POLITECNICO DI TORINO
Repository ISTITUZIONALE

Bandwidth-Adaptive Single- and Double-Channel Silicon Photonic Contra-Directional Couplers

Original

Bandwidth-Adaptive Single- and Double-Channel Silicon Photonic Contra-Directional Couplers / Mahdian, Mohammad
Amin; Tunesi, Lorenzo; Bardella, Paolo; Nikdast, Mahdi. - ELETTRONICO. - (2023). ( 2023 IEEE Photonics Conference,
IPC 2023 Orlando (USA) 12-16 November 2023) [10.1109/ipc57732.2023.10360616].

Availability:
This version is available at: 11583/2996671 since: 2025-01-17T14:39:26Z

Publisher:
IEEE

Published
DOI:10.1109/ipc57732.2023.10360616

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
IEEE postprint/Author's Accepted Manuscript

©2023 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

27 April 2026



Bandwidth-Adaptive Single- and Double-Channel
Silicon Photonic Contra-Directional Couplers

Mohammad Amin Mahdian®, Lorenzo Tunesi2, Paolo Bardella, and Mahdi Nikdast!
'Department of Electrical and Computer Engineering, Colorado State University, Fort Collins, CO 80523 USA
2Department of Electronics and Communications, Politecnico di Torino, Turin, Italy

Abstract—We present a detailed design-space exploration for
silicon photonic contra-directional couplers (CDCs) with sub-
wavelength and waveguide gratings, considering similar and
different periods. Using this design exploration, we create adap-
tive bandwidth single- and double-channel CDCs controlled by
thermal chirping in the optical C-band.

I. INTRODUCTION

Contra-directional couplers (CDCs) have found widespread
use in the design of flat-top add-drop filters and switches [1],
[2]. However, these devices are subject to limited bandwidth,
and the proposed solutions (e.g., [3], [4]) aimed at improving
their bandwidth often lead to larger footprints while limiting
their tunability. This is primarily attributed to the use of multi-
ple CDCs in parallel or series configurations, which inevitably
increases the overall size of the device [2]. Furthermore,
the larger footprints impose limitations on achieving precise
tuning and maintaining reasonable power consumption when
utilizing thermal tuning mechanisms.

To address bandwidth tunability and response tailoring
in CDCs, this paper presents a detailed design-space ex-
ploration and provides insights into the design and control
of CDCs’ bandwidth by investigating three different CDC
designs: waveguide CDCs (W-CDCs), half subwavelength-
grating (SWG) CDCs (HSWG-CDCs), and SWG-CDCs, all
of which are depicted in Fig. 1. We also consider single
and two periods in these structures. In the single-period
configuration, both gratings have the same period, while in
the two-period configuration, the two gratings have different
periods. Moreover, we present a comprehensive analysis and
evaluation of a C-band-specific HSWG-CDC. The investigated
designs offer versatile single- or double-channel responses,
with bandwidths ranging from a few nanometers to >30 nm.

II. PRINCIPLE OF CONTRA-DIRECTIONAL COUPLERS

CDCs are four-port devices capable of coupling light in
the opposite direction into another waveguide, eliminating the
need for optical circulators [2], [3]. A conventional CDC
structure is depicted in Fig. 1(a). The gap distance in this
paper refers to the distance between the two non-corrugated
waveguides. The width of the narrower waveguide is denoted
as Wy, and the width of the wider waveguide is shown as W5.
The different widths of the two waveguides are designed to
suppress the directional coupling effect [3]. The protruding
section of the corrugation is defined by Awp,ez1,2, Which
adds up to the width of each waveguide. The period of each
waveguide grating is denoted as A; and A, which can be the
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Fig. 1. Schematic of a (a) conventional waveguide-based CDC structure, (b)
half subwavelength-grating CDC, and (c) subwavelength-grating CDC.

same or different in the case of a two-period design, resulting
in two channels in the drop-port response, as we will show in
Section IIL

CDC’s drop-port response exhibits significant sidelobes that
restrict the device’s bandwidth. As a solution, apodization
techniques are deployed to improve the sidelobe suppression
ratio (SLRL) [2], [4]. In apodized structures, the depth of
the corrugations is modulated to avoid abrupt changes of the
coupling along the length of the device. Gaussian and tanh
are two extensively used apodization functions for CDCs.

There are various methods for controlling the bandwidth
and the central wavelength of a CDC, including thermo-optic
and electro-optic tuning [2], [3], each with some benefits and
drawbacks. The designs discussed in this paper are tuned using
thermo-optic microheaters.

III. BANDWIDTH-ADAPTIVE SINGLE- AND
DOUBLE-CHANNEL CDCS: DESIGN AND RESULTS

We investigate the design of the three CDC structures
demonstrated in Fig. 1. In all these three designs, waveguides
have widths of W; = 560 nm and W5 = 440 nm, and are
positioned in close proximity to each other at a 200-nm gap.
In the SWG-based structures, the duty cycle is considered to
be 70%. The average index of the structure in SWG-CDC
and HSWG-CDC is lower compared to the W-CDC, which
necessitates different grating periods in various CDC designs.

