-
formity is achieved when a larger number of modes is supported
in the multimode region. Therefore, a wider multimode section
is desired. However, on the other hand, the larger the width dif-
ference between the multimode waveguide and the access wave-
guide (which is fixed to satisfy the single-mode condition), the
more the power is radiated away at their junctions because of the
width mismatch. A second parameter is the offset of ports from
the center of the multimode waveguide. If the two output ports
are already sufficiently separated from each other, there is no
need to add bends to further increase their separation (to
eliminate the directional coupling between the two subsequent
Bragg gratings). But then it is usually the case that the MMI will
not be working in the “paired interference” [20] mode, thus tri-
pling the length of the multimode region, making the device
unnecessarily large and degrading the bandwidth performance.

We set the width to be 28 pm, supporting 13 guided modes.
For the 28 pum wide multimode waveguide, the spacing
between the two output ports is 9.7 pm, which is not enough
to completely avoid the mutual coupling. Thus, additional
bends are added to widen this spacing further to 19.7 pm.
A simulation using a commercial software FIMMWAVE gives
47.27% and 48.91% of input power received at the two output
ports. As for the second issue, we implement two 2 x 2 MMIs
with different offsets, satisfying different interference condi-
tions, and we compare their 3-dB bandwidths.

Measured results are shown in Fig. 2. Clearly, the device
working in the paired interference mode exhibits a much better
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Fig. 2. Comparison of the bandwidth performance of the two
implemented MMIs, with the power normalized to the input power.
The one satisfying the paired interference condition shows a 3-dB
bandwidth of more than 200 nm, while the other one is only 80 nm.

bandwidth performance. We adopt this design in the following
WBG-MMIand CWBG-MMI add—drop filter because it enables
our filter to operate with an ultrabroadband add—drop operation.

We then design a WBG-MMI add—drop filter with simple
Bragg grating to validate its feasibility for add—drop operation.
The Bragg grating is designed using a quarter-wave-stack, and it
is centered at 1550 nm with a bandwidth of 10 nm. The length
of the uniform Bragg grating in WBG-MMI is approximately
400 pm, and the coupling coefficient is about 80 cm™!. 800
grating periods ensure a reflection ratio of ~57 dB at the
Bragg wavelength. To characterize the add—drop filter, a TE-
polarized tunable laser beam is launched into a polarization
maintaining (PM) fiber and then coupled into the chip with
a carefully designed high efficiency coupling taper [21].
After propagating through the sample, the light is again coupled
out to a PM fiber and is analyzed by a power meter. The mea-
sured result of this WBG-MMI add—drop filter is shown in
Fig. 3, with all linear propagation losses and fiber-taper cou-
pling losses removed by normalizing the result to a reference
waveguide. The center wavelength and the bandwidth of the
implemented Bragg grating are 1558 and 8 nm, respectively.
The discrepancy of the center wavelength between the simu-
lation and measurement results is mainly atcributed to the
material refractive index difference between experiment and
simulation, which could be corrected by adjusting the index
used in the simulation. The on-chip losses of through and drop
signals are less than 1 dB. The rejection ratio within the grating
stop band is more than 50 dB. The in-add transmission is more
than 25 dB lower than the in-through transmission, meaning
that more than 99.5% of the transmitted light is refocused on
the through port, thus contributing to the ultralow on-chip
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Fig. 3. Transmission and reflection signals of the WBG-MMI add—
drop filter.


Sylvain Veilleux

Sylvain Veilleux

Sylvain Veilleux


Sylvain Veilleux



Letter

loss. Clearly, all these features prove the effectiveness of the
WBG-MMI add—drop filter platform.

Finally, we replace the WBG with a CWBG to implement
the arbitrary multichannel add—drop operation. The CWBG is
designed with the LP/LA algorithm. The detailed description of
the LP/LA algorithm can be found in [22,23]. As a summary, the
LP/LA algorithm is based on Egs. (1)—(3), where z is the grating
position, & is the wavenumber detuning from the central wave-
length, p is the complex reflection coefficient, A is the layer peel-
ing segment length, and 7(z, ) is the reflectivity at the z position
with 6 detuning, which contains wavelength information.
When given the target reflection spectrum, we know 7(0, 9),
p(0), and 7(A, ) can be calculated from Eq. (1). Because in
a real simulation the spectrum information must be discrete,
we can convert continuous 7(8) to discrete 7(72) and calculate
p in the next segment with Eq. (3). By iterating through this
process, we can obtain p along the whole grating. We can also
reconstruct 7(0,8), the target reflection spectrum, which is
called the layer-adding process, with the layer peeling calculated
7(L, 5) by using Eq. (2) to verify the correctness of the simula-
tion. Finally, we map the complex reflection coefficient p(z) to
the physical width w(z) of the CWBG and build the physical
CWBG structure. It is notable that theoretically the target spec-
trum in the LP/LA algorithm can include any amount of dips
with arbitrary positions, line widths, and rejection ratios. This is
fundamentally different from other filtering techniques, such as
the one based on ring resonators, which can only generate peri-
odic reflection patterns. Our CWBG maximizes the flexibility of
filter design and has already shown usefulness in applications
requiring arbitrary light filtering such as OH-line suppression
in the atmosphere for astronomy applications [24,25].

r(2,6) - p(2)

r(z + A, 8) = exp(-i26A) T @)

(1)

@)

r(z,8) = r(z + A, 8) + p(2) exp(-i25A)
T p(208) + (@) rle + A.0)°

1M

P = 3270 3
As a demonstration of the CWBG-MMI add—drop filter, we de-
sign a CWBG with five channels centered at 1550, 1554, 1563,
1569, and 1581 nm, respectively, which is aperiodic. Each chan-
nel has a rejection ratio of 65 dB and a 3-dB linewidth of 1.4 nm.
The length of the CWBG is 5 mm, and the widths of the different
segments varies from 1.4 to 2.9 pm, and correspond to a coupling
strength & that varies from 0 to 160 cm™. The discretization
length of each segment in our CWBG is 4 nm.

