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Abstract. An optical 3 dB coupler based on cascaded three-stage direc-
tional couplers is proposed. The optical coupler with a finite impulse
response on optical power is able to provide a stable 50% splitting
ratio. The influence of the waveguide gap, width of each waveguide,
and coupling length on the performance of the proposed coupler is illu-
strated. The numerical analysis and results show the reported coupler
with less sensitivity to such fabrication variations. The proposed optical
coupler could also be designed with any stable splitting ratio for optical
communication applications. © 2012 Society of Photo-Optical Instrumentation Engi-
neers (SPIE). [DOI: 10.1117/1.0E.51.9.094603]
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1 Introduction

Dense wavelength division multiplexing (DWDM) compo-
nents and systems attract much attention in optical commu-
nication applications, mainly because of the increasing
volume of and demand for data transmission in optical net-
works. Most DWDM components, such as interleaver filter,
thermo-optic switch, array waveguide grating, and add-drop
multiplexer, etc., were fabricated through planar lightwave
circuit (PLC) technology and implemented in the applica-
tions of waveguide-type devices.'™® In these waveguide-
type devices, the 3 dB coupler plays the important role of
providing the optical power splitting and combining. There-
fore, waveguide-type devices can precisely demonstrate spe-
cific functions, such as spectrum filtering and optical power
switching. For example, a lattice-type waveguide interleaver
filter composed of cascaded Mach-Zehnder interferometers
(MZIs),>~> thermooptical switches with a double-MZI con-
figuration,® and an optical interleaver with ring-assisted
MZI structure’® have been proposed based on the 3 dB silica
based coupler to demonstrate compact, low loss, and wide
passband filter performance.

A directional coupler has been studied extensively as a
3 dB coupler and is considered as crucial element in the con-
struction of practical PLC devices, by forming two close
waveguides. Once two waveguides are brought close
together, optical modes of each waveguide either couple
or interfere with each other. Hence, the coupling coefficient
strongly depends on the coupler device fabrication para-
meters, such as the gap between two waveguides and
width of each waveguide. If a 3 dB coupler within any fab-
rication variation is applied to optical filter and switches, the
prospective characteristics such as the extinction ratio and
bandwidth of these optical devices will be severely affected
and degraded. There are several approaches reported to
reduce the dependence of the power-coupling ratio (splitting
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ratio) of 3 dB couplers on the fabrication variations, which
are multimode interference (MMI) coupler,” asymmetric
directional coupler with two different widths,'° adiabatic
3 dB coupler,'! curved directional coupler,'> and multi-stage
arrangement by introducing numerous phase differences,'*™!>
respectively. However, MMI couplers and asymmetrics cou-
pler are highly sensitive to linewidth and adiabatic couplers
are extremely long.

In the present study, scattering matrix with digital signal
processing concepts'® is adopted to implement the proposed
optical coupler. The digital or optical filter is usually designed
and analyzed to demonstrate a desired magnitude or phase
response in frequency domain. Different to the optical filter
in the frequency response, the reported optical coupler with
a finite impulse response on optical power is able to provide
a stable splitting ratio. Therefore, the undesirable coupling or
splitting can be avoided and the optical device with less sen-
sitivity to fabrication variations can maintain its performance.

2 Configuration

For the core dimensions comparable with single-mode
optical fiber, the large single-mode rib waveguide
concept!”™" is used to design a Si photonic waveguide,
shown in Fig. 1. The width (W), inner height (H), and
outer regions thickness (#) of the rib are designed to be
2.5 ym, 2.5 um, and 1.6 ym, respectively. These dimensions
have been demonstrated to be an excellent single-mode beha-
vior at an operating wavelength (1) of 1.55 ym, within the
refractive index of Si guiding layer and SiO, layer of 3.5 and
1.45, respectively.

