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Abstract—We demonstrate a four-port optical switch for the 

Fat-Tree photonic network-on-chip architecture, which contains 

four silicon Mach-Zehnder optical switch elements tuned by the 

plasma dispersion effect. The optical signal-to-noise ratio of the 

device is over 10.0 dB in the wavelength range from 1525 nm to 

1565 nm. The routing functionality of the device is verified and 

5032 Gbps wavelength-division multiplexing data transmission 

for one optical link is demonstrated. The rise and fall times 

(10%-90% and 90%-10%) of the optical switch element are both 

~2 ns. The average power consumption of the device is ~56.8 mW.  

 
Index Terms—Silicon photonics, Optical switches, Optical 

interconnections, Wavelength division multiplexing.  

 

I. INTRODUCTION 

HOTONIC network-on-chip (NoC) has emerged as a 

promising technology to succeed electrical NoC in 

multi-core processors as it provides a systematic solution to 

meet the ever-increasing demand of multi-core processors on 

interconnections with large bandwidth, low latency and low 

power dissipation [1, 2]. Several architectures for photonic 

NoC have been studied, such as Mesh, Fat-Tree, Clos and 

Crossbar [2-6]，in which the Fat-Tree photonic NoC receives 

substantive attention [3, 6] due to its strengths of scalable 

bandwidth and low latency under heavy load.   

For different photonic NoCs, there are also many different 

architectures proposed for the optical switch [7-16], e.g. the 

four-port optical switch for the Fat-Tree photonic NoC [3] and 

the five-port optical switch for the Mesh photonic NoC [9]. In 

these works, the optical switch is usually configured for a 

specific photonic NoC without considering the data routing 

functionality in its switching node. In comparison, if we 

configure an optical switch which considers the data routing in 

the switching node of a specific photonic NoC, some redundant 

switches can then be removed. Consequently, a photonic NoC 

based on such an optical switch will be more compact and more 
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power-efficient. 

In this work, we demonstrate a four-port optical switch for 

the Fat-Tree photonic NoC on a silicon-on-insulator (SOI) 

platform. It is composed of four Mach-Zehnder optical 

switches tuned by the plasma dispersion effect. The routing 

functionality of the switch is verified and wavelength-division 

multiplexing (WDM) data transmission for each optical link is 

also implemented.  

II. DESIGN AND FABRICATION 

A. Design of the optical switch 

 
Fig. 1. (a) Architecture of the Fat-Tree photonic NoC with 16 processor cores. 

(b) Schematic of an intermediate node which can be implemented by a 

four-port optical switch. 

 

Figure 1(a) shows the architecture of the Fat-Tree photonic 
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NoC proposed in [3], where the resources (i.e. the processor 

cores) are located at the leaves of the tree and interconnected by 

different intermediate nodes that grow to the root nodes. The 

roles of the intermediate node and the root node can be 

accomplished by a four-port optical switch and a two-port 

optical switch, respectively. The straight lines in Fig. 1(b) are 

optical waveguides, with the arrow indicating the direction of 

data transmission.  

As shown in Fig. 1(b), the function of the intermediate 

switching node can be fulfilled by a four-port optical switch. 

Communication between any two different processor cores is 

realized by the interconnections of a series of switching nodes. 

Routing algorithm of the photonic NoC ensures that signals 

transmit unidirectionally along a deterministic path, i.e. signals 

transmitting from the source core to the destination core first 

climbs upward the tree level by level until it reaches the highest 

level, then steps downward the tree in a similar manner [3]. To 

simplify the expression, we denote the optical link from input 

port i to output port j as Ii→Oj. For an arbitrary intermediate 

switching node in Fig. 1 (b), the optical links I2→O3 and I3→O2 

are unnecessary. Moreover, the optical links for signals 

transmitted to the same port (i.e. from input port Ij to output port 

Oj, j =1, 2, 3, 4) are unnecessary. 

 
Table I. Routing table of the four-port optical switch (B: in the “bar” state, C: in 

the “cross” state). 

State Effective optical links S1 S2 S3 S4 

1 I1→O2, I2→O1, I3→O4, I4→O3 
C C C C 

2 I1→O2, I3→O4, I4→O1 
C C B C 

3 I1→O2, I2→O4, I3→O1, I4→O3 B C C C 

4 I1→O3, I2→O1, I3→O4, I4→O2 C C C B 

5 I1→O3, I2→O4, I4→O1 B C B B 

6 I1→O3, I2→O4, I3→O1, I4→O2 B C C B 

7 I1→O4, I2→O1, I4→O3 C B C C 

8 I1→O4, I4→O1 B B B B 

9 I1→O4, I3→O1, I4→O2 B B C B 

10 I1→O2, I2→O4, I4→O1 B C B C 

11 I1→O4, I2→O1, I4→O2 C B C B 

12 I1→O4, I3→O1, I4→O2 B B C C 

13 I1→O3, I3→O4, I4→O1 C C B B 

 

