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Abstract: In this paper, an inverted taper-based 
technique for highly efficient coupling between SOI 
waveguides and standard single-mode fibers is re-
ported. The coupling structure is polarization insen-
sitive and it is based on the inverted taper coupled to 
a fiber-adapted waveguide. In this case, the fiber-
adapted waveguide is made by using the SiOB2B layer 
under the Si waveguiding layer of the SOI wafer thus 
avoiding the use of extra materials such as polymers. 
The proposed coupling structure is aimed for being 
integrated with V-groove auto-alignment techniques. 
Coupling losses of 4.21dB and 4.5dB to 10µm mode 
field diameter standard single-mode fibers have been 
estimated for TE and TM polarizations respectively 
and 1550nm performance. 
 
Introduction 
Efficient coupling between standard single-mode 
fibers and single-mode waveguides is a key point in 
silicon photonics. An optical integrated circuit is use-
less without an interface to the outside world. The 
small size of single-mode silicon-on-insulator (SOI) 
waveguides (typically 500nm width and around 
200nm thickness) compared with the high diameter 
of a single-mode fiber (between 8-10µm) makes cou-
pling inefficient. A direct end-fire coupling between 
a SOI single-mode waveguide and a standard single-
mode optical fiber means around 20dB of coupling 
losses for TE polarization and 1550nm input signal 
wavelength. Three-dimensional (3D) tapers have 
been reported to achieve 3D spot-size conversion 
between the spot-sizes of the waveguide and the fiber 
[1]. More complex structures such as two different 
tapers formed at different levels have also been pro-
posed [2]. However, the complexity of the fabrication 
significantly increases in 3D approaches and the cou-
pling length is typically higher than 500µm. A more 
elegant and compact solution that is compatible with 
planar processing techniques is the use of two-
dimensional (2D) inverted tapers to achieve 3D spot-
size conversion [3-9]. In this case, the width of the 
taper is gradually decreased thus delocalizing the 
mode profile out of the waveguide core. 
The tip of the inverted taper can be directly attached 
to the optical fiber [4,5]. However, in this case, very 
precise control on the chip facets position is required. 
Therefore, the mode out of the inverted taper is usu-
ally coupled into another fiber-adapted waveguide. 
This fiber-adapted waveguide is made of low index 
contrast polymer materials and it is placed on top of 
the inverted taper [6-9]. However, the inverted taper 
and the low-index contrast waveguide are optimized 
for low coupling losses into small core optical fibers 

with typically 3-4 µm mode field diameter (MFD). In 
this paper, a new coupling structure based on the 
inverted taper is proposed for low coupling losses 
between SOI waveguides and standard single-mode 
fibers with 10µm MFD. The proposed approach is 
polarization insensitive and it takes advantage of the 
SiOB2B layer under the Si waveguiding layer of the SOI 
wafer to obtain the fiber-adapted waveguide. Fur-
thermore, the structure is designed with the aim of 
future integration with V-groove structures thus al-
lowing passive alignment and easier packaging [10]. 
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Fig. 1: (a) Proposed inverted taper-based structure and its 
main design parameters. (b) Detail of the integration of the 
proposed structure with the V-groove auto-alignment struc-
ture. 
 
Proposed structure 
The proposed inverted taper-based structure is shown 
in Fig. 1(a). The single-mode SOI waveguide is ta-
pered down by the inverted taper. As SOI wafers of 
205nm/3µm Si/SiOB2B layer thicknesses have been 
used, the Si waveguide width has to be around 
500nm to achieve single-mode propagation. The 
main inverted taper design parameters are the in-
verted taper length (LBtB) and the inverted taper tip 
width (WBtB) both illustrated in Fig. 1(a). If the sub-
strate of the SOI wafer is removed, it is possible to 
use the SiOB2B layer as the fiber-adapted waveguide, as 
shown in Fig. 1(a). Due to the SiOB2B SOI wafer layer 
thickness, the height of the SiOB2B waveguide is fixed 
to 3µm. The objective is to find the optimum SiOB2B 
waveguide width and the optimum inverted taper 
parameters to achieve the lowest coupling losses be-
tween the proposed structure and the standard single-
mode fiber. Furthermore, the design is carried out to 
obtain a polarization insensitive structure. The most 
important application of the proposed structure is its 
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direct integration with V-groove auto-alignment 
structures as illustrated in Fig. 1(b). A step by step 
analysis of the proposed inverted taper-based struc-
ture is presented on the following sections. The 
analysis starts with the SiOB2B waveguide section pa-
rameters design in the fiber-SiOB2B waveguide inter-
face to achieve the highest coupling efficiency to 
10µm MFD standard single-mode fibers. Then, the 
optimum inverted taper tip width and length are de-
signed. 
 