The proposed 3 dB coupler consisting of three-stage 2 X 2
directional couplers and four optical routes connecting the
directional couplers is schematically depicted in Fig. 2. In
the proposed structure, the three directional couplers are
assumed to have the same design values of power-coupling
ratio. The four lengths of optical routes are L, L,, L3 and
L,, respectively. The scattering matrix with digital signal
processing concepts has been explored in the analysis of
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Fig. 1 The large cross section of Si photonic waveguide.

the proposed coupler. The directional coupler element with
power-coupling ratio (x) can be expressed as a 2 X 2 transfer
matrix.
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where Eli.z and EY, represent the field amplitudes of input
and output light. The through and cross-port transmissions
are designated by ¢ =1 -« and —js = —j\/k, respec-
tively. The optical routes with length L; and L, can be
express as
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where f is the propagation constant. Equation (2) is usually
expressed as a delay length associated with common path
length, which is set equal to the difference in path lengths
AL = L, — L,. However, for an easy design proposed opti-
cal coupler with any designated coupling ratio, the path
lengths are used, but not delay lengths. The overall transfer
matrix for the present three-stage couplers is the product of
matrices as
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Fig. 2 (a) Schematic configuration of proposed 3 dB coupler.
(b) Cross section.
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The effective power-coupling ratio (k) of the proposed
coupler is defined as:
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where P! is the power of incident light and P4 is the cross
output power. Equation (4) can be derived as:

Keft = (4K° — 6k% + 3k) + 2k(1 — k)
~{(1=2k) - [cos B(L, — L,) + cos(Ly — L3)]
+ (1 —k)-cos f(Ly— Ly + Ly — L3)
—Kx-cos f(Ly — Ly + Ly — L3)}. )

In a directional coupler, the power-coupling ratio (split-
ting ratio) varies between 0% and 100% as the coupler length
is varied. The reported coupler can also be designed any
splitting ratio with a stable range by designing the lengths
of four optical routes.

3 Discussions

The low loss Si photonic waveguides are critical for on-chip
optical communication applications and have been studied
extensively for the past two decades. Large cross section
of Si photonic waveguides, within dimensions of 1 to 5 ym
exhibit low losses down to 0.3 dB/cm.?*-** However, the
propagation loss, due to scattering at the rough sidewall,
mainly from the etching process is still required to keep
as low as possible during the practical device fabrication.
The influence of the propagation loss on the splitting ratio
and insertion loss of the proposed coupler is illustrated in
Fig. 3. The propagation losses of 0.8, 2.4, and 5.5 dB/cm
are assumed in terms of recent publications on silicon-
on-insulator waveguides,”>*> and the no propagation loss
waveguide (solid line) is also simulated for comparison.
In this paper, the total length of proposed coupler was
assumed to be about 0.7 cm. For example of 3 dB coupler,
Ly, L3, Ly are all 109.95 ym, and L, is 109.8 ym. Through
the above numerical analysis, the difference of arm lengths is
so small that the imbalance of optical loss between the two
waveguide arms can be nearly neglected. The total insertion
losses are about 0.7, 1.8, and 3.9 dB, respectively, which
including the effect of propagation, bending, and waveguide
offset. Although the total insertion loss increases, the split-
ting ratio between the cross-port and the through-port keeps
a stable value of 50%. That is mainly due to the 2 X 2 direc-
tional coupler is a symmetric structure and the length differ-
ence between two waveguide arms is considerably less.
When cascaded multi-stage directional couplers with special
delay lengths are used, a finite impulse response on optical
power is able to provide a stable splitting ratio.
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Fig. 3 Simulated optical power of the proposed 3 dB coupler at both
cross-port and through-port with different propagation losses.

