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A Compact and Broadband 2x2 3-dB Adiabatic
Coupler Based on Trapezoidal
Subwavelength Gratings

Haoyu Wu, Yaohui Sun, Yue Zhou, Mengjia Lu, Tong Lin, Guohua Hu

Abstract—We propose a compact, broadband 2x2 3-dB adia-
batic coupler using trapezoidal subwavelength gratings on silicon-
on-insulator platform. The proposed device is constructed by two
tapered waveguides, which are composed of trapezoidal subwave-
length gratings. Broadband 3-dB optical power splitting with a
coupling length of 24 pum is achieved by the adiabatic mode evolu-
tion of the two lowest order transverse electric modes. By using the
finite time difference method, the power splitting ratio better than
3+0.21 dB and the insertion loss less than 0.19 dB are obtained in
the wavelength range of 1450 nm to 1650 nm.

Index Terms—Adiabatic coupler, integrated optics, silicon on
insulator, subwavelength gratings.

1. INTRODUCTION

PTICAL couplers are one of the basic components of
Ophotonic integrated circuits (PICs), which are widely
used in optical switches [1], [2] modulators [3], and mode
(de)multiplexers [4], [5]. 2x2 3-dB optical couplers can evenly
split input light into two output lights. Directional couplers
(DCs) [6], [7], multimode interference (MMI) couplers [8],
[9] and adiabatic couplers [10], [11], [12], [13], [14], [15] are
three commonly used 3-dB couplers in PIC. Among them, the
structures of DCs and MMIs can be compact and the device size
is determined by the beat lengths of the two lowest order modes,
which are wavelength dependent due to the mode dispersion, and
then limits the working bandwidth. As an alternative, adiabatic
coupler is working based on the mode evolution, the excited
mode is preserved and other modes are not excited during
propagation, which means that there is no energy exchanging
among different modes. So broader working bandwidth can be
achieved. However, the coupling length of adiabatic coupler
needs to be long to achieve adiabatic mode evolution, which
leads to a large device footprint. In order to shrink the device
size and improve the performance, various schemes have been
proposed to improve adiabatic optical couplers, such as using
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shortcuts to adiabaticity [16], fast quasi-adiabatic dynamics [17],
inversely tapered mode evolution [18]. However, these schemes
are based on conventional strip/ridge waveguides, which still
have large mode dispersion on the silicon-on-insulator (SOI)
platform, resulting in high performance with long device size or
low performance with compact device size.

Conventional subwavelength grating (SWG) is a periodic
structure, in which the period of gratings is smaller than 7/3,
where [ is the propagation constant of the optical mode. Typ-
ically, SWG can be regarded as a homogeneous material with
an equivalent refractive index and light can be propagated as in
the conventional optical waveguides. In addition, the equivalent
refractive index of the SWG can be changed by altering the duty
cycle of the gratings. Conventional SWG has been widely used
on the SOI platform to shrink the device size and achieve broad
working bandwidth, such as DCs [19], MMIs [20], adiabatic
couplers [21], [22], [23], and polarization beam splitters [24],
[25]. When SWG is used to construct optical couplers on the
SOI platform, the equivalent refractive index of the SWG in
the coupling region is smaller than mode effective index of
the conventional silicon strip waveguide, resulting in coupling
strength enhancing then reducing the coupling length. Further-
more, compared with the conventional silicon strip waveguide,
SWG can achieve smaller mode dispersion, which can support
broader working bandwidth of the constructed devices.

Compared with conventional SWG, trapezoidal SWG can
change the mode field distribution in the optical waveguide and
concentrate light on the long parallel side of trapezoidal SWG. In
previous work, trapezoidal SWG has been used to achieve curved
waveguides [26], [27], spot size converters [28], and mode
converters [29]. However, 2x2 3-dB adiabatic optical coupler
based on trapezoidal SWG has not yet been demonstrated. In this
work, we propose a 2x2 3-dB adiabatic optical coupler based
on trapezoidal SWG on the SOI platform. For optical couplers,
trapezoidal SWG can regulate the mode field distributions in
two coupled waveguides to give larger mode overlap and then
enhance the coupling between two waveguides, which results in
a more compact device compared with optical couplers based
on the conventional SWG. Similarly, the mode dispersion of
the optical coupler based on trapezoidal SWG can be smaller
as the content of silicon is reduced compared with optical
couplers based on conventional silicon stripe/ridge waveguides.
By optimizing the structure of the 2x2 3-dB adiabatic optical
coupler based on trapezoidal SWG using finite difference time
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Fig. 1. (a) 3D perspective view (b) top view of the coupling region and (c) cross-sectional view of the 3-dB adiabatic coupler.

domain (FDTD) method, a short coupling length of 24 pm is
obtained and the entire length of the device is 47 ym. Moreover,
the simulation results show that in the wavelength range of
1450 nm ~ 1650 nm, power splitting ratio (PSR) better than
340.21 dB and insertion loss (IL) less than 0.19 dB can be
achieved.

