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By using silicon-on-insulator (SOI) platform, 12 channel waveguides, and four parallel-coupling one-microring reso-

nator routing elements, a non-blocking four-port optical router is proposed. Structure design and optimization are per-

formed on the routing elements at 1 550 nm. At drop state with a power consumption of 0 mW, the insertion loss of the 

drop port is less than 1.12 dB, and the crosstalk between the two output ports is less than −28 dB; at through state with 

a power consumption of 22 mW, the insertion loss of the through port is less than 0.45 dB, and the crosstalk between 

the two output ports is below −21 dB. Routing topology and function are demonstrated for the four-port optical router. 

The router can work at nine non-blocking routing states using the thermo-optic (TO) effect of silicon for tuning the 

resonance of each switching element. Detailed characterizations are presented, including output spectrum, insertion 

loss, and crosstalk. According to the analysis on all the data links of the router, the insertion loss is within the range of 

0.13—3.36 dB, and the crosstalk is less than −19.46 dB. The router can meet the need of large-scale optical net-

work-on-chip (ONoC). 
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As the continuous development of semiconductor technolo-

gies, both on-chip communication capacity and speed in-

crease. To meet the pressing demand for extremely high 

bandwidth, low power consumption, excellent performance, 

and good scalability, optical network-on-chip (ONoC) is 

emerging as a new paradigm to interconnect a great number 

of processing cores at chip level. Many ONoCs with differ-

ent architectures have been proposed, such as the photonic 

NoC with hybrid architecture[1], 3D optical NoC[2], to-

rus-based hierarchical hybrid optical-electronic NoC[3], di-

agonal mesh NoC[4], etc. As the most important element in 

photonic NoC, optical router, which generally comprises 

optical switches and waveguides, has received more and 

more attention. According to topological structure, it can be 

divided into single-stage and multi-stage structures[5-7]; ac-

cording to port number, it can be divided into four-, five-, 

eight-, and N-port optical routers[8-11]; according to basic 

routing element, it can be divided into micro-ring resonators 

(MRRs), Mach-Zehnder interferometer (MZI) based 

routers[12,13]; according to being controlled or not, it can be 

divided into active and passive optical routers[14,15]. Within 

the available structures, MRRs are typically preferred due to 

their ultra-compact size, simple-mode resonances, and ease 

of phase-matching between an MRR and its coupling 

waveguides. Besides, the MRR structure is more convenient 

for building large switching arrays by cascading fundamen-

tal elements. Therefore, a non-blocking four-port optical 

router is proposed in this paper, by using only four paral-

lel-coupling one-microring resonator routing elements.  

The topology of the router is shown in Fig.1(a), which 

consists of 12 channel waveguides and four groups of 

parallel-coupling one-microring crossing resonators 

(PCO-MRRs). The basic routing elements are numbered 

from S1 to S4. The router is designed to be operated at the 

wavelength of 1 550 nm. All the rings are with the same 

radius, and without heating, the ring resonates at 

1 550 nm, and all the four elements have the same length 

and width. Except for the waveguide crossing for making 

Ii and Oi (i=1—4) have the same physical address and the 

waveguide crossing of the basic routing elements, there 

is no waveguide crossing for cascading the elements. The 

structure of the basic routing switch element is shown in 

Fig.1(b). It has the function of routing a signal from input 

port to two different output ports via controlling the cou-
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pling between channel waveguide and MRR waveguide. 

The basic routing element has one waveguide crossing, 

its two input ports I1 and I2 are located at one side, and 

its two output ports O1 and O2 are located at the other 

side. The cross section between MRR waveguide and 

channel waveguide is shown in Fig.1(c). The core mate-

rial of the rectangle waveguide is silicon, and the clad-

ding material is silica. The electrode heater TiN with a 

width of W is only deposited upon the MRR waveguide, 

and the channel waveguide is passive without electrode. 

The thicknesses of the two waveguides are both t1, and 

the two waveguide core widths (wc for channel and wr for 

MRR) are slightly different to make the propagation 

constants identical under the case of without heating on 

electrode. For decreasing the waveguide crossing loss, 

the crossing point of the two waveguides is intensively 

designed, as shown in the inset of Fig.1(b). Two wide 

waveguides cross together, and the narrow and wide 

waveguides connect with each other through a short 

transitive region. 

