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 Optical communications are identified as a technology that is able to meet 

future demands. As a passive component of optical communication, optical 

power dividers play an essential role. We propose a novel 1x4 optical power 

divider design, which is a combination of an optical power divider design 

using a Y-branch and an optical power divider using rectangular waveguides 

utilizing mode coupling phenomena from our previous researched designs. 

The 1x4 optical power divider design using three Y-branches and utilizing 

mode coupling phenomena is described in this work. The design consists of 

three sections: an input Y-branch, rectangular waveguides, and two output Y-

branches. By utilizing mode coupling phenomena with 3 rectangular 

waveguides, the optical power was transferred from one waveguide to its 

adjacent, so we obtained a wider splitting angle at the input Y-branch. The 

design was optimized using the beam propagation method (BPM) at a 

wavelength for optical communication of λ = 1.55 µm. We optimized various 

parameters such as the width and thickness of the waveguide, splitting angles, 

coupling gaps, and coupling lengths by doing numerous experiments. The 

result shows that the proposed design was successfully split into four outputs 

with 0.14 dB power imbalance at four output ports and 0.12 dB excess loss 

through the design. The excess loss and power imbalance at varied 

wavelengths were also observed. The distribution of excess loss and power 

imbalance is almost stable through the C-band range (1530-1565 nm). The 

proposed design shows the possibility of a new wide-angle optical power 

divider design and demonstrates the development possibilities of optical 

interconnections at wavelengths of 1530-1565 nm.  
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1. INTRODUCTION  

Optical communications are identified as a technology capable of meeting future demands. Optical 

communications have typically focused on high-speed connections across huge distances. There are many 

passive components in optical communications. The term “passive” refers to devices that do not require any 

optical-to-electrical conversion or vice versa to function. The passive components in optical communications 

include optical connectors, circulators, add/drop multiplexers, switches, and splitters/dividers [1-4]. Optical 

power dividers play an important role in dividing and combining optical signals in optical communication.  

One of the basic parts of integrated photonics is the optical waveguide, which is able to localize light 

propagation within micron-scale volumes, resulting in increased light intensity within the cavity compared to 

light intensity within the bulk [5]. An Optical power divider is a waveguide structure that divides and combines 

optical signals. In recent years, several optical power divider technologies have recently been proposed, such 

as those using Y-branch [5-7], Y-branch with multimode interference (MMI) structure [8, 9], directional 

coupler [10, 11], grating [11], microring [12, 13], rectangular waveguides coupling [14, 15], and photonic 
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crystals [16]. Various 1x4 optical power divider designs have been developed, among others are with Y-branch 

design [17], a photonic crystal resonator [18, 19], a rectangular MMI structure with four tapered waveguides 

with 0.013 dB excess loss and 0.17 dB power imbalance [20], and rectangular waveguide coupling with 0.18 

dB excess loss and 0.23 dB power imbalance [15]. 

Research on III-nitrides has attracted a great deal of attraction due to their mechanical hardness, large 

bandgap, and large band offset, which makes them capable of operating at high voltages, high power levels, 

and high temperatures [21, 22]. These abilities are pursued highly in high-speed computation and 

communication in a harsh environment [23]. III-nitride semiconductors have been widely developed for laser 

diodes (LDs) and light-emitting diodes (LEDs) application with huge commercial success [24-27]. Besides 

being developed as LDs and LEDs, III-nitride has also been developed as waveguide devices. GaN-based 

structures have developed rapidly in their application on waveguided, such as coupler [28], modulator [29], 

brag reflection [30], and optical power divider [14]. Sapphire has been recognized for its temperature and 

mechanical stability, high refractive index, and transparency in a broad spectral range [31, 32]. 

In our previous works, we investigated the optical power divider using Y-branch only [6] and rectangular 

waveguides only [14]. The advantages of using a Y-branch are the independence of the wavelength and 

polarization, and the advantage of the rectangular waveguides is easy to fabricate because a linear rectangular 

waveguide is easier to fabricate than an S-bend sine waveguide. In this work, we propose a novel 1x4 optical 

power divider design, which is a combination of Y-branches and rectangular waveguides utilizing mode 

coupling phenomena from our previous researched designs. By utilizing mode coupling phenomena, the splitter 

obtained a wider angle than the previous design [6, 14]. A wider splitting angle is required to prevent 

interference at the output Y-branches. The proposed design shows the possibility of a new wide-angle optical 

power divider design. The Y-branch loses more of its optical power if the splitting angle is too big, so the 

combination of the Y-branch and rectangular waveguides is one of the ways to prevent it. The simulation was 

conducted by running a 3D isotropic simulation with a 1.55 µm propagation step based on the beam 

propagation method by using OptiBPM software. 

