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Abstract: We report on a highly efficient alignment algorithm, which based on coupling model, between an optical 
fiber and an optical waveguide device. For 1×16 optical waveguide splitter, many repeated experiments can 
guarantee that the insertion loss of the device channels is less than 13.5 dB, with the maximum uniformity 
of 0.40 dB. 

1 INTRODUCTION 

Optical fiber communications has driven the need 
for complex photonic integrated circuit (PIC) to 
process the massive amounts of data transmitting 
through global networks (Yamada et al., 1993; 
Zheng and Duan, 2012). As the complexity and 
feature size of photonic integrated circuit, automatic 
optical alignment has become a key technique for 
optical waveguide devices, such as arrayed 
waveguide gratings, optical beam coupler/splitters, 
optical switchers and variable optical attenuators 
(Zheng and Duan, 2009). The core diameter of the 
single mode fiber is 8~9 μm, and the optical channel 
section feature size of photonic integrated circuit is 
0.2~8 μm. Each fiber must be positioned correctly 
on the part, and each part must be aligned in six 
dimensions (three translational and three angular) to 
assure low coupling losses.  

Automatic precise alignment coupling is the only 
way of improving optical quality for optical 
waveguide devices, and is necessary to step into 
scientific manufacturing from technological 
manufacturing. Alignment coupling algorithm of 
optical waveguide chip and optical fibers is premise 
of its automatic packaging, and good alignment 
coupling algorithm shows in rapid alignment, high 
precision and high reliability. Although several 
algorithms for the automatic fiber to waveguide 
alignment have been developed, such as hill-
climbing algorithm, simplex algorithm, pattern 
search algorithm, Hamilton algorithm and genetic 

algorithm (Zheng and Duan, 2013a; Zheng and 
Duan, 2013b; Tang et al., 2001; Mizukami et al., 
2001; Masahiro et al., 2004; Tseng and Wang, 2005; 
Chun et al., 2006), all of these are based on 
mathematical optimization algorithm, which make 
these extremely sensitive to the disadvantages of 
algorithm itself and the precision of motion stages 
Zheng and Duan, 2013b). For those reason, 
automatic waveguide-fiber alignment algorithm 
which based on coupling model, according to the 
theory of waveguide-fiber coupling, has been 
preferred. 

The coupling model and coupling theory of 
waveguide-fiber alignment are treated in section 2. 
In section 3, the experimental results of automatic 
waveguide-fiber alignment based on the new 
algorithm, which based on coupling model of 
waveguide-fiber alignment, are presented. 

2 COUPLING MODEL AND 
COUPLING THEORY 

Figure   1   is   the   schematic   of    waveguide-fiber 

 
Figure 1: Schematic of waveguide-fiber alignment. 
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alignment. Geometric alignment error includes 
horizontal dislocation

xδ  and yδ , angular deflection 

α  β , and γ  , and longitudinal spacing d . 

According to Ref. (Zheng and Duan, 2013b), the 
coupling efficiency of optical waveguide and optical 
fiber is 
 

 x yη η η  (1) 
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where, 
fW  is radius of optical fiber mode field, 

waW  

and 
wbW  are mode field radius of optical waveguide 

along the ellipse long and short axes, respectively. In 
Formula (2), used y   in place of x  , 

yη  can be 

obtained. Set 0α β= =   and w a w bW W=  , for the 

given longitudinal spacing d   and wavelength λ  , 

xk  is a constant. The insertion loss ( dIL  ) of one 

optical channel is 
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Thus, theoretically there is quadratic function 
relation between insertion loss of alignment 
coupling of optical fibers and optical waveguide 
chip and horizontal dislocation. The new automatic 
waveguide-fiber alignment algorithm is base on the 
Formula (5). 

3 EXPERIMENT AND RESULTS 

3.1 System Architecture 

Construct automatic waveguide-fiber alignment 
coupling system based on Figure 2. The waveguide 
chip (WG chip) was held in a holder unit. The input 
and output fiber arrays (FA) were set on 6-axis 

precision stages, which line repositioning resolution 
was 0.3 μm, and angle repositioning resolution was 
0.001°. The machine vision system includes two 
orthogonally positioned microscopes with charge-
coupled device (CCD) cameras. Laser source, two-
channel optical power meter, and control box of the 
input and output stages were adopted, and they 
communicated with the computer via GPIB 
connector. 

 
Figure 2: Structure figure of automatic alignment system. 

3.2 Experimental Results 

Optical waveguide used for alignment coupling is 
1×16 optical waveguide splitter, and the adhesion 
used for solid joint of coupling interface is index 
matching adhesion. Table 1 shows the geometric 
dimensioning and material parameter of optical 
waveguide splitter. The environment temperature 
and humidity were respectively 23℃ and 50%. The 
motion velocity was set to 10mm/s, and the target of 
Insertion Loss was set to 14dB, as shown in Figure 
3. 

