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Abstract A differential control method was applied to a thermo-optic MZI optical switch loaded with MMI 

phase shifters capable of high-speed, low-power-consumption switching operation. The obtained 
switching time was 28 ns for 𝜏𝑟𝑖𝑠𝑒 and 20 ns for 𝜏𝑓𝑎𝑙𝑙 , extremely fast optical switching operation has been 

demonstrated.  

Introduction 

MZI type optical switches with low loss and wide 

wavelength band are key devices in short-

distance networks and sensing technology such 

as LiDAR, and are required to have low 

manufacturing cost, space saving, high speed, 

and low power consumption. Thermo-optical 

(TO) SOI optical switches that meet these 

requirements are the most important components 

in integrated optical circuits [1-3]. 

We have previously developed a high speed 

phase shifter (PS) with directly injecting a current 

through a silicon optical waveguide using multi-

mode interference (MMI), and has achieved high-

speed switching operation of several 

microseconds [4]. The switching time of the TO-

MZI optical switch is limited by the thermal time 

constant of the PS. Although the speed of sub-

micro seconds has been increased by reducing 

the heat capacity of the phase shifter [5], there is 

a limit to reducing the heat capacity. In this 

research, further speedup was realized by 

differentially controlling the voltage applied to the 

two PSs. 

Low loss direct heating phase shifter using 

multi-mode interference 

In the TO-MZI optical switch, since the refractive 

index of the silicon core is changed by the TO 

effect, high-speed switching operation is possible 

by rapidly changing the temperature of the silicon 

core. When heating a material, the time constant 

of the temperature change is inversely 

proportional to the heat capacity of the material, 

so it is important to reduce the heat capacity of 

the material to be heated. In the conventional TO-

PS, the waveguide core was heated through the 

thick upper SiO2 cladding of 1 m or more, so the 

heat capacity of the heating region including the 

upper cladding is large, and the switching speed 

of several tens of s is the limit. High-speed 

switching operation of several s has been 

realized by thermo-optic phase shifter that injects 

current directly into the silicon waveguide 

However, the scattering of the propagating light 

due to the electrode structure for injecting a 

current becomes a serious problem. A low-loss 

thermo-optical phase shifter using MMI in silicon 

waveguide with the 10 period  electrodes 

structure was used for current injection [4].  

The schematic of a TO-MZI optical switch with 

MMI-PS is shown in Fig. 1. PS1 and PS2 are 

loaded on each path of MZI. By heating the PS, 

the optical switch turns on when the phase 

difference between PSs is 0, 2 𝜋 ⋯ and turns off 

when the phase difference is 𝜋 or 3𝜋 ⋯. In the 

TO-MZI optical switch, the switching operation is 

  
Fig. 1: Schematic of TO-MZI optical switch with MMI PS.  

The inset shows structural detail of MMI-PS. The unit 

of dimension in the figure is m. 

 
Fig. 2: Optical output applying DC voltage to PS1 
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performed by the temperature difference 𝑇𝜋  at 

which the phase difference is 𝜋. Figure 2 shows 

the change in light intensity when a DC voltage is 

applied to PS1. The power consumption of this 

optical switch was 20.7 mW, and the switching 

time when the pulse voltage was applied to PS1 

was about 4 s. 

Differential control of MZI optical switch 

A scheme of differential control method is shown 

in Fig.3. Voltage of 𝑉𝜋  is applied to PS1 in the 

initial state, and the optical switch is turned off 

due to the temperature difference of 𝑇𝜋 between 

the two PSs. Next, when a large pulse voltage 
𝑉1,𝑟  (pulse width: 𝑡1,𝑟 ) is applied to PS1, the 

temperature of PS1 rises sharply. However, the 

temperature difference Δ𝑇  becomes too large 

due to the too large pulse voltage. By applying a 
pulse voltage 𝑉2,𝑟 (pulse width: 𝑡2,𝑟) to PS2 with 

delay time 𝑑𝑟 , the Δ𝑇 is maintained at 2𝑇𝜋 , and 

the optical switch is turned on. After applying the 

pulse, apply the voltage of 𝑉2𝜋  to PS1 and 

maintain the ON state. When switching the light 

to the OFF state, the voltage of PS1 is set to 0 
during 𝑡1,𝑓 to decrease the temperature of PS1. 