The fabrication of the CWBG-MMI add—drop filter starts
from a silicon wafer with 10 pm thermal grown silicon oxide.
100-nm-thick silicon nitride is deposited as the waveguide core
using low-pressure chemical vapor deposition (LPCVD) tech-
niques. Then, the CWBG-MMI add—drop filter is patterned by
e-beam lithography with ZEP-520A, a positive tone resist.
Next, chromium is deposited on the chip as the etching mask,
followed by a lift-off process. After the inductively coupled
plasma (ICP) etching of 100 nm, the silicon nitride core is
covered with 6 pm silicon oxide, deposited by plasma-enhanced
chemical vapor deposition (PECVD), as the cladding layer.
Finally, the sample is cleaved for fiber-chip coupling.
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Scanning electron microscope (SEM) images are shown in
Fig. 4. The two CWBGs between the two MMIs are identical
and are only 19.7 pm apart, which contributes to its relatively
small footprint. The zoomed-in SEM images shows that fea-
tures as small as 100 nm are precisely defined and etched
by e-beam lithography and ICP etching, both of which are criti-
cal for low loss and accurate CWBG filters.

Figure 5 shows the experimental result of the CWBG-MMI
add-drop filter. The on-chip losses of both the transmission
and reflection spectra are less than 1 dB from 1551 nm to more
than 1590 nm. The total fiber-to-fiber loss of the CWBG-
MMI is <9.5 dB. We expect to improve the throughput to
<5 dB by optimizing the coupling taper. All five channels have
rejection ratios of more than 40 dB and 3-dB bandwidth of
1.2 nm. The positions of the five channels are at 1549.40,
1553.40, 1562.27, 1568.28, and 1580.07 nm, respectively.
Compared with the simulation result, the actual locations
are blue-shifted by 0.73 nm. This is again mainly attributed
to the material index difference between simulation and experi-
ment, although we have already corrected the index used in the
simulation based on the previous result of the WBG-MMI fil-
ter. This could be further improved by carefully measuring the
refractive index of silicon nitride and silicon oxide. By aligning
the position of the third channel in simulation and experimen-
tal results, we find that the precision of the channel spacing is
better than £0.2 nm. We also notice that the reflectivity at
each channel is lower and the bandwidth is narrower than
the design. In the simulation, we assume that the mode can
fully react to the index variation whenever the width is
changed. However, in the experiment, the mode travels to
the next segment before it is fully coupled to the eigenmode
of the current segment. Hence, the actual coupling strength

10pm 10pm

t 100nm

Fig. 4. SEM Images of the CWBG-MMI add—drop filter. (a) The
MMI and its output waveguides. (b) Identical CWBGs in two arms.
The designed CWBG is highly aperiodic. (c) Zoomed-in image of one
of the CWBGs showing the precise definition of tiny structures with
e-beam lithography. (d) 45° tilted view of the CWBG before final
PECVD deposition. A smooth sidewall is achieved with the dry-
etching process.
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Fig. 5. (a) Experimental result of the transmission (blue line) and
reflection (red line) spectrum. All five channels show an on-chip loss of
<1 dB, a blue shift of 0.73 nm of center wavelengths, a spectral pre-
cision of better than 0.2 nm, a rejection ratio of >40 dB, and a 3-dB
bandwidth of 1.2 nm. (b) Comparison between the initial simulation
result, the experimental result, and the fitted simulation result. The
experimental result is red shifted by 0.73 nm to compensate for
the mismatch of the positions of center wavelengths due to the index
variation.

of the CWBG is weaker than that in the design. According to
the Bragg grating theory, the grating bandwidth is related to the
coupling strength k (which is proportional to p in the LP/LA
algorithm) and the reflectivity is related to kL. A weaker x
results in a shallower and narrower stop band. As shown in
Fig. 5(b), the simulation shows that by changing the coupling
strength k t0 0.73 kp (LP calculated k), the simulation result
fits perfectly with the experimental result.

The results of both the CWBG-MMI and the previous
WBG-MMI filters confirm that the WBG-MMI platform is
robust and promising for ultralow loss, ultrabroadband and
spectral-accurate add—drop operation. Because the MMI has
a 3-dB bandwidth of more than 200 nm, the CWBG-MMI
filter can potentially work over this whole wavelength range.
By increasing the length of the CWBG and reducing the index
variation, more reflection lines can be added into the spectrum
with narrower line widths, while maintaining the high channel
rejection ratio.

In conclusion, we have demonstrated the optimization of
the design of a 2 x 2 MMI, a WBG-MMI add—drop filter with
simple WBG, and a CWBG-MMI add—drop filter that has five
arbitrarily spaced channels. The CWBG-MMI filter features an
on-chip loss of <1 dB, a rejection ratio of >40 dB, a 3-dB line
width of 1.2 nm, and a spectral precision of better than
£0.2 nm. To our knowledge, this is the first CWBG-MMI
multichannel add—drop filter ever made. The LP/LA algorithm
gives further flexibility to design filters with more notches with
narrower line widths. The designed MMI ensures a large band-
width of >200 nm for the proposed CWBG-MMI filter to
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work in. The CWBG-MMI platform provides a solution for
ultrabroadband arbitrary-channel add—drop operation.
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