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I. INTRODUCTION

In the world of technology, there are numerous benefits 

associated with the use of integrated circuits. Some advan-

tages, including efficiency, low energy consumption, and 

the ability to minimize device size, are due to the use of 

an optical waveguide as a supporting element. There are 

two common types of optical waveguides that support the 

development of many applications, namely the channel 

waveguide and the slab waveguide [1-4]. Both channel and 

slab waveguides have a high confinement factor, with the 

ability to sustain the single-mode condition. The character-

istics of a slab waveguide are like those of air. Moreover, 

cross-section propagation in a slab waveguide occurs 

without interference loss [5]; on the other hand, in the 

cross-section propagation of a channel waveguide, loss 

occurs. Furthermore, due to the confinement factor it is 

easier to miniaturize a free-space (benchtop) optical system 

into a slab waveguide.

Some optical components, such as mirrors and lenses, 

need to be miniaturized from a benchtop optical system to 

a slab-waveguide optical system. To miniaturize the function 

of a lens on a slab waveguide, studies have been conducted 

on various ways to focus the light propagation in a slab 

waveguide by utilizing a precise trapezoidal design called 

a taper. Moreover, inserting the light from an optical fiber 

into a slab waveguide is not easy. In some research, spot- 

size converters have been used in the optical fiber to reduce 

loss due to coupling [6-13]. In this study, a fiber lens is 

used to decrease the coupling loss at the input of the slab 

waveguide. Furthermore, the development of a slab wave-

guide needs a mirror design, which is constructed based 

on the difference in refractive index between core and 

substrate [14-22].

This study examines a silicon-based optical slab wave-

guide, in terms of design and measurement conditions, built 

from Si as the core with SiO2 and air as the substrate and 

upper layer respectively. Therefore, incident light with a 

wavelength λ of 1550 nm is confined and guided in the Si 

core region, with a 45-degree-angle mirror designed and 
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fabricated to reflect the light [23-32]. The propagation loss 

and mirror loss are also analyzed to determine the perfor-

mance [33-39].

One purpose of this research is to develop a miniaturized 

optical technology which is similar to the size of a chip. 

There are many large-scale benchtop optical systems such 

as interferometers, beam splitters, and optical encryption 

systems that need to be miniaturized to chip scale. 

However, to achieve this purpose some optical components 

such as mirrors and lenses used in large-scale benchtop 

optical systems need to be designed on a chip scale.

II. DESIGN ISSUES AND SIMULATION

2.1. Design of the Slab Waveguide

The design of a Si slab waveguide, consisting of a taper 

and a mirror, is shown in Fig. 1.

In this design the thickness of the slab is 0.21 µm, with 

an input width of 0.4 µm. These dimensions are designed 

to carry the single-mode condition of light. In addition, Si 

and SiO2 have refractive indices nf = 3.4469 and ns = 1.4440 

respectively, at 1550 nm.

2.1.1. Linear taper

A linear taper is adapted to this design, as shown in Fig. 

1(a). The function of the taper is to control the divergence 

angle of the light that is fed into the slab waveguide. The 

design of the taper is optimized by measuring the Full 

Width Half Maximum (FWHM) of the light after propagation 

in a Finite Different Time Domain (FDTD) simulation. 

Based on the results, the optimized taper design is obtained 

when its length LT and width WL are 124 µm and 10 µm 

respectively. This value is the optimal length to get a 

small diffraction angle of light during propagation in the 

waveguide. Using this structure, the divergence angle of 

the input light of the slab waveguide is minimized.

2.1.2. Mirror design

The light is reflected during propagation in the slab 

waveguide using a mirror. The proposed design with a 

certain radius of curvature, in accordance with the 

concave-mirror rule that has a focal point at half of the 

radius R, is shown in Fig. 1(a). The radius R (110 µm) 

and width S (24 µm) of the mirror are correlated with the 

distance between the two mirrors, which is varied to be 50 

µm, 100 µm, and 200 µm. The performance of this mirror 

is measured by its loss. This research proposes to use a 

curved mirror to reduce the coupling loss due to the 

mismatch in size between the wavefront of propagated 

light and the mirror (called mirror coupling loss).

2.2. Simulation

FDTD simulations are used to investigate the effect of 

the tapered design, as shown in Fig. 2. This design sustains 

the parallel pattern of the light with a small divergence 

angle. The taper keeps the divergence angle of incident light 

small. Therefore, the optical power tends to be measured 

(a) (b)

FIG. 1. Design and cross section of the slab waveguide: (a) Design of the slab waveguide in top view, including taper and mirrors. (b) 

Cross section of the slab waveguide, consisting of SiO2 and Si as substrate and core, respectively.

