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Manipulating the coupling coefficient a t subwave-
length scales provides an additional degree of freedom 
in designing integrated Bragg gratings. We demon-
strate asymmetric contra-directional couplers (contra-
DCs) using side-wall-corrugated subwavelength grat-
ing (SWG) waveguides for broadband add-drop Bragg 
filters. W e s how t hat S WG c an e ffectively increase 
the overlap of coupled modes and thus the photonic 
band gap. The measured spectra show good agreement 
with the prediction of photonic band structure simu-
lations. A record bandwidth of 4.07 THz (33.4 nm) 
has been achieved experimentally. A four-port Bragg 
resonating filter m ade o f a  p hase-shifted B ragg grat-
ing SWG contra-DC is also demonstrated for narrow-
band (near 100 GHz) filtering. A ll t hese d evices are 
achieved on the 220-nm silicon-on-insulator platform 
with a compact length of less than 150 µm. These large-
stopband filters may find important applications such 
as band splitting, reconfigurable channel band switch-
ing, bandwidth-tunable filtering a nd d ispersion engi-
neering. © 2018 Optical Society of America

OCIS codes: (130.0130) Integrated optics; (230.5750) Resonators;
(130.7408) Wavelength filtering devices; (050.6624) Subwavelength struc-
tures.

Silicon-on-insulator (SOI) is a promising platform for large-
scale integration of nano-photonic devices for faster, more af-
fordable optical communication networks. Precise and recon-
figurable filtering of wavelength division multiplexed channels,
either coarse or dense, allows to increase the capacity and flexibil-
ity of optical networks for broadband access. Various kinds of de-
vices have been proposed to realize filtering on the 220-nm-thick
SOI platform such as Bragg gratings [1], microring resonators [2],
Mach-Zehnder interferometers [3], contra-directional couplers
[4] and many others. While most of these demonstrations are
narrow band, there is an interest to develop broader filter de-
signs, from hundreds of GHz to a few THz, for applications such
as bandwidth-tunable filtering [5] and dispersion engineering
[6]. Few designs have been demonstrated to allow wide band

filtering so far. Integrated Bragg gratings or 1D photonic crystals
can be designed with very wide photonic band gap which makes
them suitable for broadband filtering applications. Narrow-band
filters with large stop band can also be implemented by creating
phase-shifted resonators in broadband Bragg gratings, offering a
more compact footprint compared to a narrow stop band design.

Grating-assisted contra-directional couplers (contra-DCs) are
add-drop filters using gratings for the wavelength selectivity [7].
Similar to Bragg gratings in a single waveguide, the periodic
dielectric perturbations are essential for efficient coupling be-
tween modes propagating in opposite directions. The difference
is that the contra-DC drops the filtered wavelength into another
waveguide. As such, no circulator is needed for the add-drop
operation allowing monolithic integration with other photonic
components. For optimal results, there needs to be an asymme-
try in the waveguides of the coupler to suppress co-directional
coupling. This ensures that the intra-waveguide Bragg reflection
is far from the wavelength of operation. Typically, the asymme-
try is introduced using different widths for the waveguide. As
the coupling strength is dependent on the mode overlap in the
coupler, it is challenging to achieve very large coupling due to
the strong mode confinement in conventional SOI waveguides.

A subwavelength grating (SWG) waveguide consists of grat-
ings with an in-line period inferior to half the operating wave-
length [8]. This makes the gratings act similar to a homogeneous
metamaterial waveguide with a volumetric averaged refractive
index and is an effective means to engineer the mode profile and
dispersion. Thanks to the smaller feature size achievable using
e-beam lithography, many devices have been improved or spe-
cialized using SWG structures, such as wavelength independent
coupler [9], high-efficiency edge coupler [10], and filters [11].
A SWG-analogous contra-DC have been demonstrated [12, 13],
where a continuous strip waveguide is in proximity to a discon-
tinued Bragg waveguide in which silicon and oxide alternate
with a period equal to half the wavelength (Bragg condition).