II. DEVICE STRUCTURE

The three dimensional schematic of our proposed adiabatic
3-dB optical coupler is shown in Fig. 1(a). Two S-shaped waveg-
uides with length Lg; are connected with the left side of coupling
region, which can be considered as the input ports of the entire
device. Here, Lg; = 15 pum is chosen to balance the IL and
size of the S-shape waveguide. The gap between two S-shape
waveguides in the input region is gradually changed from G to
g, and the widths of the Input 1 and Input 2 ports are W and
W, respectively. Also, two S-shaped waveguides with length
Lgo are connected with the right side of coupling region, which
can be considered as the output ports of the entire device, and
Lgo = 8 pum is chosen to minimize the IL and unwanted coupling
between two S-shaped waveguides. The gap size between two
S-shape waveguides in the output region is gradually changed
from g to G, G =2 pm is chosen to avoid coupling between the
Output 1 and the Output 2 ports, whose widths are both W3. For
the proposed 3-dB adiabatic coupler, typical silicon waveguide
with 220 nm thick top silicon layer, 3 pm thick top and buried
SiO» layers are used, as shown in Fig. 1(c).

The coupling region consists of five parts, as shown in
Fig. 1(b). Region I consists of two waveguide converters, and
each of them is made of a stripe waveguide with its width linearly
tapered from Wy (or W5) to W, and a conventional rectangular
SWG waveguide with constant width Wy (or Ws). The length of
region I is L1, the period of the SWG is A and the length of
the silicon portion in the SWG is dy. In the region II, gradually
varying trapezoidal silicon blocks are adopted to convert two
conventional rectangular SWG waveguides to two trapezoidal

SWG waveguides. The length of region II is Lo. The width of
the trapezoidal SWG waveguides is Wy (or W»), the length of
the long parallel side of the trapezoidal SWG is dy while the
short one is linearly tapered from dy to d; along the propagation
direction. The length of region III is L, which also consists of
two trapezoidal SWGs, whose width is linearly tapered from
W1 (or Ws) to W3, and the long and short parallel sides of
the trapezoidal SWG waveguides are dy and dj, respectively.
Region IV uses gradually varying trapezoidal SWG waveguides
to convert two trapezoidal SWG waveguides to two conventional
rectangular SWG waveguides. The length of region IV is L.
The widths of two trapezoidal waveguides are W3 and the length
of the long parallel side of the trapezoidal SWG waveguides is
dn while the short one is linearly tapered from d) to dy. Region V
consists of two waveguide converters and each of them consists
of a stripe waveguide with its width linearly tapered from W, to
W3 and a rectangular SWG waveguide with constant width W3.
The length of region V is L1, the period of SWG is A and the
length of silicon portion in the SWG waveguide is dy. The gap
size of the whole coupling region is fixed and denoted as g.
For our 3-dB adiabatic optical coupler, the lowest order even
mode will be excited in the coupling region when light is injected
into the Input 1 port. The lowest order even mode will be
maintained and other modes will not be excited as long as the
length of coupling region is sufficiently long. At the end of the
coupling region, the optical power will be evenly split between
the two output waveguides, which achieves a 3-dB optical power
splitting at the output ports. In this situation, the phase difference
between the two output ports is zero due to the symmetry of the
lowest order even mode. On the other hand, the lowest odd mode
will be excited in the coupling region when light is injected into
the Input 2 port. Similarly, the lowest order odd mode will be
maintained in the coupling region, and the optical power will
be evenly split at the end of the coupling region to achieve
a 3-dB optical power splitting at the output ports. Under this
circumstance, the phase difference between the two output ports
is 180° due to the anti-symmetry of the lowest order odd mode.
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Fig. 2. Simulated effective indices of the lowest order even mode and the

lowest order odd mode as a function of wavelength.