(a) (b) (c)

FIG. 2. Simulation results: (a) and (b) for the slab waveguide without and with the tapered design. (c) for showing incident light 

coming from the tapered design, passing through the slab waveguide, and reflected on the mirrors.
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at a long distances. 

Figure 2(c) shows that the light propagation is detected 

at a long distance of 50 µm between mirrors, despite it not 

being straight propagation. In the simulation, the power 

analysis is obtained by introducing a power monitor. Further-

more, analysis of the power monitor before and after the 

mirror positions aids in obtaining the value of the loss due 

to the scattering that occurs during reflection from a mirror. 

A curvature radius of 110 µm for the first mirror focuses 

the light at the midpoint between the first and second 

mirrors, with a narrower beam at the curvature, as shown 

in Fig. 2(c). Therefore, the curvature radius of the mirror 

has to be designed carefully. For clarity, the simulation 

result for a 4-mirror slab-waveguide system can be seen in 

Fig. 3.

III. EXPERIMENTAL METHOD

The loss measurements are performed by introducing the 

light from an optical fiber into the slab waveguide and 

measuring the output optical power of the waveguide using 

an optical-power meter, as seen in Fig. 4. A Polarization- 

Maintaining Fiber (PMF) used to preserved the linear 

polarization during propagation. Furthermore, a lens fiber 

is used before the slab waveguide to minimize coupling 

loss, which occurs due to the different sizes of the output 

and input ports of the fiber and waveguide respectively. A 

photograph of the fabricated slab waveguide can be seen 

in Fig. 5.

The rotational wave plate forces the incident light to 

become polarized as TE or TM. It consists of a half-wave 

plate (HWP) and a quarter-wave plate (QWP), which are 

combined to generate a polarization mode, as shown in 

Fig. 4. A tunable semiconductor laser with a wavelength 

of 1550 nm and an output optical power of 1 mW is used 

as the light source.

From the experimental results, the total loss is calculated 

as the ratio of optical power before (Pin) and after (Pout) 

the slab waveguide. This total loss consists of coupling, 

waveguide, and mirror losses, as seen in Eq. (1):

     . (1)

The coupling loss occurs at the mounting point between 

the optical fiber and slab waveguide when inputting the 

FIG. 3. Simulation of 4 mirrors in a slab waveguide.

FIG. 4. Experimental setup for the measurement of propagation loss in the slab waveguide.
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light, and also between the slab waveguide and optical- 

power meter at the output. To decrease this loss, a fiber 

lens and wide-core-diameter multimode fiber are used at 

the input and output of the waveguide respectively. Further-

more, the loss tends to occur due to scattering during 

propagation and upon reflection from the mirror, which is 

caused by the surface roughness of the fabricated mirror 

and the size mismatch between the wavefront of propagated 

light and mirror in the slab, which in turn depends on the 

propagation length and mirror design.

IV. RESULTS AND DISCUSSION

4.1. Experimental Results

First, the ratio between the output and input optical 

powers (the latter being 1 mW) is used to express the total 

loss. Experiments with three different numbers of mirrors 

in a slab waveguide for TE and TM polarizations of input 

light are conducted, with the results shown in Fig. 6.

The propagation loss, which includes waveguide loss αwg 

and mirror loss αm, is analyzed from the gradients of trend 

lines. The other part is the coupling loss, which is loss at 

zero propagation length. For TE polarization the values of 

coupling loss are 21.34, 21.27, and 21.17 dB for slab 

waveguides with 2, 4, and 6 mirrors respectively. Mean-

while, for TM polarization the losses are 19.30, 19.26, and 

19.20 dB for slab waveguides with 2, 4, and 6 mirrors 

respectively. From the gradients of the trend lines in Fig. 

6, Fig. 7 is created, to separate the component of total 

propagation loss that is independent of the number of 

mirrors (net waveguide loss) from those that depend on 

the number of mirrors (mirror loss, which includes mirror 

coupling loss and mirror reflection loss). It is also found 

that total propagation loss increases with increasing wave-

guide length, and with the number of mirrors.