For a four-port switching node without any restrictions, there 

are 24 routing states in total and each routing state comprises 4 

independent optical links. Considering the connection 

limitation decided by the specific routing algorithm of the 

Fat-Tree photonic NoC, 11 routing states composed of 4 optical 

links from the 6 unnecessary optical links (I2→O3, I3→O2 and 

Ij→Oj) are redundant so the number of effective routing states 

can be decreased to 13. The schematic of the four-port optical 

switch which can realize the routing functionality of the 

switching node of the Fat-Tree photonic NoC is shown in Fig. 2 

(a). The optical switch is composed of 4 Mach-Zehnder optical 

switch elements. It can be considered as a simplified 

architecture of the four-port optical switch based on Benes 

network or Triangle network [17, 18]. The routing table of the 

optical switch is listed in table I. The two letters “C” and “B” 

indicate that the corresponding switch element is set in the 

“cross” and “bar” state, respectively.   

 

B. Fabrication of the optical switch 

The device is fabricated on an 8-inch SOI wafer with a 

220-nm-thick top silicon layer and a 2-μm-thick buried silicon 

dioxide layer. 248-nm deep ultraviolet photolithography is used 

to define the patterns and inductively coupled plasma etching is 

employed to form the silicon waveguides. 
 

The rib waveguide is 400 nm in width, 220 nm in height and 

70 nm in slab thickness and only supports fundamental 

quasi-TE mode. One 200-μm-long P-type region with doping 

level of 21020 cm-3
 and one N-type region with same length 

and doping level are embedded around the two arm waveguides 

of the Mach-Zehnder optical switch to form the PIN diode. The 

PIN diode can be used to modulate the effective refractive 

index of the silicon waveguide by the plasma dispersion effect. 

Figure 2 (b) shows the cross section of the modulation regions 

 
Fig. 2. (a) Architecture of the four-port optical switch for the Fat-Tree 

photonic NoC and (b) cross-section view of the modulation regions. 

 
Fig. 3. Micrograph of the fabricated four-port optical switch. 
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in a single Mach-Zehnder optical switch. A 1500-nm-thick 

silica layer is deposited on the silicon layer by 

plasma-enhanced chemical vapor deposition (PECVD), which 

is used to prevent the absorption of the optical field by the metal. 

Then a 200-nm-thick titanium nitride is sputtered on the 

separate layer, and 1-µm-wide titanium nitride heater is 

fabricated on one of the arm waveguides to compensate the 

fabrication imperfections through thermal tuning. Via holes are 

etched after depositing a 300-nm-thick silica layer by PECVD. 

Finally, aluminum wires and pads are fabricated. Figure 3 

shows the micrograph of the fabricated device, which has an 

800 µm×800 µm footprint. 

 

III. EXPERIMENT AND DISCUSSION 

An amplified spontaneous emission source and an optical 

spectrum analyzer are utilized to characterize the static spectral 

responses of the device. The measured transmission spectra 

have been normalized to the transmission spectrum of a silicon 

waveguide. We use an inverted taper and a spot size converter 

(SSC) with a tip width of 180 nm to increase the mode field 

diameter. The coupling loss between one SSC and a lensed 

fiber with a spot size of 2.5 μm is about 2.5 dB. In order to 

characterize the spectral response of one specific optical link 

and evaluate its optical crosstalk caused by other three optical 

links, we take the optical link I1→O2 in routing state 1 as an 

example to introduce our measurement method. In routing state 

1, four optical switches are in “cross” state and four optical 

links I1→O2, I2→O1, I3→O4 and I4→O3 are established. 

Broadband light is injected from the input ports I1, I2, I3 and I4 

individually and the light from the output port O2 is measured 

for each input port. As shown in Fig. 4, the propagation loss of 

the optical link I1→O2 fluctuates from 4.6 dB to 6.5 dB in the 

wavelength range from 1525 nm to 1565 nm, which is mainly 

due to the wavelength-dependent spectral responses of the 

switches in the propagation path. The three noises caused by 

other three optical links have similar weights on the optical 

crosstalk of the optical link I1→O2. In actual application, the 

light beams injected from the four input ports are incoherent 

with each other, so the total noise of the optical link I1→O2 is 

the sum of the three noises caused by other three optical links 

I2→O2, I3→O2 and I4→O2. As shown in Fig. 4, the optical 

signal-to-noise ratio (SNR) of the optical link I1→O2 fluctuates 

from 15.2 dB to 17.1 dB in the wavelength range from 1525 nm 

to 1565 nm. 