SiOB2B waveguide width design  
To find the optimum SiOB2B waveguide width to get 
the highest coupling efficiency between the SiOB2B 
waveguide and the fiber, a 3D overlap integral be-
tween fiber and waveguide fundamental mode pro-
files has been used. The fundamental mode profile of 
the SiOB2B waveguide has been obtained by a 3D mode 
solver based on the Beam Propagation Method 
(BPM). The fundamental mode profile of the fiber 
has been approximated by a Gaussian beam as a 
function of the fiber mode field diameter. The simu-
lation results are shown in Fig. 2. The figure shows 
the estimated coupling efficiency between the SiOB2B 
waveguide and the fiber as a function of the fiber 
mode field diameter for different SiOB2B waveguide 
widths and a 1550nm input signal wavelength. A 
polarization insensitive behaviour of the coupling 
efficiency in the SiOB2B waveguide-fiber interface was 
observed, so results shown in Fig. 2 are valid for both 
TE and TM polarizations. As it is shown in Fig. 2, 
the estimated coupling losses for an 8µm width SiOB2B 
waveguide and a standard single-mode fiber (10µm 
mode field diameter) are around 4.2dB for both TE 
and TM polarizations and a 1550nm input signal 
wavelength. If the waveguide gets wider (e.g. 10µm 
width), the estimated coupling losses are only 0.4dB 
less than in the 8µm width SiOB2B waveguide case. 
Therefore, in order to minimize as much as possible 
the SiOB2B waveguide dimensions, the 8µm width SiOB2B 
waveguide case has been considered for the next in-
verted taper design parameters simulations. 
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Fig. 2: Power coupling efficiency between the SiOB2B 
waveguide and the optical fiber as function of the fiber 
mode field diameter for different waveguide widths, 
λ=1550nm and both TE and TM polarizations. 
 
 

Inverted taper tip width design  
In order to find the optimum tip width of the inverted 
taper, it has been considered the inverted taper tip- 
SiOB2B waveguide interface of the proposed structure. 
It is possible to obtain the fundamental mode profiles 
of both the fiber-adapted SiOB2B waveguide with and 
without the inverted taper on top. These fundamental 
mode profiles have been obtained by a 3D mode 
solver based on the Beam Propagation Method 
(BPM). Evaluating the overlap integral of both fun-
damental mode profiles for different inverted taper 
tip widths, the final inverted taper tip width has been 
chosen the optimal one that results in the highest 
power coupling efficiency of the mentioned interface.  
 
The simulation results are shown in Fig. 3. The figure 
shows the estimated coupling efficiency between the 
SiOB2B waveguide with and without the inverted taper 
tip on top, as a function of the inverted taper tip 
width for a 1550nm input signal wavelength and for 
both TE and TM polarizations. According to Fig. 3, 
almost negligible coupling losses are achieved in the 
taper tip interface for inverted taper tip widths lower 
than 200nm and for both TE and TM polarizations 
(around 0.01dB coupling losses for TE polarization 
and 0.3dB for TM polarization). Therefore, if a lower 
than 200nm inverted taper tip width is chosen, the 
proposed design is polarization insensitive in the 
considered interface. In order to maximize as much 
as possible the inverted taper tip width for an easier 
future fabrication, the 200 nm inverted taper tip 
width case has been chosen. 
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Fig. 3: Power coupling efficiency between the SiO2 
waveguide with and without the inverted taper on the top, 
respectively, according to Fig. 3(b) as a function of the 
inverted taper tip width, λ=1550nm and for both TE and 
TM polarizations. 
 
