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Abstract: A compact silicon bandpass filter with high sidelobe suppression is proposed and
experimentally demonstrated using an apodized subwavelength grating (SWG) coupler. The
device is implemented by placing a SWG waveguide next to a strip waveguide, and
apodization is employed with a Gaussian profile to taper the gap between the two waveguides.
A high sidelobe suppression ratio of 27 dB can be obtained with a 3-dB bandwidth of 8.8 nm
and an insertion loss of 2.5 dB. Owing to the large optical phase mismatch between the two
waveguides and the presence of the SWG waveguide, the coupling length of the device is
reduced to 100.3 pm. The experimental results validate our proposed apodized-SWG-based
contradirectional coupler (contra-DC) as a promising device in suppressing out-of-band
components in coarse wavelength division multiplexed (CWDM) optical communication
systems.
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1. Introduction

Ever-increasing network capacity for broadband access is driving the demand for high-
performance filtering technologies in coarse wavelength division multiplexed (CWDM)
optical communication networks [1-5]. Due to the advantages of compact device footprint,
low cost, low power consumption, and high robustness, integrated optical add-drop filters
based on silicon photonics are expected to be the key components for next-generation CWDM
networks [6—8]. Many schemes were proposed to realize silicon bandpass filtering devices,
including Bragg gratings [8—12], microring resonators (MRRs) [13, 14], arrayed waveguide
grating [15], Mach—Zehnder interferometer (MZI) [16] and so on. Filters based on Bragg
gratings take advantage of free spectral range (FSR) free operation. However, a two-port
Bragg grating operates in reflection mode, which requires an optical isolator [8]. Grating-
assisted contra-directional couplers (contra-DCs) exhibit the merits of single passband
operation and great design flexibility, which are promising for add-drop operations in CWDM
systems [17, 18].

Among the grating-assisted contra-DCs, the contra-DC using subwavelength grating
(SWQ) is attractive since it offers the benefits including short coupling length, high
fabrication tolerance, and no significant ripples in the passband [11, 19, 20]. However, the
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main challenge for the SWG-based contra-DC lies in its strong sidelobes, which results in
high crosstalk between neighboring channels in CWDM (de)multiplexers. Apodization is a
widely used technique in tailoring the spectra of gratings and suppressing sidelobes [21-30].
Recently, an apodized Bragg grating-assisted contra-DC was proposed to realize a high
sidelobe suppression ratio of 30 dB with a coupling length of 829.4 pm [21].

In this paper, we experimentally demonstrate a silicon contra-DC using an apodized SWG
waveguide to realize a high sidelobe suppression ratio of 27 dB with a short coupling length
of 100.3 pm. The proposed structure consists of two asymmetric waveguides where a SWG
waveguide is placed next to a strip waveguide. Due to the large phase mismatch between the
two waveguides and the presence of the SWG waveguide, the coupling length can be reduced
to 100.3 pm, which is much shorter than that of the apodized Bragg grating-assisted contra-
DCs [21]. Moreover, the high sidelobes can be effectively suppressed through apodization by
tapering the coupling strength in the contra-DC with a Gaussian profile of the gap between the
strip waveguide and the SWG waveguide. In the experiment, a high sidelobe suppression ratio
of 27 dB at the drop port is achieved with an optimized design by varying the apodization
index and the gap distance, which is much improved compared to our previous result of 20 dB
[31].

2. Device structure and operation principle

Figures 1(a) and (b) depict the 3D and top views of the proposed silicon contra-DC based on
an apodized SWG, respectively. The coupler-apodized contra-DC is composed of two
waveguides, the upper waveguide is a straight waveguide and the bottom waveguide is a
curved SWG waveguide. SWG tapers at the two ends of the apodized SWG waveguide are
used for the mode transition between the SWG waveguide and the straight waveguides. In the
coupling region, the effective contradirectional coupling can be realized over a short coupling
length since undesired codirectional coupling is suppressed due to the phase mismatch
between the two asymmetric waveguides, while the contradirectional coupling is enhanced by
the relatively large coupling coefficient owing to the grating mechanism [11]. Meanwhile, the
sidelobes can be effectively suppressed by tapering the coupling strength, i.e., the coupling
strength at the center of the coupling region is the strongest, while the coupling strength
gradually reduces away from the center of the coupling region. The coupling gap G(n) is
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Fig. 1. Schematic configuration of the proposed silicon apodized-SWG-based contra-DC, (a)
the 3D view, (b) the top view. G(n): the coupling gap of the n-th period of the grating.
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designed as a Gaussian function of n-th period of the grating, which is given by [8, 21]:

—a(n-0.5N)*

G(n)=G,. +R[l-e V ] (1)

where Gy, is the minimum gap at the center of the coupling area, which is chosen to be 200
nm in the uniform design. The constant R is chosen to be 1 um. The apodization index a
determines the curvature of the SWG waveguide, which relates to the coupling strength of the
two waveguides. A trade-off between the sidelobe suppression ratio and the insertion loss is
required. A larger a can lead to a higher suppression ratio, however, it results in a larger
insertion loss. The period number N is chosen as 300. The period and the duty cycle of the
SWG are A =378 nm and n = 50%, respectively. Thus the coupling length is 100.3 um, and
the 3-dB bandwidth of the device is ~10 nm from the simulation, which is compatible with the
existing CWDM networks [4].