In this Letter, we present a novel design of contra-DC using a
SWG waveguide to generate asymmetry between two coupled
waveguides, one strip waveguide and one SWG waveguide both
with sidewall Bragg corrugation and having a constant waveg-
uide width. The SWG waveguide has a period of a quarter of the
wavelength, i.e., half the Bragg period. Bragg gratings are then
formed by corrugating the sidewalls of both the waveguides.
The use of SWG allows for an enlarged mode overlap with the
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dielectric perturbation resulting in a higher coupling and thus a
larger photonic band gap.

The schematic of the proposed device is shown in Fig.1. A
SWG waveguide consisting of alternating subwavelength ele-
ments with lateral displacement is coupled to a strip waveg-
uide. Corrugations are also formed on the sidewalls of the strip
waveguide in phase with the SWG elements. As a result, the gap
between the SWG and the strip waveguides also changes peri-
odically for spatial coupling modulation. The pitch of the Bragg
grating is chosen so that the fundamental mode of the coupler
mainly confined in the strip waveguide is backward coupled to
the second-order mode mainly confined in the SWG waveguide.
Only quasi-TE modes are considered here. The SWG period is
chosen to be half the Bragg grating period, far from the Bragg
condition in the subwavelength regime.

Fig. 1. (a) Schematic of the device. (b) SEM picture at the end
of a triangular taper for strip to SWG regime conversion. The
curved bottom waveguide gradually approaches the SWG
waveguide for an adiabatic excitation of the fundamental
mode. (c) The coupling region showing the sidewall corru-
gation in the strip waveguide and the lateral displacement
in the SWG waveguide. All the SEM pictures come from the
same device with a waveguide width of 500 nm, a Bragg pe-
riod of 345 nm, a SWG duty cycle of 75% and a sidewall cor-
rugation depth of 30 nm for both waveguides. (d) Simulated
cross-sectional optical-field distribution of the first-order TE
mode (top) mainly confined in the strip waveguide and the
second-order TE mode (bottom) mainly confined in the SWG
waveguide. (e) SEM picture with visual representation of the
Bragg grating corrugation period Λ, of the SWG period ΛSWG
with duty cycle D, of the corrugation amplitude C and of the
average gap between the waveguides G.

The use of SWG waveguide allows more flexibility in the
design process by virtually changing the refractive index of the
waveguide. However, its design and simulation are more com-
plex. The mode propagation can be accurately described using
the Bloch mode equations [14], but the easiest method, for a
more efficient design process, is to approximate the grating to a

strip waveguide with volumetric averaged refractive index [15].
This allows the use of the same design procedure as for a conven-
tional contra-DC, which has been adopted in the design of our
device. The method consists of extracting the modes distribution
and effective index from eigenmode simulations performed with
a mode solver and to extract the coupling coefficient κ through
the coupled-mode overlap over the dielectric perturbation [7].
The Bragg conditions for inter-waveguide back reflection and
intra-waveguide coupling can be extracted from the effective
indexes. Those values are then used as inputs for the transfer
matrix method (TMM) to calculate the spectral responses of the
device. The TMM also allows to consider linear chirp, random
phase noise, phase-shift and loss to adjust the simulation to
fabrication variability [5]. However, coupling-coefficient cal-
culation using the coupled-mode theory for gratings structure
tends to overestimate the coupling coefficient due to the innate
approximation of strong corrugations.

Another way to extract coupling coefficient is to perform
FDTD simulation over a grating period using the Bloch bound-
ary condition along the propagation axis to obtain the photonic
band structure [16]. Such simulations are more computation-
ally expensive, but does not require the averaged index ap-
proximation for the SWG waveguide design. From the pho-
tonic band structure, important parameters, such as effective
index ne f f , group index ng, photonic band gap ∆λ and central
wavelength λc, can be easily extracted to calculate the coupling
coefficient using κ = πng∆λ/λ2