Inverted taper length design 
The optimum inverted taper length has been designed 
by means of FDTD simulations using the inverted 
taper tip width (WBtB=200nm) and the SiOB2B waveguide 
width (WBgB=8µm) that were found to be the optimum 
ones in the previous sections. 3D FDTD simulations 
require very high computational memory because of 
the relative large taper length. So, the taper length 
effect has been simulated using 2D FDTD simula-
tions. To take into account the neglected structure 
dimension in the 2D problem approximation, the 
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effective index method has been used. Two possibili-
ties have been studied depending on the spatial per-
spective of the 2D structure approximation. It is pos-
sible to analyze the coupling structure according to a 
2D top view or according to a 2D side view too. The 
used 2D FDTD simulations including these two 2D 
perspective views are shown in Fig. 4. In Fig. 4(a) 
the 2D top view FDTD structure simulation is illus-
trated while in Fig. 4(b) it is shown the 2D side view 
one. Basically, in the simulations in Fig. 4, the struc-
ture is excited by the SiOB2B slab waveguide funda-
mental mode at a 1550nm wavelength, and the Si 
waveguide coupled power is measured by a power 
monitor. As the schematics in Fig. 4 are being ex-
cited by the SiOB2B slab waveguide fundamental mode, 
the fiber-SiOB2B waveguide interface is not being con-
sidered. So, to obtain the total SOI waveguide-to-
fiber coupling losses, the estimated coupling losses 
depending on the taper length have to be added to the 
estimated ones in the SiOB2B waveguide width design 
for the fiber-SiOB2B waveguide interface (4.2dB for a 
10µm MFD standard single-mode fiber and both TE 
and TM polarizations).   
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Fig. 4: Detail of the carried out 2D FDTD simulation to 
obtain the optimum inverted taper length. The effective 
index method has been used in both (a) 2D top view struc-
ture simulation, and (b) 2D side view structure simulation. 
 
According to the 2D top view simulation in Fig. 4(a) 
and using the effective index method, the SiOB2B 
waveguide refraction index is replaced by an effec-
tive index (neffBSiO2B in Fig. 4(a)) for both TE and TM 
polarizations) to consider the 3µm thickness of the 
SiOB2B waveguide. In the same way, the Si waveguide 
and taper refractive index is replaced by other effec-
tive index (neff in Fig. 4(a)), considering the 205nm 
Si layer thickness. For the 2D side view simulation in 
Fig. 4(b), a similar procedure has been carried out. 
The SiOB2B waveguide refraction index is replaced by 
an effective index to consider the 8µm width of that 
SiOB2B waveguide (neffBSiO2B in Fig. 4(b)). About the 
inverted taper effective index, as the taper width is 
not constant along the propagation direction, and 
remembering that the structure is being analyzed ac-
cording to its 2D side view, the linear variation of the 
taper width along the propagation direction is now 
transformed in an effective index linear variation as a 
function of the inverted taper width. At the 200nm 
width inverted taper tip, the effective index (neffB1B in 
Fig. 4(b)) considers the inverted taper tip width. That 

effective index increases along the propagation direc-
tion until the 500nm Si waveguide width correspond-
ing effective index (neffB2B in Fig. 4(b)). The simula-
tion results of both, 2D side view and 2D top view 
are shown in Fig. 5(a) for TE and in Fig. 5(b) for TM 
polarizations and for a 1550nm input signal wave-
length.   
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Fig. 5: Power coupling efficiency as a function of the in-
verted taper length for both 2D top and 2D side view 
FDTD simulations, 1550 nm input signal wavelength and 
for (a) TE and (b) TM polarizations. 
 