3. Simulation results

Three-dimensional finite-difference time-domain (3D-FDTD) method is applied to simulate
the proposed apodized-SWG-based structure. Figure 2(a) shows the simulated spectra at the
through and drop ports of contra-DCs by using the uniform grating and the apodized grating
(a =Y5), respectively. The simulation parameters are L. = 100.3 um, A =378 nm and n = 50%.
The widths of the upper strip waveguide and the bottom SWG waveguide are both 500 nm. In
the simulations, the uniform SWG-based device with a constant 200-nm gap has strong
sidelobes, which are as higher as —5.1 dB at an off-center wavelength of 6.8 nm, and are as
high as —8.3 dB with a 12-nm detuning. The blue solid curve shows that the sidelobes of the
contra-DC are effectively suppressed with the apodized SWG at an apodization index a = 5,
Gin = 200 nm. The suppression ratio of the highest sidelobe has been improved by ~23.4 dB,
and the rest sidelobes are below —45 dB.
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Fig. 2. (a) Simulated transmission spectra of through and drop ports of contra-DCs with a
uniform grating and one with an apodized grating, showing the sidelobe suppression in the
apodized design. (b), (c) Calculated drop-port spectra of the contra-DCs with (b) varied
apodization index a while L. = 100.3 um, G, = 200 nm and (c) varied G, with L. = 100.3
um, a =5, respectively.
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To obtain a better sidelobe suppression of the contra-DC using the apodized SWG, both
the apodization index a and the minimum gap distance G, are investigated and optimized.
Figure 2(b) illustrates the simulated transmission spectral evolution of the drop-port for a
contra-DC at different apodization indices a. As a increases, the coupling strength decreases
faster away from the center of the coupling region, thus leading to the higher sidelobe
suppression ratio. It can be seen that when the apodization index a increases from 5 to 7, the
suppression ratio is improved by ~4 dB at the expense of the insertion loss increasing from
~1.8 dB to ~2.6 dB. The excess insertion loss is attributed to the lower average coupling
coefficient caused by the curvature of the apodized SWG with the same coupling length.
Simulation results show that the reflection responses of the uniform and the apodized SWGs
are lower than —18 dB and —27 dB, respectively.

Compared to the uniform design, the bandwidth of the apodized design is slightly
expanded which can be optimized by adjusting G, as depicted in Fig. 2(c). It shows a larger
gap distance Gy, leads to a narrower drop-port bandwidth and lower sidelobes, but a larger
insertion loss. Therefore, to realize a desired spectrum of the passband, both the apodization
index a and the gap distance Gy,;, should be carefully optimized.

4. Device fabrication and measured transmission spectra

In the experiment, multiple apodized-SWG-based contra-DCs were fabricated on a silicon-on-
insulator (SOI) wafer with a 220-nm-thick top silicon layer and a 3-um-thick buried dioxide
layer. E-beam lithography (EBL, Vistec EBPG 5200) was used to define the device structures
on the ZEP520A resist. Then the patterns were transferred to the top silicon layer by an
inductively coupled plasma (ICP) etching process. A 1-pum-thick silica layer was deposited
over the whole device as the upper cladding by plasma-enhanced chemical vapor deposition
(PECVD). The transmission spectra of the fabricated devices are measured by using a tunable
continuous wave (CW) laser (Keysight 81960A) scanning from 1530 nm to 1620 nm with a
step size of 5 pm. The output spectra are obtained by recording the output optical power. Both
the widths of the strip and the apodized SWG waveguides are 500 nm. The period and the
duty cycle of the apodized SWG are 378 nm and 50%, respectively. The device footprint is
~113 x 2 pym’. The scanning electron microscope (SEM) photo of a fabricated contra-DC
using the apodized SWG is shown in Fig. 3(a). Figure 3(b) depicts a zoom-in SEM graph of
the coupling region of the contra-DC. The magnified micrograph of the strip and the SWG
waveguides is presented in Fig. 3(c).

TITIT

SWG Waveguide 2090

Fig. 3. (a) Scanning electron microscope (SEM) photo of a fabricated contra-DC based on
apodized SWG. (b) Zoom-in SEM graph of the coupling region. (c) Magnified micrograph of
the strip and SWG waveguide.

Figure 4 shows the measured responses at the drop ports of the fabricated apodized-SWG-
based contra-DCs. The responses are normalized to the transmission spectrum of a strip
waveguide with grating couplers. When a = 0, the spectrum at the drop port of the contra-DC
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using the uniform SWG with a constant 200-nm gap distance shows strong presence of
sidelobes. The sidelobes at a 10-nm detuning are ~—4.5 dB, and are still as high as —7.5 dB at
a 22-nm off-center wavelength. In our experiment, the apodization index a is chosen as 5,
which is a trade-off between the insertion loss and the sidelobe suppression ratio. It can be
seen that the apodized-SWG-based devices show much improved sidelobe suppression ratios.
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Fig. 4. Measured drop-port spectra of the contra-DCs with different Gy, values.

Furthermore, to achieve a high sidelobe suppression ratio of the contra-DCs at a = 5,
devices with different minimum gap distances of G, were fabricated and then measured as
shown in Fig. 4. The red solid curve shows that with an optimized value of G;, = 230 nm, a
high sidelobe suppression ratio of 27 dB at the 12-nm off-center wavelength detuning has
been obtained. Other sidelobes are all suppressed below —30 dB. Note that the noise at the
longer wavelength is mainly attributed to the passband edges of the grating couplers that
result in large fluctuation in the normalization process. In comparison with the coupler having
the uniform SWG, the 3-dB bandwidths of the contra-DCs are slightly expanded. A larger gap
distance leads to a narrower drop-channel bandwidth and lower sidelobes.

5. Summary

We have experimentally demonstrated a silicon SWG-based contra-DC with high sidelobe
suppression by tailoring the coupling strength between the strip waveguide and the SWG
waveguide. A short coupling length of 100.3 pm is obtained, and a high sidelobe suppression
ratio of 27 dB is experimentally demonstrated. These make the proposed silicon apodized-
SWG-based contra-DC promising for CWDM optical communication systems.
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