Manuscript Details

Manuscript number PNFA_2018_36

Title 1 x 4 MMI Visible Light Wavelength Demultiplexer Based on GaN Slot
Waveguide Structures

Article type Full Length Article

Abstract

High transmission losses are the key problem that limits the performances of visible light communication (VLC) system
that work on wavelength division multiplexing (WDM) technology. In order to overcome this problem, we propose a
novel design for a 1x4 optical demultiplexer based on the multimode interference (MMI) in slot-waveguide structures
that operates at 547 nm, 559 nm, 566 nm and 584 nm. Gallium-nitride (GaN) and silicon-oxide (SiO2) were found to
be excellent materials for the slot waveguide structures. Simulation results show that the proposed device can transmit
4-channels that work in the visible light range with a low transmission loss of 0.983-1.423 dB, crosstalk of 13.8-18.3 dB
and bandwidth of 1.8-3.2 nm. Thus, this device can be very useful in visible light networking system that works on
WDM technology.

Keywords FV-BPM; MMI; WDM; Slot-Waveguide.
Corresponding Author Dror Malka

Corresponding Author's Holon Institute of Technology (HIT)

Institution

Order of Authors Dror Malka, TamirShoresh Shoresh, Nadav Katanov

Submission Files Included in this PDF

File Name [File Type]
Highlights good.docx [Highlights]

main paper1.pdf [Manuscript File]

To view all the submission files, including those not included in the PDF, click on the manuscript title on your EVISE
Homepage, then click 'Download zip file'.



Highlights

Modeling a 1x4 wavelength demultiplexer based on the multimode
interference (MMI) in a GaN slot-waveguide structures.
Gallium-nitride and silicon-oxide were found to be excellent
materials for the slot waveguide structures.

The device can transmit 4-channels that work in the visible light
range with a low transmission loss of 0.983-1.423 dB.

The device can be useful in visible light networking system that
work on WDM technology.



1 x4 MMI Visible Light Wavelength
Demultiplexer Based on GaN Slot
Waveguide Structures

Tamir Shoresh, Nadav Katanov and Dror Malka*
Faculty of Engineering, Holon Institute of Technology (HIT), Holon 5810201, Israel
* Correspondence: drorm@hit.ac.il

Abstract — High transmission losses are the key problem that limits the performances of visible light
communication (VLC) system that work on wavelength division multiplexing (WDM) technology.
In order to overcome this problem, we propose a novel design for a 1x4 optical demultiplexer based
on the multimode interference (MMI) in slot-waveguide structures that operates at 547 nm, 559 nm,
566 nm and 584 nm. Gallium-nitride (GaN) and silicon-oxide (SiO2) were found to be excellent
materials for the slot waveguide structures. Simulation results show that the proposed device can
transmit 4-channels that work in the visible light range with a low transmission loss of 0.983-1.423 dB,
crosstalk of 13.8-18.3 dB and bandwidth of 1.8-3.2 nm. Thus, this device can be very useful in visible
light networking system that works on WDM technology.

Index Terms— FV-BPM; MMI; WDM,; Slot-Waveguide.

1. INTRODUCTION

The growing vast of developments in the visible light communication (VLC) systems requires [1-3] new
and powerful waveguide components that can support high speed light communication with low transmission
losses.
demultiplexers are an important part of optical communication networks and can be implemented using
several techniques: multimode interference (MMI) couplers [4,5], Y-branch devices [6] and Mach-Zehnder
interferometers [7].

A slot waveguide is a structure proposed of a narrow low index region surrounded by two layers of high
index material [8]. This structure allows light to be strongly confined and guided through it [9] due to the
total internal reflection effect [10].

MMI devices are commonly implemented in photonic integrated circuits due to their low losses, large
optical bandwidth, and simple structure [11-15]. Self-imaging is an effect that occurs in waveguides based
on MMI, by which the electric field profile that enters the device is duplicated into one or more images
(depending on the geometry of the MMI) along the propagation axis of the device at periodic intervals [15].

GaN is a promising material for high-power and high temperature electronics due to its wide energy band
gap and large critical electric field [16]. Recently, researchers assessed the performance of GaN based slot-
waveguide device and found it suitable for transmitting visible light with 0.1-0.4 (dB/cm) transmission loss
[17].