Table 1: Geometric dimensioning and material parameter 
of optical waveguide splitter. 

Parameters Units Specification 

Length mm 15 
Width mm 3.5 
Height mm 2.5 

Material 
Core Silica+GeO2 

Cladding Quartz 
Core size μm 8×8 
Operational 
wavelength 

nm 1260~1650 

Theoretical 
Insertion Loss 

dB 12.04 

Insertion Loss 
(Max.) 

dB 13.2 

Uniformity dB 0.50 

Alignment coupling loss was caused by the process 
of device packaging and manufacturing, and it was 
related to motion stages, controlling, alignment 
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algorithm, etc. For 1×16 optical waveguide splitter, 
the required time was less than 3 min. According to 
Table 2, it can be known that for 1×16 optical 
waveguide splitter, many repeated experiments can 
guarantee that the insertion loss of the device 
channels was less than 13.5 dB, with the 
maximum uniformity of 0.40 dB. 

Table 3 show the experimental results of 
alignment coupling of 1×16 optical waveguide 
splitters based on manual stages. The insertion loss 
was more than 13.5 dB, and the maximum 

uniformity was more than 0.75 dB. The alignment 
time was more than 5 min. Such results 
demonstrated the effectiveness of the alignment 
coupling algorithm which based on coupling model. 

4 CONCLUSIONS 

We have demonstrated a highly efficient alignment 
algorithm, which based on coupling model, between 

 

Figure 3: Process of automatic alignment system for waveguide-fiber. 

Table 2: The automatic alignment results (Insertion loss, dB). 

NO. CH1/9 CH2/10 CH3/11 CH4/12 CH5/13 CH6/14 CH7/15 CH8/16 Avg. Max-Min 

1 
12.73 12.83 12.84  12.80  12.72  12.71  12.89  12.80  

12.78 0.18 
12.71 12.75 12.76 12.77 12.71 12.80 12.78 12.80 

2 
12.82  12.85  12.93  12.87  12.79  13.01  13.07  12.88  

12.89 0.32 
12.75  12.81  12.84  12.96  12.76  12.95  12.96  12.95  

3 
12.76  12.75  12.88  12.83  12.98 12.91  12.88  12.83  

12.82 0.33 
12.65  12.76  12.80  12.88  12.72  12.84  12.81  12.85  

4 
13.08  13.10  13.02 13.13  13.07  13.14  13.14  13.10  

13.12 0.37 
13.21  13.10  13.05  13.08  13.39  13.17  13.11  13.08  

5 
13.00  12.90  12.89  13.10  13.20  12.96  12.94  13.01  

12.97 0.37 
12.85  12.88  12.90  13.05  13.08 12.89  12.83  12.99  

6 
12.84  12.72  12.89  12.88  12.86  12.94  12.97  12.92  

12.89 0.25 
12.82  12.84  12.86  12.93  12.87  12.95  12.95  12.93  

7 
12.99 12.95 12.95 13.01 13.12 12.97 12.89 13.00 

13.00 0.23 
13.04  13.02  12.98  13.05  13.05  12.97  13.00  13.03  

8 
13.11  12.81  12.92  12.85  13.11  12.84  12.88  12.83  

12.92 0.30 
12.97  12.92  12.92  12.87  12.85  12.86 12.97  12.94  

9 
12.90  12.91  12.94  12.93  12.88  13.01  13.00  12.92  

12.93 0.18 
12.92 12.83 12.89 12.92 12.95 12.91 12.97 12.90 

Table 3: The automatic alignment results (Insertion loss, dB). 

NO. CH1/9 CH2/10 CH3/11 CH4/12 CH5/13 CH6/14 CH7/15 CH8/16 Avg. Max-Min 

1 
13.25 13.33 13.29 13.36 13.10 13.29 13.74 14.01 

13.53 0.95 
13.41 13.80 13.54 13.15 14.05 13.54 13.66 14.03 

2 
13.51 13.50 13.15 13.49 14.02 13.26 13.67 13.45 

13.53 0.93 
14.08 13.62 13.43 13.25 13.54 13.28 13.85 13.42 

3 
13.58 13.24 13.40 13.68 13.22 13.24 13.56 13.54 

13.50 0.76 
13.66 13.54 13.26 13.67 13.36 13.98 13.54 13.58 
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an optical fiber and a silica waveguide. For 1×16 
silica waveguide, many repeated experiments can 
guarantee that the insertion loss of the device 
channels is less than 13.5 dB, with the maximum 
uniformity of 0.40 dB. High efficiency, high 
precision and reliability demonstrate its potential for 
multi-channel waveguide-fiber alignment 
applications. 
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