The relationships between the effective power-coupling
ratio (k) and the individual coupling ratios (k) are
shown in Fig. 4. Any power-coupling ratio (splitting ratio)
can be achieved by designing the lengths of four optical
routes, and the value can be calculated by using Eq. (5).
For example, a 3 dB coupler (50% splitting) is assumed
that the length difference of L; — L, is 1/3, Ly — L, is 1/3,
and Ly — L, is A/3, respectively, where A is the operating
wavelength as the same defined above of 1.55 ym. The beha-
vior of the k. can maintain a stable value of 50% at the
range of k from 39.2% to 60.8%. Such a 3 dB coupler design
significantly increases the fabrication tolerance on power-
coupling ratio by about +21.6% more than a directional
coupler. The length differences of L; — L,, L3 — L,, and
L, — L, for 95% splitting are /3, 1/8, and 1/3. The length
differences of Ly —L,, L3 —L,, and Ly —L, for 72%
splitting are /3, A/4, and A/3. The length differences of
Ll - L2, L3 - Lz, and L4 - L2 for 28% Spllttlng are
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Fig. 4 Simulated effective power-coupling ratios with the individual
power-coupling ratio.
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Fig.5 The simulated k. of a 3 dB coupler is plotted as the waveguide
gap variation within a gap of 1 um.

2A/3, 1/4, and 1/3. The length differences of L, — L,,
Ly —L,, and L, — L, for 5% splitting are 21/3, 1/8, and
A/3. The propagation loss is assumed 0.3 dB/cm.

At the present study, the power-coupling ratio of direc-
tional coupler is shown to be a strong function of coupling
coefficient and coupling length.?® The coupling coefficient of
a directional coupler depends exponentially on the gap
between two waveguides because the coupled evanescent
field decreases exponentially. In order to demonstrate the
proposed coupler with a stable splitting ratio, beam propaga-
tion method numerical analysis was carried out to obtain the
influence of the waveguide gap variations, the coupling
length and the waveguide width variations. In Fig. 5, the
effective power-coupling ratio of a 3 dB coupler is plotted
as the waveguide gap variations, where the width of Si rib
waveguide is 2.5 um, and the gap between waveguides is
1 pm. The directional coupler (dotted line) shows a sinusoi-
dal functional behavior on k. with waveguide gap variation
(fabrication fluctuation). Therefore, in the presence of the
waveguide gap variation, the power-coupling ratio is
severely affected and moves far away from its designed
value of 0.5 (50% splitting). However, the proposed 3 dB
coupler (solid line) has a flat range of the k.4 around 0.5.
The k. varies about £3% at the waveguide gap variation
of £0.2 pm, but the x.s of the directional coupler varies
around +30%. Thus the proposed 3 dB coupler demonstrates
a significant improvement on power-coupling ratio to wave-
guide gap variations +20% at the gap width of 1 ym.

In Fig. 6, the effective power-coupling ratio is calculated
as a function of the normalized coupling length, where the
coupling length is about 550 ym at the gap of 1 um. The ideal
normalized coupling length of the directional coupler is one-
half when the power-coupling ratio is 0.5 (50% splitting).
The .z of the proposed 3 dB coupler (solid line) varies
about £1% at this stable range of the normalized coupling
length from 0.431 to 0.569 and the k. of the directional cou-
pler (dotted line) varies +21% in comparison. Therefore, a
significant increase of fabrication fluctuation on the coupling
length can be realized for the proposed coupler in contrast to
the directional coupler.
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Fig. 6 Simulated effective power-coupling ratios with normalized
coupling length.
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Fig. 7 Simulated effective power-coupling ratios of a 3 dB coupler
with the width variation.

The influence of the width variations on the effective
power-coupling ratio is shown in Fig. 7. The effect of
width in this waveguide structure is not severely like the
gap of waveguide and the coupling length. However, our
proposed coupler, for example a 3 dB coupler, also has a
stable value of 50%.

4 Conclusions

In this paper, we proposed an approach to have a stable split-
ting ratio by implementing multi-stage directional couplers.
The finite impulse response is used on optical power, but not
in frequency response. The numerical simulations have
shown the power-coupling ratio of the proposed coupler is
less sensitive to fabrication fluctuation. A significantly
wider stable range on the power-coupling ratio in the pre-
sence of fabrication fluctuations, such as waveguide gap var-
iation, and coupling length variation, and width of each
waveguide, is illustrated through this study. The proposed
optical coupler could be considered as a potential component
for application in other optical waveguide devices.
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