 

2. METHOD  

2.1. Beam Propagation Method 

BPM is generally formulated as a solution to the Helmholtz equation, and it is expressed for a 

monochromatic wave as follows: 

 
𝜕2𝐸

𝜕𝑥2
+
𝜕2𝐸

𝜕𝑦2
+
𝜕2𝐸

𝜕𝑧2
+ 𝑘0

2𝑛2(𝑥, 𝑦, 𝑧)𝐸(𝑥, 𝑦, 𝑧) = 0 (1) 

where 𝑘0 is the wave number in free space. The Helmholtz equation for the slowly varying field, which is 

derived from equation (1), is expressed as follows: 

 2𝑗𝑘𝑛0
𝜕𝑢

𝜕𝑧
=
𝜕2𝑢

𝜕𝑥2
𝜕2𝑢

𝜕𝑦2
+ 𝑘2(𝑛2 − 𝑛0

2)𝜈 (2) 

The equation (2) is known as the Fresnel equation, and the solution is known as BPM, and it is used to 

accurately design the photonic waveguides devices. 

 

2.2. The Proposed Design 

In this work, we simulated the continuous wave propagation through the 1x4 optical power divider design 

using OptiBPM software for λ = 1.55 µm. We designed a 1x4 optical power divider consisting of three sections: 

the input Y-branch, rectangular waveguides, and two Y-branches as outputs at the end. The design of the input 

Y-branch consists of a rib waveguide, a parabolic taper, and two S-bend sine taper branching waveguides [6]. 

The rib waveguide with a width of 4 µm is connected to the parabolic taper, and at the end of the parabolic 

taper with a width of 8 µm is connected to the two S-bend sine taper waveguides. The S-bend sine taper 

waveguide was designed with a length of 650 µm. 

Two waveguides will exchange power and become coupled if they are close enough to each other. The 

amount of exchanged powers depends on the direction of the propagation [15], and we connected the input Y-

branch to the two output Y-branches by utilizing the mode coupling phenomena to obtain a 1x4 optical power 

divider. The spatial dependence of one mode in a waveguide will be modified by another near it, and the optical 

power transfer from one waveguide to another has efficiency expressed by the coupling coefficient κ [33]. The 

two waveguides propagate independently if they are far apart from each other. The distance over the peak 

optical power exchanged from one waveguide to the other waveguide is expressed as the coupling length 𝐿𝑐 

defined by: 
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 𝐿𝑐 =
𝜆

2(𝑛𝑠 − 𝑛𝑎)
 (3) 

 𝑛𝑠 = 𝑛𝑒𝑓𝑓 + 𝜅12 (4) 

 𝑛𝑎 = 𝑛𝑒𝑓𝑓 + 𝜅21 (5) 

 𝜅12 = 𝜅21 = 𝜅 (6) 

where λ is the wavelength; 𝑛𝑠 is the refractive index of symmetric and 𝑛𝑎 is the refractive index of 

antisymmetric. Based on mode coupling phenomena, we designed a linear waveguide with a gap of 1 µm to its 

adjacent, which is the end section of the input Y-branch. The length of the linear waveguide was 400 µm. We 

designed another linear waveguide with a gap of 1 µm to its adjacent, which is the previous linear waveguide, 

but it has a length of 600 µm. To prevent the two Y-branches were close to each other, we added another linear 

waveguide with a gap of 1 µm from the previous linear waveguide, but it has a length of 1200 µm. By utilizing 

mode coupling phenomena, the input Y-branch has a wider angle and prevents two output Y-branches from 

becoming close to each other, which will affect the optical power at the four outputs. To improve the 

performance of the design, the input Y-branch can be further optimized. Fig. 1 shows the design for the 1x4 

optical power divider. 

 

 
Fig. 1. The proposed 1x4 power divider design 

 

We designed the structure of the waveguide consisting of GaN, buffer layer, and sapphire, as shown in 

Fig. 2. We used GaN and air as waveguide and cladding material, respectively. As a buffer layer, we used AlN 

and AlN/GaN and sapphire as a wafer. We optimized the coupling gap, the coupling length, and the waveguide 

parameters to achieve the desired results at the output ports. The width and the thickness of the cladding 

material (air) were set to 4 µm and 0.02 µm, respectively, with a refractive index of 1. The waveguide material’s 

(GaN) width and length were set to 4 µm and 4 µm, respectively, with a refractive index of 2.282. The wafer 

with a refractive index of 1.76 has a width and thickness of 4 µm and 5 µm, respectively. 

 

 
Fig. 2. Illustration of the GaN structure layer 

 

In Fig. 3, the overall design process was described. We started by designing the structure layer. We set 

material parameters, such as width, thickness, refractive index, and wafer properties. Then we designed the 

input Y-branch and optimized the required parameter, such as the splitting angle. After obtaining the desired 

splitting outputs, we designed rectangular waveguides coupling to obtain a wider splitting angle and optimized 

the required parameter such as coupling length and coupling gap. A wide splitting angle is required so there is 

no interference at the output caused by the waveguide being close to each other at the center (x = 0 µm). Then 

Gan
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we designed another Y-branches as outputs to split into four outputs and optimized the required parameters. 

The optimum design is a design that gives the lowest power imbalance and excess loss. 