Moreover, researchers show the great potential of using a silicon (Si) slot-waveguide based MMI structures
for designing splitters [18,19,20] and wavelength demultiplexers in the C-band range [12,21]. However, Si
slot-waveguide is not suitable to use for transmitting light in the visible range due that Si has a high absorption
losses. In order to overcome this problem, we propose to use GaN-SiO: slot-waveguide which enables to
transmit visible light without confinement losses.



In this paper, a design of a 1x4 wavelength demultiplexer based on a multimode interference in a GaN-—
SiO; slot waveguide structure, that divides four channels in the visible light range, is presented. The selected
wavelengths were found to be 547 nm (A1), 559 nm (12), 566 nm (A3), 584 nm (14).

The device is based on cascade of three 1x2 MMI couplers, six S-bands, six output tapers and one
waveguide segment. The geometrical parameters of the MMI couplers and the slot-waveguide structure were
analyzed in order to obtain strong field confinement and to find the optimal lengths of the MMI couplers.
The simulations were carried out using the full vectorial-beam propagation method (FV-BPM) combined
with Matlab codes.

2. THE 1x4 DEMULTIPLEXER STRUCTURE AND THEORETICAL ASPECT

Figure 1(a) shows the x-y cross sectional view at z=0 where the orange areas represent GaN, green and
white areas represent SiO». Hsiot is the height of the SiO> layer (slot area) and the height of the GaN layer,
which is the slab area, is Hsiab. Nsiot, Nslab @nd Nciag are the refractive indexes of the slot, slab and cladding
,respectively. Table 1 shows the refractive index values of nsiot ,Nsiab @aNd Nelad at the operated wavelengths.

Table 1. The GaN and SiO, materials refractive index values for the operated wavelengths.

A(nm) | 547 | 559 566 584
Nsiot= Nelaa | 1.4792 | 1.4787 | 1.4784 | 14777
Nsa | 2.416 | 2.4105 | 2.4075 | 2.4004

Figure 1(b) shows the x-z cross sectional view at y=0, where the three MMI couplers designed for the device

are presented. The lengths of the MMI couplers are Lmmiz, Lmmiz, and Lvmis, respectively and their width is
Wmmi.
The width size of the input waveguide segment was chosen to be 0.3 um with a height of 20 um. The width
of the tapers varies from 0.34 um to 0.3 um (input/output) with a height of 5 um. The width size of S-Bands
were chosen to be 0.3 um, to match the width size of the output taper , with a height of 40 um, and the
distance between each one of them was chosen to be 0.1 um.
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Fig. 1. An illustration of the 1x4 wavelength demultiplexer (a) in the x-y plane (b) in the x-z plane.



The MMI is based on the self-imaging effect, which means that every wavelength that enters the coupler
will have a direct image of itself periodically. The distance from the point of entry to the point of the first
image is called the beat length and it is given by [20]

A
Un—oM e 1234 (1)
T

Where nest is the effective refractive index of the fundamental mode in the core area, which include the slot
and slab areas. The FV-BPM mode solver calculates this parameter. An are the wavelengths that operate the
device, and Wk is the effective width of the MMI couplers. The We size at the case of transverse electric (TE)
mode is given by [20]:
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Where Wy, is the width of the MMI coupler as seen in figure 1b.
In order to divide two different wavelengths using the MMI coupler, these conditions must be met:
R 3
Lyamiz = Pl = (P o)Ly 3)

2 2,
Lvmis = Pob,” =(py +ay)L

Where p is the integer, L is the beat length and q is an odd number.
In order to divide four different wavelengths into two outputs using the MMI coupler, this condition must
be met:
2 2 p) 2
LMMll = p3LﬂEL = (pa +q3)L7Z'2 = (p3 +0; +1)L7Z'3 = (p3 +0; +2)Lﬂ.4 (4)
In order to cancel the third mode from inside the MMI, the input taper has been shifted +(1/6)W. from the
center of the MMI. In addition, the lengths of the MMI couplers have been optimized to obtain better

performances.
The insertion losses of the device are given by:

Loss(dB) = —10log [@] (5)
n
Where Poy is the output power and Piy is the input power.
The crosstalk of the device is given by:
1 4 P
CT = 3 > 10log [P—} (6)
m=1 n
Where Pj is the power in the desirable port and Pr is the interfering power in the other port.

3. RESULTS
The Rsoft photonic CAD suite was used to simulate the device, and the optimization of it was calculated
through FV-BPM simulations alongside Matlab codes. From these calculations, the optimal dimensions of
the slot-waveguide were found to be: Hsiot=30 nm, Hsjap=120nm, Wyvmi=1.2 pm.