III. SIMULATION RESULTS

In order to avoid unwanted coupling between the Input 1
and Input 2 ports, a sufficiently large waveguide asymmetry is
required. Here, W; = 600 nm and W5 = 400 nm are chosen and
the widths of two SWG waveguides in the region V are both set
as W3 = 500 nm to achieve 3-dB optical power splitting. For the
waveguide converters in region I and region V, the smaller Wy
is, the smaller the loss caused by mode transformation when W;
(i=1-3), Aand dy are fixed. Here, W, = 100 nm is chosen so that
our design will be compatible with advanced complementary
metal-oxide-semiconductor fabrication technologies [30]. For
the coupling region, the smaller g is, the shorter coupling region
can be, we also set ¢ = 100 nm to meet the fabrication tech-
nologies. For trapezoidal SWG waveguide, we set d; = 100 nm
and dy = 200 nm respectively to concentrate the light on the
lower (upper) side of the upper (lower) waveguide, and A is
set as 250 nm. We use three-dimensional finite-difference-time-
domain (3D FDTD) method to optimize the remaining design
parameters and evaluate the performance of our designed 3-dB
adiabatic coupler.

It is hereby proved the rationality of A. For the grating period
A, it must be small enough so that the Bragg wavelength is
below the minimum operating wavelength to avoid Bragg re-
flection, which can be ensured by setting A < Apin/(2XnB1och)s
where A, is the minimum operating wavelength, and ngjoch
is the effective index of the fundamental Floquet-Bloch mode
at Ayin. We use 3D FDTD band structure calculations with the
Bloch boundary condition to calculate the effective index of
Floquet-Bloch mode, and the simulated effective indices of the
lowest order even mode and the lowest odd mode as a function of
wavelength are shown in Fig. 2. For the lowest order even mode
at Apin = 1450 nm, ngjocn = 2.29 is obtained and the maximum
value of A is given as Apin/(2Xngiocn) = 1450 nm/ (2x2.29) =
316.59 nm, so the choice of A = 250 nm is reasonable.

In order to balance the loss and length of region I and region
V, the structure shown in Fig. 3(a) is used to optimize the L.
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Fig.3. (a) Structure used to optimize L1 and (b) the ILs as a function of L1

with different W;.

The structure consists of two tapered stripe waveguides and two
conventional rectangular SWG waveguides. The lengths of two
tapered waveguide are L1, the left stripe waveguide with width
W; (i = 1-3) is linearly tapered to width W, and the right stripe
waveguide with width Wy is linearly tapered to width W;. Due
to the symmetry of Fig. 3(a), the mode transition loss can be
regarded as half of the IL of the structure. The obtained ILs
of the structure with different W; as a function of Lp; at the
wavelength of 1550 nm are shown in Fig. 3(b). As can be seen,
the longer that L1 is, the smaller the loss caused by the mode
transition between the stripe waveguide and the conventional
rectangular SWG waveguide. We set L1; = 4 pm to balance the
mode transitional loss and length in region I and region V.

Similarly, the structure shown in Fig. 4(a) is used to optimize
the Lto of region II and region IV, which consists of two
waveguide converters and two gradually varying trapezoidal
SWG waveguides. The lengths of two waveguide converters
are Lt and each waveguide converter is made of a tapered
stripe waveguide and a rectangular SWG waveguide. The left
stripe waveguide with width W; (i = 1-3) is linearly tapered
to width W, and the right stripe waveguide with width Wy is
linearly tapered to width W;. The obtained ILs of the structure
with different W; as a function of Lyo at the wavelength of
1550 nm are shown in Fig. 4(b). As can be seen, the longer L, is,
the smaller the loss caused by the mode transition between the
conventional rectangular SWG waveguide and the trapezoidal
SWG waveguide. In order to balance the mode conversion loss
and length, we set Lo = 4 m to minimize the mode transitional
loss in region II and region IV.
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Fig. 5. Transmission at the output ports as a function of Lc.

After Ltq and Lty are optimized as 4 pm, then the entire
device shown in the Fig. 2(a) is adopted to optimize L¢ of region
III. When 1550 nm light is injected into the Input 1 port, the
simulated transmissions at two output ports as a function of L¢
are shown in Fig. 5. Since the device functions as a 3-dB coupler
when two curves are intersected, Lo = 6.5 um, 8 um, 11.5 pym,
and 13.5 pm can be selected. In order to shrink the device size,
Lc = 6.5 pm should be chosen. However, we set Lc = 8 um to
achieve evenly power splitting in a broad working bandwidth.

Table I summarizes all the optimized parameters of our 3-dB
adiabatic coupler based on trapezoidal SWG.