 
Fig. 4. Spectral responses for the signal optical link I1→O2 and the noise 
optical links I2→O2, I3→O2 and I4→O2 in routing state 1. 

 
 
Fig. 5. Propagation loss fluctuation ranges of the optical links in different 

routing states. 

 
 

Fig. 6. Optical SNR fluctuation ranges of the optical links in different 

routing states. 
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Figures 5 and 6 show the propagation loss fluctuations and 

the optical SNR fluctuation ranges of the optical links for all the 

13 routing states. We can notice that the propagation losses of 

the optical links for the 13 routing states are less than 9.0 dB 

and the optical SNRs are over 10.0 dB in the wavelength range 

from 1525 nm to 1565 nm. For different routing states, the 

variances of propagation losses and optical SNRs are mainly 

due to different lengths of routing paths and different numbers 

of the switch elements in the routing paths. For example, the 
optical link I4→O1 in routing state 2 has a short routing path and 

only one switch element, so it has relatively low propagation 

loss and relatively high optical SNR. 

To verify the data transmission capability, 32 Gbps 

pseudo-random binary sequence with a length of 231-1 is 

generated by a pulse pattern generator. It is then adopted to 

drive a LiNbO3 optical modulator to modulate the 

continuous-wave light generated by a tunable laser. The output 

optical signal is amplified by an erbium-doped optical fiber 

amplifier and a tunable filter is used to reduce the background 

noise of the optical signal before it is sent into a digital 

communication analyzer for eye diagram observation. Here we 
only show one eye diagram for each optical link to illustrate the 

routing functionality of the device. As shown in Fig. 7, eye 

diagrams are clear at the speed of 32 Gbps. Note that all the eye 

diagrams are taken with a single-channel data transmission at 

1550 nm. 

Previous static characterization shows that the device has a 

broadband spectrum, which is suitable for WDM application. 

Based on ITU-T G. 692 standard, there are 50 channels with the 

channel spacing of 100 GHz in the wavelength range from 1525 

nm to 1565 nm. In order to evaluate the effect of the optical 
crosstalk among adjacent channels on data transmission, the 

optical signal at the target channel together with those at its two 

adjacent channels is injected into the device simultaneously. 

For example, to characterize the data transmission performance 

at 1545.32 nm, three optical signals at 1544.53 nm, 1545.32 nm 

and 1546.12 nm are multiplexed and sent into the device. The 

eye diagrams of the WDM data transmission through the 

optical link I3→O4 are shown in Fig. 8. The mean extinction 

ratio with the standard deviation is 16.9±0.2 dB. 

 We also characterize the switching speeds of the switch 

elements using square wave inputs. The dynamic response is 

shown in Fig. 9. The 10%-90% rise time and 90%-10% fall 

time are both around 2 ns.  

The power consumptions of Mach-Zehnder optical switch 

elements are listed in table II. The tuning power for 

compensating the original phase difference between the two 
arm waveguides are 0 mW, 3.0 mW, 0 mW and 4.0 mW for the 

4 switch elements S1, S2, S3 and S4, respectively. Based on 

tables I and II, we can calculate the average power consumption 

of the device. Assuming that each routing state has the same 

probability, the average power consumption of the device is 

56.8 mW. Note that the device adopts the push-only scheme (i.e. 

only one arm is driven) and the carrier injection region is 200 

μm in length, which means that the carrier density required to 

achieve a phase shift of  is relatively high. Therefore, the 
driving current is also high and the loss difference between the 

two arm waveguides due to the carrier injection is large. A 

push-pull scheme can be adopted to improve these 

performances [19, 20].  
 

Table II. Driving current and power consumption of each switch element. 

 
 S1 S2 S3 S4 

“Cross” 

state 

Current 0 mA 7.0 mA 15.9 mA 0 mA 

Power 0 mW 10.1 mW 25.8 mW 0 mW 

“Bar ” 

state 

Current 19.9 mA 0 mA 0 mA 10.1 mA 

Power 36.3 mW 0 mW 0 mW 15.1 mW 

 

 
Fig. 7. Eye diagrams for the data transmission through the optical links. 

 
Fig. 8. Eye diagrams of the WDM data transmission through the optical 
link I3→O4. 

Fig. 9. Dynamic response of the Mach-Zehnder optical switch tuned by the 

plasma dispersion effect. 
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IV. CONCLUSION 

We demonstrate a four-port optical switch suitable for the 

Fat-Tree photonic NoC. Optical SNR of the device is over 10 

dB in the wavelength range from 1525 nm to 1565 nm. 5032 

Gbps WDM data transmission has been performed to verify its 

broadband routing functionality. The rise and fall times 

(10%-90% and 90%-10%) of the optical switch element are 

both ~2 ns. The average power consumption of the device is 

~56.8 mW. 
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