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Abstract 
 

Topological waveguides are a nascent and promising 

technology to provide high transmission without reflection 

from defects including sharp bends. In this work, the 

routing of information using multiple incident signals 

within a 6-port topological valley junction is presented. To 

achieve this, the scattering matrix that describes the 

behavior of the 6-port junction is extracted. This is then 

implemented to calculate incident signals that produce 

desired outputs. Two cases are considered as illustrative 

examples: Case A, where the signals are routed to ports 1 

and 3, and Case B, where the signals are routed to ports 1 

and 5. The results to be shown in this work will 

demonstrate the potential of multiple interconnected 

topological waveguides and their analytical model. The 

latter could allow the design of larger networks that may 

perform linear analogue processes without the need of 

using computationally intensive trial and error methods.   

 

1. Introduction 
 

The control of electromagnetic wave propagation has been 

one of the fundamental aspect of studies in fields including 

photonics and metamaterials [1-8]. In photonics, Valley 

photonic crystals (VPCs) are an example of carefully 

designed structures that enable unique control of light. 

They consist of photonic topological insulators that are 

designed to break inversion symmetry [9]. In such devices, 

a single forward and reverse edge state is supported at the 

interface between two VPCs with opposite valley-Chern 

number [10]. VPC-VPC waveguides have demonstrated 

(alongside other photonic topological insulators) unique 

properties such as reduced scattering through sharp bends 

and from large defects in the geometry of the VPCs [11]. 

Applications include the emulation of linear logic gates 

[12], routing [13], quantum circuits [14] and the conversion 

between valley and spin edge states [15].  

 

In this work we build on the works developed by our group 

in the context of perfect splitting for linear computing [15-

21] to investigate a 6-port VPC-VPC waveguide junction 

that supports equal power splitting at telecoms wavelengths 

(� 1550nm). Here, perfect splitting refers to the equal 

splitting of signals at a junction by magnitude including a 

signal reflected towards the incident port and a phase 

difference between the reflected and transmitted signals of 

� [23]. On the other hand, we will refer to equal power 

splitting as the splitting of signals at a junction with no 

reflection [23]. To do this, a scattering matrix that 

represents the splitting of signals at this junction is first 

extracted [24,25]. This enables the design of linear 

analogue routing operations. For instance, in this work the 

scattering matrix is used to inverse calculate the required 

incident signals for the following two examples: Case A, 

where the signals are routed towards ports 1 and 3, and case 

B, where the signals are routed towards ports 1 and 5 

(where �� represents port �, see Figure 1b). 

 

2. Results and Discussion 

 
In our work, the VPCs are modelled in two-dimensions 

(2D) and are designed with a hexagonal unit cell displayed 

in Figure 1a, with a lattice constant, 	 
 340  nm and 

lattice vectors of 
� 
 	��  and 
� 
 �	/2��� � �	√3/
2� �� . Silicon is used as the background material and two 

air holes are placed in the unit cell, centered at positions 

�� 
 1/3�
� � 
��  and �� 
 2/3�
� � 
�� . Inversion 

symmetry of the unit cell is then broken by choosing the 

diameter of the two holes to be unequal. This enables the 

existence of a bandgap required for VPCs [9]. In doing so, 

however, two possible VPC orientations are created: an 

↑ (up)-orientated VPC and a ↓ (down)-orientated VPC 

(where the arrows point vertically from large holes to small 

holes, as shown in Figure 1). The diameter of the holes is 

chosen such that the larger hole has a diameter �� 
 0.24	 

and the smaller hole a diameter of � 
 0.12	. The lattice 

constant and hole sizes are chosen to place the bulk VPC 

bandgap centered at wavelength of 1550 nm.  

 

The 6-port junction is then designed by rotating a VPC-

VPC waveguide clockwise around the center of the 

junction (see Figure 1b where the VPC segments have been 

labelled with corresponding ↑ and ↓ arrows). It is at the 6 

interfaces between ↑ and ↓ VPC segments that the VPC-

VPC edge states are located (interfaces are indicated with 

a thick black line in Figure 1b). Each VPC-VPC interface 

acts as a port of the 6-port junction and are labelled 

accordingly in Figure 1b. As it will be explained in detail 

at the conference a frequency dependent scattering matrix 

of the structure, !, is extracted within the spectral range of 

185 # $ # 201 THz. Interestingly, it will be shown how, 

indeed, there exists a frequency where the signal is equally 

divided between three output ports. As an example, a signal 

applied at �  will be split between ��,&,' (as depicted in 

Figure 1b by the blue and green signals). As it will be 

shown in the conference, the equal power splitting 

frequency is $( � 192.08 THz.  