Second, αwg and αm are calculated by analyzing the 

dependence of the gradients of the trendlines of Fig. 6 on 

the number of mirrors. The net waveguide losses for TE 

and TM polarizations, which are 0.10 dB/mm and 0.09 

dB/mm respectively, are identified from the linear regression 

in Fig. 7.

Then the waveguide propagation loss can be calculated 

using Eq. (2):

    × . (2)

FIG. 5. Photograph of the fabricated Si slab waveguide with 

mirror structures.

FIG. 6. The dependence of total loss on the length of the slab 

waveguide. n is the number of mirrors.

FIG. 7. The dependence of total loss (after subtraction of 

coupling loss) on the number of mirror.
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The mirror loss is equal to the total loss minus the 

coupling and waveguide propagation losses. After calcu-

lating the waveguide loss, the mirror loss αm is obtained. 

The linear regression in Fig. 8 needs to be adjusted to 

obtain a zero value. Then the losses are categorized based 

on the distance between mirrors Lm.

The total mirror loss increases with increasing distance.  

Here the highest loss occurs when n = 6 and Lm = 200 µm. 

Furthermore, the average mirror loss, which is not affected 

by the distance, is analyzed in Fig. 9. This is calculated 

from each value of 2, 4, and 6 mirrors using the linear 

regression in Fig. 9.

The gradients of linear regression in Fig. 9 show the 

average mirror coupling losses for TE and TM polarization 

modes, which occurs due to the size mismatch between 

mirror and wavefront of the propagated light, and the 

average mirror scattering loss. Based on the experimental 

results, the average mirror losses due to scattering upon 

reflection from the mirrors are 0.011 dB/mirror and 0.007 

dB/mirror for the TE and TM modes respectively.

4.2. Discussion

According to the experimental data, the mirror scattering 

losses of the slab waveguide are 0.011 dB/mirror and 0.007 

dB/mirror for TE and TM polarizations of light respectively, 

while the average waveguide losses are 0.1 dB/mm and 

0.09 dB/mm. These experimental results are also due to the 

scattering by the material during the light propagation.

To calculate the mirror loss in the FDTD simulation, 

two power monitors are set before and after the mirror. By 

comparing the power before and after the mirror, the loss 

can be analyzed. The simulation results show the average 

losses at the mirror are 0.00055 dB and 0.00049 dB for 

TE and TM polarizations respectively. These values are 

much smaller than the other losses under consideration that 

they can be safely neglected. In the simulation an ideal 

condition is set, without any scattering losses upon 

reflection from the mirror. While this loss is observed in 

experiment, due to the mirror’s surface roughness and the 

imperfection in the fabrication of the mirror in the slab 

waveguide, it cannot be found in the simulation results, 

because under ideal conditions all of the incoming light is 

reflected by the 45°-mirror structures of the slab wave-

guide. The loss in the simulation is only caused by the 

size mismatch between mirror and wavefront of light. The 

small values of mirror loss in the simulations show that 

the design of our mirror and taper structures are sufficient 

to guide the light properly in the slab waveguide. The 

tendencies of both simulation and experimental results are 

similar for both TE and TM polarizations: The mirror loss 

increases as the distance between mirrors becomes longer, 

showing that the loss by mirror structures in a slab 

waveguide is mainly caused by the size mismatch between 

the propagated light and mirror, not by the scattering upon 

reflection from the mirror.

V. CONCLUSION

All properties of propagation loss, consisting of coupling, 

waveguide, and mirror components, in our proposed slab 

waveguide were investigated. The coupling losses at the 

input and output ports were the dominant factors, and 

were reduced by using a lens fiber to conduct the light 

into the waveguide. In addition, the surface roughness of a 

fabricated mirror and its fabrication defects also influenced 

mirror loss: 0.011 dB/mirror and 0.007 dB/mirror for TE 

FIG. 8. The dependence of mirror loss on the number of 

mirrors in the slab waveguide. L is the distance between 

mirrors.

FIG. 9. Calculation of the average mirror loss in the slab 

waveguide.
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and TM polarizations respectively. Conversely, FDTD 

simulation results showed mirror losses of 0.00055 dB and 

0.00047 dB for TE and TM polarizations respectively. The 

FDTD simulations were used to confirm whether the 

parameters in the design of the mirror, such as size and 

curvature radius, were sufficient to reflect all of the light 

that is guided in the slab waveguide. The small values of 

mirror losses obtained from the simulation showed that our 

design was optimized for guiding the light in the slab 

waveguide with negligible losses due to the size mismatch 

between mirror and wavefront of the guided light.
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