c . Fig.2 shows an example of
the photonic band structure calculated for one of our designs.
We can see that the spacing between the center wavelength of
contra-directional coupling (λCDC) is about 100 nm away from
the other Bragg wavelengths associated to intrawaveguide back
reflections (λBragg,SWG and λBragg,strip), ensuring single-band
operation within a very wide spectral range. This method was
used for the analysis of experimental results.
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Fig. 2. Photonic band structure of a device with a period of
365 nm, a duty cycle of 75%, a gap of 100 nm, and corruga-
tions of 30 nm. The blue line denotes the propagation along
the SWG waveguide while the red line shows the propagation
along the strip waveguide. The intra-waveguide Bragg re-
flexion occurs at the limit of first Brillouin zone of the grating,
which corresponds to a wave number of 0.5 with normaliza-
tion. The contra-directional coupling occurs in the green circle
and corresponds to the intersection of the forward and back-
ward propagation in each waveguide. The arrows indicate
the photonic band gap ∆λ (27 nm) generated by the contra-
directional coupling. Note that varied design parameters have
been used in the experimental results shown below.

With the addition of SWG, there are more geometric parame-
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ters available to optimize each design. Given that the SWG can
create large asymmetry in the coupler by varying the duty cycle
of the SWG, the widths of both waveguide are kept constant as
500 nm. Each design contains a coupling length of 400 periods.
To generate the dielectric perturbation, the coupling region con-
tains a uniform sidewall grating between the two waveguides,
while out-of-phase gratings are formed on the external sidewalls
with a mismatch of π/2 to suppress back reflection [17]. The
sidewall corrugations have variations of 10, 20 and 30 nm. The
variations for the average gap in between the two waveguides
are 100 and 150 nm. The duty cycle of the SWG waveguide is
chosen as either 60% or 75% to keep the effective index of the
mode superior to 1.6 to ensure that the substrate leakage would
not cause significant losses [18]. From the SEM pictures of the
device shown in Fig.1, the obtained duty cycle is measured at an
average of 75.4±1% for the 75% design. The SWG period ΛSWG
was kept at half the Bragg period Λ. For the waveguides leading
in and out of the coupling region, a proximity taper and a strip
to SWG taper have been used. The proximity taper consists of a
bend in the strip waveguide with a radius of 42 µm. The strip
to SWG taper [19] consists of 100 SWG elements overlaid with a
triangular tip for a length of around 18 µm. Fiber grating coupler
are used as optical inputs and outputs [20]. The devices were
fabricated using e-beam lithography on the CMOS-compatible
SOI platform. E-beam lithography allows for smaller feature
sizes but is less suitable for mass production. A stronger smooth-
ing effect needs to be considered in using optical lithography
[21].

The measured results of a broadband filter design with a
coupler gap G of 100 nm and a corrugation depth of 30 nm
are plotted in Fig.3 a), showing a 3-dB bandwidth of 4.07 THz
or 33.4 nm. The design also shows a good extinction ratio of
over 35 dB in the through port. The through-port responses are
compared for corrugations of 10 nm, 20 nm, and 30 nm and are
shown in Fig.3 b). We can see that the bandwidth increases with
the corrugation from 1 THz to 4.07 THz. The measurements
have been normalized using the averaged response of pairs of
fiber-to-waveguide grating couplers on the same chip. Since the
grating is uniform without any apodization profile, the sidelobes
are very strong. Future work could introduce Gaussian-profiled
coupling apodization for efficient sidelobe suppression [4]. Tak-
ing into account the wafer thickness non-uniformity and etching
variance, a linear chirp on the propagation constant is intro-
duced along the longitudinal direction [22]. Another source of
noise present in the simulation is the high-frequency phase noise
caused by sidewall roughness [23]. It is simulated by adding a
random noise on the propagation constant. For the simulation
fits in this letter, the linear chirp is adjusted for each design with
a maximum value used of 0.19 nm in height variation over the
length of the grating structure. As for the random chirp, it is kept
constant for all the devices with a maximum random amplitude
corresponding to 1 nm in width variations. Both chirp values
are in the same order as previous works [24, 25].