 

 

(a) 

 
(b) 

 
(c) 

Fig.1 (a) Optical interconnection network of the four-port 

optical router; (b) Structure of the parallel-coupling 

one-microring crossing resonator; (c) Cross section 

between MRR waveguide and channel waveguide 

The under silica cladding layer thickness is 2 μm, and the 

thickness of the upper silica cladding layer that can be de-

posited on the silicon core layer by plasma enhanced 

chemical vapor deposition (PECVD) is 1.5 μm. The heater 

is TiN that can be sputtered on the upper silica layer, its 

thickness is hTiN=200 nm, and its width is WTiN=0.4 μm. The 

heating voltage is realized by directly imposing a voltage on 

the Ω-shape aluminum electrode deposited on top of the 

device. Without considering the influence of bending on 

mode constants, Fig.2(a) shows the relations between effec-

tive refractive indices of 
00

y
E , 

01

y
E  and 

10

y
E  modes ver-

sus MRR waveguide core width wr, where the core thick-

ness and width are equal, that is, wr=t1. It can be found that 

the single mode condition is 0.3 μm<wr=t1<0.4 μm, and we 

select wr=t1=0.35 μm. The influence of bending on 
00

y
E  

mode refractive index is further considered, as shown in 

Fig.2(a). It can be shown that the difference between the 

two cases of considering and without considering bend-

ing effect is not obvious. When wr ≤ 0.7 μm, the two 

curves are almost overlapped with each other; whereas 

only when wr gets large enough, they appear to be 

slightly different. Considering bending effect, the mode 

effective index is nr=2.387 5 with wr=0.35 μm. For the 

channel waveguide, the core thickness is equal to that of 

the MRR waveguide, which is 0.35 μm. Without heating 

on the electrode, the mode effective indices of the two 

waveguides should be identical for phase matching. 

Fig.2(a) also presents the curve of effective index of 

00

y
E  mode versus the channel waveguide core width wc. 

For enabling the two effective indices to be identical, we 

also choose wc=0.35 μm. 

The bending radius R should satisfy the resonance 

equation 2πRnr=mλ, where m is resonance order. Fig.2(b) 

shows the curves of fundamental mode effective index nr 

and bending radius R versus resonance order m, where 

wr=t1=0.35 μm, and the upper/under confined layers are 

assumed to be half-infinite. As m increases, nr decreases, 

and R increases. Properly, we select m=120, and the 

bending radius is determined to be R=12.4 μm. On the 

other hand, the bending will cause extra bending loss. 

When R=12.4 μm, the bending loss coefficient is far be-

low 10-4 dB/cm, which can be neglected in calculation. 

 

 
(a) 
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(b) 

Fig.2 (a) At 1 550 nm wavelength, curves of mode effec-

tive indices of MRR waveguide and channel waveguide 

versus waveguide core width; (b) At 1 550 nm wave-

length, curves of fundamental mode effective index nr 

and bending radius R versus resonance order m 

 

  Take L1=30 μm, L2=100 μm, L3=2d+2R+wc+wr ≈ 27 μm. 

Through optimization, the footprint size of the element is 

(2L1+6R)(i.e., Lle)×(2L3+2R)(i.e., Lwe)=114 µm×77 µm. Then 

we can estimate the footprint size of the router as 

(Lle+2Lwe+4R+2L2)×(Lle +2Lwe+7R) =377.3 µm×354.5 µm.  

Under the resonance wavelength of 1 550 nm, for the 

basic routing element, Fig.3 shows the curves of output 

power Po1 and Po2 versus temperature increase of the 

heater ΔT under two input cases. It can be found that 

when ΔT=0 K, under two different conditions, the reso-

nators are all operated at drop state, the insertion losses 

are 1.12 dB and 0.72 dB, and the crosstalks between the 

two ports are −28.76 dB and −28.78 dB, respectively. As 

the increase of temperature, the mode mismatch between 

the channel waveguide and MRR waveguide is enhanced, 

the output power from the resonance port drops, and the 

output power from the through port (non-resonant port) 

increases. When ΔT=40 K, the crosstalks between the 

two ports are below −21.39 dB and −21.38 dB, and the 

insertion losses of the through port are about 0.45 dB and 

0.07 dB, respectively. When ΔT=40 K, the power con-

sumption is about 22 mW.  

In two kinds of working conditions, since the basic 

routing element shows the same routing function, we 

only analyze the spectrum under the condition of a22=0. 

Within the temperature increase from 0 K to 40 K, 

curves of output power from the on port and off port 

versus input light wavelength are presented in Fig.4. 

Under the operation wavelength of 1 550 nm, when the 

applied power is 0 mW (0 K), the input power into the 

port I1 will fully output from the drop port (O1) through 

the coupling with microrings, the device reveals reso-

nate-state, and the crosstalk is less than −28.76 dB. 

When the applied power is 22 mW (40 K), the output 

power from the drop port drops from point c to d, and 

that of the through port increases from point b to a. This 

state is named through-state, and the crosstalk is less 

than −21.39 dB.  