For this study two cases of wave routing are described: case 

A includes designed inputs that produce equal magnitude 

outputs at ��,&  and in case B the inputs are modified to 

produce outputs at ��,' . The inputs/outputs can be 

calculated from the retrieved scattering matrix when 

considering input vectors of length 6 in the form, * 

+,�, … , ,./, where ,� represents an input signal at port � 

in phasor form. Similarly, an output vector is defined as 

0 
 +1�, … , 1./, where 1�  represents an output signal at 

port � . The resultant output vectors can be calculated 

following, 0 
 !* [23], equally the required inputs can be 

calculated using the inverse of this equation.  

 

 

Figure 1. (a) Schematic respresentation of a hexagonal 

VPC unit cell with side length 	 and air hole diameters �� 

and � . The holes of the adjacent unit cells (above and 

below) are shown as dashed grey circles. The VPC 

orientation are marked with orange arrows. (b) Schematic 

of the 6-port junction designed with two VPCs with 

orientations marked with ↓/↑-arrows (orange) and light-

blue arrows respectively. In this example a single input 

signal is incident at �  (blue) resulting in scattering at the 

junction that produces output signals towards ��,&,' 

(green). 

 

To calculate the required input vector for each case it is first 

considered that equal magnitude inputs were applied at 

� ,. , with the input vector, * 
 20  ,13456 , 0,0,0,134578 . 

Then while fixing 9 
 0 and utilizing ! interpolated to 

the frequency of equal power splitting, $ 
 $(, it is possible 

to derive the required values of 9. that satisfy each case. 

This results in values of  9. 
 9: � ;1.05  and 9. 

9< � 1.05  radians for case A and B respectively. For 

completeness the resulting output vector for case A is 0= �
+134�> .. �, 0,134�>�.'?�, 0,0,0/  and for case B 0@ �
+134�>�.'?�, 0,0,0,134�>A.' �, 0/. 
 

Given the input vector *  and the two input phase 

conditions 9:  and 9< , a 2D numerical study of the 

junction is carried out.  Each VPC segment is extended to 

cover a square simulation area with a side length of 63	 

and an absorbing region of length 43	  (not shown in 

Figure 2) on each side. The two input signals are applied at 

� ,.  at a distance of 30.5	  from the center of the 

simulation using point sources orientated so their electric 

field component is parallel with the VPC-VPC interface. 

With this configuration, the numerical results showing the 

out-of-plane magnetic field for case A are shown in Figure 

2a, where it can be seen how the signals applied at ports 

� ,. are routed towards ��,& with negligible transmission to 

any other ports or any reflection to the input ports. The 

results for case B are presented in Figure 2b where it is 

observed that the inputs at � ,. are routed, instead, towards 

��,', similarly with negligible transmission or reflection to 

any other ports, as expected. During the conference further 

examples will be shown such as the case where output 

signals only exist at �&,', a wave director that routes three 

input signals incident at ��,&,' towards one output signal at 

�C and a study into the performance of the junction with 

added defects at the center.  

 

 

Figure 2. ReFGHI field distributions at a frequency $ 
 $( 

for the two cases of wave directing. Both cases consider 

excitation using an input vector *. a) Case A, ϕ. 
 ϕK �
;1.05  and b) case B, ϕ. 
 ϕL � 1.05 . Input/ouput 

signals are overlayed ontop of the field distributions for 

both cases in dark blue  and green respectively. The red 

hexagon represents the same area as the red hexagon in 

Figure 1b. 

 

3. Conclusion 

 
Our recent efforts to exploit the linear routing capabilities 

of a 6-port VPC junction have been presented. This has 

been done by extracting the scattering matrix and using 

inverse calculations to retrieve the required inputs for two 

routing cases. The device presented along with the 

scattering matrix could allow for the design of larger 

networks of junctions that may perform more complex 

linear computing processes. During the conference, details 

of the 6-port junction with different input configurations 

and the effect of removing holes at the center of the 

junction on the topological protection will be presented.  
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