The effect of the corrugation depth is also investigated as
shown in Fig.3 b). A stronger corrugation should generate a
higher coupling coefficient and thus a larger bandwidth. Fig.4 a)
shows the impacts of the gap and the duty cycle. As expected, a
smaller gap generates a wider bandwidth. For the duty cycle,
the higher duty cycle (75%) consistently shows a larger band-
width compared to the 60% duty cycle by a few nanometers.
From those results, the coupling coefficients are extracted for a
comparison with the predicted values from the coupled-mode
simulation and the band structure analysis. The comparison
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Fig. 3. (a) Experimental and simulated spectral response of the
broadband filter. The 3dB bandwidth is 4.07 THz. The design
has a gap of 100 nm, a duty cycle of 75%, a period of 355 nm
and corrugation depths of 30 nm. (b) Effect of the corrugation
depth on the bandwidth response with value of 10, 20 and
30 nm. The designs have gaps of 100 nm, duty cycles of 75%
and periods of 355 nm. The 3 dB bandwidth are of 8, 20 and
33.4 nm or 1.00, 2.50 and 4.07 THz.
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Fig. 4. (a) Bandwidth results as function of the corrugation
depth for various gap (100 and 150 nm) and duty cycle (60 and
75%). (b) Coupling coefficient as function of the corrugation
depth from the experimental data, the coupled mode theory
simulation and the band structure analysis simulation.

is plotted in Fig.4 b). The coupled-mode simulation overesti-
mated the coupling coefficient. The band structure analysis was
more accurate with the largest error of less than 15.1 mm−1 com-
pared to the experimental result while it was 34.4 mm−1 for the
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coupled-mode simulation.
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Fig. 5. Experimental and simulated spectral responses of the
phased-shifted resonator device. The 3 dB bandwidth of the
transmission peak is 0.86 nm. The design has a gap of 150 nm,
a duty cycle of 60%, a Bragg period of 365 nm and corrugation
depths of 10 nm. The insets show a schematic of the phase
shift and the response at the resonance wavelength.

The introduction of a phase-shift in the center of the grating
is tested as shown in Fig.5. The π phase-shift is realized by
repeating half a grating period of the smaller-gap section in the
Bragg grating. This allows the contra-DC to act as an optical
resonator structure with a transmission peak at the center of stop
band in the through port [7]. Similar to the case of broadband
filter, the simulation fit of the spectrum has incorporated high-
frequency noise generation and linear chirp. The spectrum is
normalized to eliminate the insertion-loss uncertainty due to
the grating couplers. A propagation loss of 17.5 dB/cm has
been assumed in simulation to fit the measured depth of the
resonant dip in the drop-port output and the bandwidth of the
transmission peak. We suspect that this high loss is due to the
strong corrugation. It may be reduced by optimizing the desgin
paramters, such as the SWG duty cycle and corrugation depth,
through further investigation. A resonator quality factor of 1,800
is extracted from the transmission peak that has a bandwidth
of 0.856 nm (100 GHz) at 1543 nm. The resonant notch in the
drop-port response has an extinction ratio of over 17 dB.

In this Letter, we have demonstrated a novel device using
SWG waveguides in a grating-assisted contra-DC. Its bandwidth
and filter shape can be largely tailored by the design of SWG
(e.g., by varying the duty cycle). In particular, a 3 dB bandwidth
of up to 4.07 THz has been achieved. This is to our knowledge
the highest bandwidth achieved for an add-drop filter on a sil-
icon chip. In addition, we demonstrated a resonator structure
by introducing a phase-shift in the center of the grating, show-
ing the possibility to achieve a narrow-band design in SWG
contra-DC. This also provides an efficient method to extract the
propagation loss for Bragg gratings and contra-DCs. Manipulat-
ing the coupling coefficient and the mode profile at nanometer
scale, the use of subwavelength structures in general, and of
SWG waveguides in particular, provides an additional degree of
freedom in designing Bragg filters and devices. This makes the
device attractive to a vast number of applications that require
flexible filter designs.
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