Figure 2 shows the optimal size of the slot layer and the tolerance values (28.05-31.64 nm) around Hsiot at
70-100% of the normalized intensity.
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Fig. 2. Normalized Intensity as function of Hsot.

Figure 3(a) and (b) show the electric field patterns of the quasi-TE fundamental mode and minor mode in
the x-y plane, for a wavelength of 559 nm. The strong confinement of light (red color) can be noticed in
figure 3(a). The same profile field mode is obtained for the other operated wavelengths.
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Fig. 3. Electric field patterns for quasi-TE fundamental mode for (a) Ex, (b) Ey.

The effective refractive indexes (ner) values were found by solving the major field mode for the operated
wavelengths. Figure 4(a) show the nesr as a function of the operated wavelengths.



Using ness and Wami values, equations (1) and (2) can be solved, and the effective width of the MMI (We)
can be found along with the beat lengths of the operating wavelengths. Figure 4(b) presents the beat lengths
as a function of wavelength.
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Fig. 4. nesr and L, function of the wavelength: (a). neft. (b). Lx.

Using the solutions of equations (3) and (4) that are presented in figure 5, alongside optimizations from the
FV-BPM solver, the suitable lengths of each one of the three MMI couplers were found to be: Lmmin=453.2
um, Lmmi=157.5 um, Lmmiz=158.1 um. As seen from the two blue arrows marked in figure 5, MMIL1 is
suitable for two wavelength pairs, which are 547 nm (A1) with 559 nm (A2) and 566 nm (A3) with 584 nm
(A4). This means that 547 nm and 566 nm are propagated into MMI2 and 559 nm and 584 nm are propagated
into MMI3. In a similar manner, the pink arrow points to the suitable length of MMI2, which divided 547
nm and 566 nm, and the green arrow points to the suitable length of MMI3, which divided 559 nm and 584
nm.

The wavelength pairs in figure 5 are: 547 nm with 550-590 nm (blue circles); 559 nm with 561-590 nm
(green squares); 566 nm with 570-590 nm (red triangles); 584 nm with 587-590 nm (purple diamonds). It
can be determined from this figure that the most suitable selected wavelengths for our proposed device are
547 nm, 559 nm, 566nm and 584 nm.
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Fig. 5. MMI coupler lengths as a function of wavelength couples in a range of 547-590 nm.



Figures 6(a)-(d) show the field profile in the device for the operating wavelengths at x-z plane. From this
figures, it can be noticed that the divided of the four operated wavelengths obtained at z=475 pum (MMI1
coupler output). MMI2 coupler divided between A1=547 nm (port 2) and A3=566 nm (port 1) at z=680 um
as shown in figures. 6(a) and (c). MMI3 coupler divided between A>=559 nm (port 4) and A4=584 nm (port
3) at z=680 pm as shown in figures. 6(b) and (d).
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Fig. 6. Field distributions of the 1x4 MMI photonic wavelength demultiplexer (a) A1=547 nm (port 2); (b)
A2=559 nm (port 4); (c) A3=566 nm (port 1); (d) A4=584 nm (port 3).

Figure 7 shows the spectral transmission of the four channels in the visible light range (545-585 nm). The
crosstalk, insertion losses and full width half-maximum (FWHM) were found using figure 7 and equations

(5) and (6) as shown in Table.2.
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Fig. 7. Normalized power in each port as a function of wavelength.

Table 2: Crosstalk, Losses and FWHM values for the operating wavelengths.

A(nm) 547 559 566 584
Port 2 4 1 3
Crosstalk(dB) | 17.059 | 18.316 | 14.423 | 13.82
Losses(dB) 0.983 1.315 1.423 1.133
FWHM/(nm) 1.8 2.7 2.3 3.2

4. CONCLUSION

To conclude, this paper presents a design of a 1x4 MMI photonic wavelength demultiplexer based on a
SiO2-GaN slot-waveguide structure.

Results from the simulation software have shown the four operating wavelengths are 547 nm, 559 nm, 566
nm, 584 nm.

The propagation length of the whole device is 0.7 mm with crosstalk ranging between 13.82-18.316 dB,
losses ranging between 0.983-1.423 dB and FWHM ranging between 1.8-3.2 nm. These values show that the
suggested device can be useful, especially for optical networks that use WDM technology in the visible light
range.

The functionality of the proposed device shows the great potential of using GaN slot-waveguide technology
to increase performances in VLC system and the ability in future work to integrate on photonic chip.
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