The bandwidth of the CDC is directly impacted by Aw,,qq.-
In two-period CDCs, adjusting Aw,y, 4, for the two waveguides
allows independent tuning of the bandwidth for each channel.
All designs are apodized using the tanh function:

{1+tcmh <5 (12 2n—N
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Here, n and N are the number and the total number of the
gratings, respectively. The apodization parameters o and J are

Aw(n) = mem
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Fig. 2. Drop-port response for (from top left to bottom right): single-period
W-CDC, HSWG-CDC, and SWG-CDC; and two-period W-CDC, HSWG-
CDC, and SWG-CDC. 3-dB bandwidth is noted in red.

constants, assumed to be 2 and 5 in our designs. Assuming
approximately N = 1200 gratings, increasing the period can
enhance the coupling coefficient of crosstalk in CDC.

In the two-period CDC setup, a 2 nm or greater difference
in grating periods can create two separate channels in the
drop-port response. The operational intricacies of these devices
are extensively discussed in [5]. In the two-period SWG-CDC
configuration, the drop-port response demonstrates a wideband
characteristic, exceeding 30 nm for each channel. However,
accommodating two wideband channels within the C-band
proves to be challenging. Additionally, the wideband reflection
from the through port on the input port can easily disrupt the
response of the other channel’s response at the through port,
further complicating the design.

We designed three different CDCs with two different config-
urations, including single- and two-period W-CDCs, HSWG-
CDCs, and SWG-CDCs. Fig. 2 shows the spectral drop-
port response for these different designs. We place our pri-
mary focus on optimizing the bandwidth of the drop port
by employing thermal chirping and apodization techniques.
Among the responses shown, SWG-CDC exhibits the highest
bandwidth in both single-period and two-period configura-
tions, surpassing 30 nm. This is due to the higher contra-
directional coupling coefficient when using SWGs, compared
to conventional W-CDCs. By increasing the duty cycle of
the gratings, it is possible to further enhance the bandwidth
of the CDC’s drop-port response. Similarly, the HSWG-CDC
structure also exhibits a higher bandwidth exceeding 20 nm
when compared to the conventional design.

In Fig. 3(a), the bandwidth performance of the three designs
are compared for a single-period configuration, employing six
different levels of linear thermal chirping. This chirping is
achieved by utilizing segmented heaters, enabling the creation
of arbitrary temperature profiles along the CDC [2] to enhance
the bandwidth. In comparing the passive response of the three
devices, SWG-CDCs offer the highest bandwidth, followed by
HSWG-CDC and W-CDC designs. All three designs have sim-
ilar parameters except for the adjusted period to accommodate
channels within C-band. The initial temperature is set at 300
K, with AT representing the linearly increasing temperature
difference over 20 steps.

To investigate the thermal-chirp effect, designs are tested
using FDTD simulations and validated with a mathematical
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Fig. 3. (a) Bandwidth comparison among the three different designs with
single-period configuration under different thermal-chirp conditions. (b) Effect
of thermal chirping on the bandwidth of a two-period HSWG-CDC. (c) and
(d): Awmae,2 effect of thermal chirping on the bandwidth of an HSWG-
CDC on the two channels.
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model provided in [3]. Thermal chirping has the greatest
impact on W-CDC and HSWG-CDC structures. For these de-
signs, the bandwidth (considering single-period) can increase
by up to 28% and 18%, respectively, when thermally chirped
from 300 to 400 K. In Fig. 3(b), the effect of thermal chirping
is demonstrated for an imbalanced two-period HSW-CDC de-
sign (periods: 340 and 346 nm). The bandwidth of the channels
can be controlled by carefully adjusting Aw,,ee1,2. In the
passive design, the bandwidth of the first and second channels
is 5.43 and 19.38 nm, respectively. Thermal chirping has the
most significant effect on the second channel, increasing its
bandwidth by up to 4 nm when the device is linearly chirped
from 300 to 400 K.

Figs. 3(c) and 3(d) show how different Awyqz1,2 values
impact the bandwidth of an HSWG-CDC under different
thermal-chirp conditions. Note that having a larger Aw,,q, on
the SWG waveguide creates a balanced bandwidth between
the two channels. The highest bandwidth for both channels
occurred when Awp,.,1,2 were set to 60 (SWG-CDC) and
50 (W-CDC), respectively. In this configuration, channel 1
achieved a bandwidth of 11.72 nm, while channel 2 exhibited
a bandwidth of 32.29 nm which is comparable to that of the
SWG-CDC. In addition, HSWG-CDCs offer similar perfor-
mance in a shorter length compared to conventional designs
due to their stronger contra-directional coupling coefficients.

In summary, this paper explored different CDC designs and
their bandwidth performance. The HSWG-CDC design offers
a versatile response in both single- and two-period configura-
tions. The two-period designs are beneficial for applications
needing two distinct channels. By utilizing a two-period CDC,
it is possible to achieve a comparable response to cascaded
designs in a shorter length, thanks to the nonlinear properties
of the two-period grating structures.
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