Looking at Fig. 5(a) for TE polarization, it can be 
seen that the power coupling efficiency increases as 
the inverted taper gets longer due to the lower radia-
tion losses. However, the 2D top view simulation in 
Fig. 5(a) does not behave just as the 2D side view 
one. In the 2D top view simulation, the obtained 
power coupling efficiency is maximum for a very 
low inverted taper length value which, in principle, 
does not seem realistic. Furthermore, in this case, it 
can be seen that the minimum coupling losses for the 
2D top view simulation are not zero thus disagreeing 
with the 3D results shown in Fig. 3. This coupling 
losses value is due to the mode mismatch of the 2D 
approximation in the interface between the SiOB2B 
waveguide with and without the taper tip on top. 2D 
overlap integral between both the SiOB2B waveguide 
with and without the 200nm width taper tip on top 
confirmed the minimum coupling losses reached by 
the 2D FDTD simulations. For the 2D side view ap-
proximation, the minimum coupling losses calculated 
by the 2D overlap integral are very similar to the 
obtained value by means of the 3D overlap integral, 
which are around 0.01dB according to Fig. 3. So, it 
can be concluded that for TE polarization, the 2D 
side view simulation is a very good approximation of 
the 3D approach. The minimum inverted taper length 
to achieve negligible coupling losses is 200µm. 
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Taking a look in Fig. 5(b) for TM polarization, the 
same behavior than in the TE case is observed and 
the 2D side view simulation seems a better approxi-
mation than the 2D top view simulation. However, 
the minimum coupling losses obtained by means of 
the 2D side view simulation are not negligible. As for 
TE polarization, these coupling losses are due to the 
mode mismatch of the 2D approximation at the in-
verted taper tip-SiOB2B waveguide interface. Thereby, 
the 8dB minimum coupling losses were in agreement 
with the coupling losses obtained by means of a 2D 
overlap integral in the inverted taper tip-SiOB2B 
waveguide interface. So, these are the minimum cou-
pling losses that the 2D approximation can reach 
according to the 2D side view simulation in Fig. 5(b). 
For a 125µm long inverted taper, the minimum cou-
pling losses are reached and it corresponds to the 
mode mismatch in the inverted taper tip-SiOB2B 
waveguide interface, which were estimated in 0.3dB 
coupling losses by means of a 3D overlap integral 
according to Fig. 3 for TM polarization. 
In order to have a similar behavior of the inverted 
taper for both TE and TM simulations, it has been 
chosen a 200µm long inverted taper. For a 200µm 
long inverted taper and for both TE and TM polariza-
tions, the total SOI waveguide-to-fiber coupling 
losses are the sum of the fiber-SiOB2B waveguide inter-
face coupling losses, which were estimated in 4.2dB, 
and the estimated coupling losses in the inverted ta-
per tip-SiOB2B waveguide interface, which were esti-
mated by means of the 3D overlap integral in 0.01dB 
and 0.3dB for TE and TM polarizations respectively, 
according to Fig. 3. It results in around 4.21dB and 
4.5dB total coupling losses for TE and TM polariza-
tions respectively. 
 
Spectral response 
Having obtained the most important inverted taper 
design parameters for a standard single-mode fiber 
efficient coupling and a 1550 nm input signal wave-
length, a spectral analysis of the proposed structure 
has been carried out. Fig. 6 shows the simulation 
results for the inverted taper-based structure spectral 
response taking into account a 10µm MFD standard 
single-mode fiber.  
It is observed an almost flat spectral response of the 
proposed inverted taper-based structure in the con-
sidered wavelengths range for both TE and TM po-
larizations. Coupling losses can be reduced by using 
fibers with a lower core diameter, as it can be seen in 
Fig. 2. 
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Fig. 6: Spectral response simulation results for the inverted 
taper-based structure and taking into account a 10µm MFD 
standard single-mode fiber. 
 
Conclusions 
In this paper, we report a polarization insensitive 
fiber-to-SOI waveguide efficient coupling technique 
using an inverted taper-based structure. The SiOB2B 
layer of the SOI wafer is considered to make the fi-
ber-adapted waveguide thus avoiding the use of extra 
materials such as polymers. The proposed coupling 
structure is aimed for being integrated with V-groove 
auto-alignment techniques. Parameters have been 
designed to maximize the coupling efficiency to 
standard single-mode fibers (MFD=10µm). Two dif-
ferent techniques based on the effective index 
method have been evaluated to simulate the inverted 
taper performance by means of 2D FDD simulations. 
It has been obtained that 2D side view approach is a 
better approximation than the 2D top view approach. 
Coupling losses of 4.21 dB and 4.5dB for TE and 
TM polarizations respectively and 1550 nm input 
signal wavelength have been obtained using a 200µm 
long inverted taper. Furthermore, a flat spectral re-
sponse is achieved because the coupling structure 
performance does not rely on any resonant effect. 
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