When 1550 nm light is injected into the Input 1 and Input 2
ports, the simulated electric field distributions are shown in the
upper and lower parts of Fig. 6, respectively. As can be seen,
when light is injected into the Input 1 port, the lowest order even
mode is excited in the coupling region, and the optical power
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TABLE I
LIST OF OPTIMIZED PARAMETERS FOR THE 3-DB ADIABATIC COUPLER BASED
ON TRAPEZOIDAL SWG
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Fig. 6. (a) Input view; (b) top view; (c) output view of the simulated electric
field distribution at 1550 nm wavelength.

is split into two output ports evenly with zero phase difference.
On the other hand, when light is injected into the Input 2 port,
the lowest order odd mode in the coupling region is excited and
the optical power is split into two output ports evenly with 180°
phase difference.

Finally, the simulated PSR and IL as a function of wavelength
are shown in Fig. 7(a) and (b), respectively. The PSR and IL are
defined as:

P,
PSR = 1OIgZPi(dB) 1)
IL= — 101gZPi(dB), i=1,2 )

where P; and Py are the output power of the Output 1
and Output 2 ports, respectively. In the wavelength range of
1450 nm ~ 1650 nm, the obtained PSR is better than 3+0.21 dB
and the IL is less than 0.03 dB when light is injected into the
Input 1 port. And PSR is better than 34+0.21 dB and the IL
is less than 0.19 dB when light is injected into the Input 2
port. When light is injected into the Input 1 port, the electric
field distribution in simulation area does not change much at
different wavelengths, so the loss shows small fluctuations over
wavelength. However, when light is injected into the Input 2 port,
the scattering in the simulation area increases significantly with
wavelength, so the loss is also much increased. The simulation
results indicate that our device achieves an almost adiabatic
mode evolution.

The fabrication tolerance is also explored by simulating the
coupler with some fabrication variations (Ahz, AW, and Ady),
where Ah is the waveguide thickness variation, AW is the
waveguide width variation and the Ady is the length variation of
the long parallel side of the trapezoidal SWG. Here the coupling
region g and the period of the SWG A are kept constant. When
light is injected into the Input 1 Port, the simulated PSRs as
a function of wavelength are shown in the Fig. 8(a)—(c), the
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Fig. 7. Simulated (a) PSR and (b) IL for the 3-dB adiabatic coupler in the
wavelength range of 1450 nm ~ 1650 nm.

obtained PSRs are better than —3+0.44 dB when there is a
fabrication variation of Ak = 10 nm, AW = £10 nm or Adyn
= 410 nm. The ILs are also calculated, which are also less than
0.05 dB. Therefore, our design has good tolerance to possible
fabrication variations in the wavelength range of 1450 nm to
1650 nm.

Due to fabrication errors and other factors, experimental
results are usually worse than simulated results, but simulation
is still an important method to design device with high per-
formance. We also conduct a performance comparison based
on the reported simulation results. Table II summarizes the
simulated performance of our device and approximate simulated
results of several reported 3-dB adiabatic couplers. It shows that
the proposed 3-dB adiabatic coupler based on the trapezoidal
SWG has shorter length than adiabatic couplers based on the
conventional rectangular SWG [21], [22], [23]. Also, itis shorter
than most adiabatic couplers based on conventional stripe/ridge
waveguide [10], [11], [16], [17], [18] and almost same as Ref.
[12]. However, our device can achieve even power splitting in a
broader working bandwidth than Ref. [12].
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TABLE II
COMPARISON OF OUR DEVICE WITH REPORTED 3-DB ADIABATIC COUPLERS

Couplin Total .
Reference Lerll)gthg Length | PSR(dB) Bar(lgx;dth IL (dB)
(um) (um)

[10] 300 / 3+0.15 200 /
[11] 90 / 3+0.5 200 /
[12] 23.2 46.7 3+0.18 135 <0.1
[16] 60 ~70 3+0.15 165 <0.14
[17] 26.3 68.3 34+0.5 100 /
[18] 45 105 3+0.24 100 ~0
[21] 50 80 / 180 /
[22] 35 / 3+0.75 500 <0.012
[23] 25 65 3+0.33 100 <0.08
This 24 47 3+0.21 200 <0.19
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IV. CONCLUSION

In summary, we have proposed a compact, broadband 2 x?2
3-dB adiabatic coupler based on trapezoidal SWG on SOI plat-
form. It is shorter than adiabatic couplers based on conventional
rectangular SWG and most adiabatic couplers based on con-
ventional stripe/ridge waveguide. Moreover, it can achieve even
power splitting in a broad working bandwidth. The coupling
length and total length of our device are only 24 pm and 47 pm,
respectively. The simulated results show that PSR better than
3+0.21 dB and IL less than 0.19 dB in the wavelength range of
1450 nm ~ 1650 nm can be achieved, which is very promising
for broadband applications.
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