 

 
Fig. 3. Flowchart of the design process of 1x4 optical power divider 

 

3. RESULTS AND DISCUSSION  

We optimized the parameter values of the proposed design to obtain the lowest excess loss and uniform 

output distribution.  We designed the 1x4 optical power divider based on BPM by running OptiBPM software. 

The proposed 1x4 optical power divider design is the combination of an optical power divider design using a 

Y-branch [8] and rectangular waveguides coupling [14]. By performing the 3D isotropic simulation at λ = 1.55 

µm, we investigated the proposed design and used the semi-vectorial TE polarized field. We used 1 µm as the 

coupling gap between adjacent waveguides. The proposed design has a total length of 2960 µm and a total 

width of 90 µm. Fig. 4 shows the 3D map of optical field propagation through the proposed design. The 

different colors represent different levels of the optical field. The input Y-branch split the optical power 

uniformly and it is also split uniformly at the four output branches even though it has weak intensity. 

 

 
Fig. 4. 3D optical field distribution along the x-z plane 
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Fig. 5 shows the 3D image of the optical field distribution at propagation distances z = 2960 µm, while 

Fig. 6 shows the mode propagation for the wavelength of 1.55 µm at propagation distance z = 2960 µm. The 

optical power reached its peak at x = -39 µm, x = -15 µm, x = 15 µm, and x = 39 µm as shown in Table 1. The 

optical power is split into four at a propagation distance of z = 2600 µm. The graph of the optical field 

distribution is shown in Fig. 7, and it shows that the four optical powers at the four outputs were distributed 

uniformly at a propagation distance of z = 2960 µm. 

 
Fig. 5. 3D normalized optical field distribution at propagation distance z = 2960 µm 

 

 
Fig. 6. Mode propagation for  propagation step of 1.55 µm at z = 2960 µm 

 

Table 1. Relative peak output  

X (mm) Relative Peak Output 

-39 0.198 

-15 0.192 

15 0.192 

39 0.198 

 

 
Fig. 7. Optical field distribution at z = 2960 µm 
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The characteristics of a 1x4 optical power divider are expressed in excess loss of the system and power 

imbalance at the four outputs. Calculations of excess loss and power imbalance have been performed. The 

excess loss is the amount of power lost due to the reflective and absorptive properties of the material, and 

power imbalance is the amount of power imbalance at the four output ports. Both excess loss and imbalance 

were calculated as follows: 

 Excess Loss = −10𝑙𝑜𝑔 (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
) (7) 

 Imbalance = −10𝑙𝑜𝑔 (
𝑃𝑚𝑖𝑛

𝑃𝑚𝑎𝑥
) (8) 

where 𝑃𝑜𝑢𝑡  and 𝑃𝑖𝑛  are the total optical power at four output ports and the total optical power at the input port, 

respectively; 𝑃𝑚𝑎𝑥  and 𝑃𝑚𝑖𝑛 are the highest and the lowest optical power, respectively, at the four output ports 

[33]. By using equations (7) and (8), we obtained 0.12 dB excess loss with 0.14 dB power imbalance at four 

output ports for λ = 1.55 µm.  

The excess losses and power imbalances for various wavelengths were also calculated, and the results are 

presented in Table 2. We obtained the lowest excess loss of 0.1 dB at λ = 1.535 µm and the lowest power 

imbalance of 0.12 dB at λ = 1.565 µm. Based on Table 2, the excess loss and power imbalance distribution are 

almost stable at various wavelengths, as shown in Fig. 8 and Fig. 9. The proposed design has a wider splitting 

angle and better performance in light propagation as we obtained a lower excess loss than our previous research 

using a Y-branch, which has an excess loss of 0.35 Db [6] and better performance in the uniformity of outputs 

distribution and excess losses through the proposed design than our previous research using rectangular 

waveguides utilizing mode coupling which has an excess loss 0.18 dB and imbalance of 0.23 [14].  

 

Table 2. Excess loss and power imbalance at various wavelengths 

Wavelength (nm) Excess Loss (dB) Power Imbalance (dB) 

1525 0.107 0.199 

1530 0.101 0.184 

1535 0.101 0.172 

1540 0.107 0.167 

1545 0.114 0.155 

1550 0.123 0.143 

1555 0.134 0.129 

1560 0.148 0.118 

1565 0.160 0.117 

 

 
Fig. 8. The excess loss of the proposed design at various wavelengths 
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Fig. 9. The power imbalance at the four outputs at various wavelengths 

 

4. CONCLUSION 

A design 1x4 optical power divider based on Y-branch and mode coupling using GaN/sapphire was 

studied. The optical power divider was simulated using OptiBPM at λ = 1.55 µm, and we obtained 0.12 dB 

excess loss and 0.14 dB power imbalance. At varied wavelengths from 1.525 µm to 1.565 µm, the excess loss 

varied from 0.1 dB up to 0.16 dB, and the power imbalance varied from 0.12 dB up to 0.2 dB. The study shows 

the new design possibility of the 1x4 optical power divider using GaN/sapphire. 
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