 
(a) 

 
(b) 

Fig.3 Curves of output power versus the temperature 

increase of the waveguide for the basic routing ele-

ment working under (a) the light input into port I1, and 

(b) the light input into port I2, where the operation 

wavelength is taken as 1 550 nm 

 

 

Fig.4 Curves of output power from ports O1 and O2 

versus light wavelength within the range of 1.53— 

1.57 µm for the basic routing element, with the light 

input into port I1  

 

To demonstrate the non-blocking routing operation of 

the four-port optical router, all of the possible data links 

are analyzed here. Let four light wave beams with 

1 550 nm wavelength input into the four ports simulta-

neously, which can output from different ports. Exclud-

ing the U-turn operation, there are nine routing states in 

total. Tab.1 shows all the routing paths, which can be 

selected by making the four microrings at through state 
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(T) or drop state (D). So, once the router is used in an 

ONoC, it can be set to be the required operation state 

through control electronics. For example, when the 

four-port optical router works at the first routing state in 

Tab.1, the optical links from input port to output port are 

I1→O2, I2→O1, I3→O4, and I4→O3, and S1—S4 should 

work at through state.  

Typically, along the 36 paths of the four-port optical 

router under the nine routing states, the output spectra of 

all output ports relative to corresponding input ports are 

calculated and shown in Fig.5. Under definite operation 

states, the 1 550 nm wavelength can output from the de-

sired port. 

Based on the calculation results in Fig.5, the insertion 

losses of all data-links are determined and shown in 

Tab.2. The insertion losses of all data links are deter-

mined to be within the range of 0.13—3.36 dB. We also 

calculate the crosstalks of the 36 data-links under the  

nine routing states, which are also depicted in Tab.1. The 

crosstalk is found to be less than −19.46 dB. 
 

Tab.1 Routing paths and operation states of the four 

switch elements 

Input ports Operation states of switch elementsRouting 

states I1 I2 I3 I4 S1 S2 S3 S4 

1 O2 O1 O4 O3 T T T T 

2 O2 O3 O4 O1 T T T D 

3 O2 O4 O1 O3 D T T T 

4 O3 O1 O4 O2 T T D T 

5 O3 O4 O1 O2 D T D T 

6 O3 O4 O2 O1 D T D D 

7 O4 O1 O2 O3 T D T T 

8 O4 O3 O1 O2 D D D T 

9 O4 O3 O2 O1 D D D D 

 

 



                                                                   Optoelectron. Lett. Vol.12 No.4 ·0272· 

 

Fig.5 Optical spectra of 36 routing paths of the four-port optical router under 9 routing states 

 

Tab.2 The crosstalk and insertion loss results of 36 

data-links under the 9 routing states of the four-port 

optical router (CT: crosstalk, IL: insertion loss; Unit: dB)  

Data link I1→O2 I2→O1 I3→O4 I4→O3 State 

1 CT, IL −20.13, 0.52 −21.39, 0.91 −20.58, 0.52 −20.11, 0.13

Data link I1→O2 I2→O3 I3→O4 I4→O1 State 

2 CT, IL −20.13, 0.52 −20.26, 1.64 −21.71, 0.52 −30.04, 0.72

Data link I1→O2 I2→O4 I3→O1 I4→O3 State 

3 CT, IL −20.13, 0.52 −21.85, 1.57 −21.86, 1.17 −20.11, 0.13

Data link I1→O3 I2→O1 I3→O4 I4→O2 State 

4 CT, IL −19.46, 1.19 −21.39, 0.91 −20.58, 0.52 −20.26, 0.79

Data link I1→O3 I2→O4 I3→O1 I4→O2 State 

5 CT, IL −19.46, 1.19 −22.51, 1.57 −21.71, 1.17 −20.26, 0.79

Data link I1→O3 I2→O4 I3→O2 I4→O1 State 

6 CT, IL −19.46, 1.19 −22.51, 1.57 −28.44, 2.56 −29.90, 0.72

Data link I1→O4 I2→O1 I3→O2 I4→O3 State 

7 CT, IL −30.03, 0.72 −21.86, 0.91 −19.46, 1.64 −20.11, 0.13

Data link I1→O4 I2→O3 I3→O1 I4→O2 State 

8 CT, IL −30.70, 0.72 −26.98, 3.36 −21.71, 1.17 −20.26, 0.79

Data link I1→O4 I2→O3 I3→O2 I4→O1 State 

9 CT, IL −30.70, 0.72 −27.64, 3.36 −28.44, 2.56 −29.90, 0.72
      

 

In conclusion, we propose an active non-blocking 

four-port optical router using four thermo-optic silicon 

MRRs. Device configuration and optimization of the 

routing elements are demonstrated. Routing topology as 

well as operation of the router is analyzed, and detailed 

characterization is performed, including spectrum, inser-

tion loss, and crosstalk. The router has nine non-blocking 

routing states which can be achieved through 

thermo-optic effect of the silicon. According to the 

analysis on all the data links of the router, the insertion 

loss is within the range of 0.13—3.36 dB, and the 

crosstalk is less than −19.46 dB. The router can meet the 

need of large-scale ONoC. 
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