By applying a pulse voltage to PS2 𝑉2,𝑓  (pulse 

width: 𝑡2,𝑓) and rapidly raising the temperature of 

PS2, the temperature difference between PSs 

rapidly decreases to 𝑇𝜋. Finally, the OFF state is 

maintained by setting the applied voltage of PS1 

to 𝑉𝜋 . The differential control method that 

appropriately controls the applied voltage to the 

two phase shifters and the method allows us to 

perform high-speed optical switching that 

overcomes the limit of the thermal time constant 

of the PSs. 

 Time response in overdrive control 

In the measurement of the switching time, the 

signal from a 2-channel function generator 

(Tektronix AFG3102C) was amplified by a high-

speed voltage amplifier (NF corporation 

HSA4011) and applied to the PSs. TE-polarized 

light with 1.55 m wavelength from wavelength 

tunable laser diode (santec TSL-550) was 

inputted to TO-MZI, the transmitted light from the 

optical switch was detected by a photodetector 

(Terahertz Technology TIA-525), and the rise 

time 𝜏𝑟𝑖𝑠𝑒  when the light intensity changed from 
10% to 90% and the fall time 𝜏𝑓𝑎𝑙𝑙  when the light 

intensity changed from 90% to 10% were 

measured by a digital oscilloscope (Tektronix 

TBS2000B). The rising and falling time constants 

of the pulse voltage of this measurement system 

 
Fig. 4: Time response of optical output by overdrive control 

when the optical intensity rises. 

 
Fig. 5: Time response of optical output by overdrive control 

when the optical intensity falls. 

 

 
Fig. 3: Scheme of differential control method. (a) Applied 

voltages to PSs. (b) Temperatures of PSs.           

(c) Temperature difference between two PSs. 
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are 16 ns and 10 ns, respectively. 

Before performing the differential control, the time 

response by the overdrive control in which a 

voltage larger than 𝑉𝜋 was applied to one PS was 

measured [6]. Figure 4 shows the time 

dependence of the applied voltage to PS1 and 

the output light intensity when the optical switch 

is switched from the OFF state to the On state. 

Since the pulse voltage to PS2 is not applied, ON 

state cannot be maintained, but the 𝜏𝑟𝑖𝑠𝑒 of 40 ns 

was obtained. Similarly, Fig. 5 shows the 

measurement results of the fall time with 
overdrive control only for PS1. The 𝜏𝑓𝑎𝑙𝑙  of 330 ns 

was obtained. 

Time response in differential control 

The switching speed of the differential control that 

applies the pulse voltage to both PS1 and PS2 

was measured. Figure 6 shows the time 

response when the optical switch turned on. It 

can be confirmed that the ON state can be 

maintained even after the pulse voltage is applied 

by the differential control. However, the light 

intensity is slightly decreased after the pulse 

voltage is applied. This is because, unfortunately, 

𝑉2𝜋  has changed slightly from the result of the 

pre-measurement due to the change of 

resistance over time. It will be improved by 

applying appropriate 𝑉2𝜋 . The dotted line in the 

figure is the light intensity of 0.1 and 0.9 

normalized by the light intensity when 𝑉2𝜋  is 

applied. By using differential control method, very 

fast 𝜏𝑟𝑖𝑠𝑒 of 28 ns was obtained. Figure 7 shows 

the time response when switching from the ON 

state to the OFF state. It can be confirmed that 

the temperature difference between PSs 

decreases rapidly by applying the pulse voltage 

to PS2, and the light intensity decreases. The 
𝜏𝑓𝑎𝑙𝑙  of the differentially controlled optical switch 

was 20 ns. The optimized differential control 

parameters obtained as a result of detailed 

measurements are shown in Tab. 1. The optical 

switching time obtained in this study is the world 

record for a TO-MZI optical switch as far as we 
know. Moreover, the obtained 𝜏𝑟𝑖𝑠𝑒  and 𝜏𝑓𝑎𝑙𝑙  are 

comparable to the rising and falling time 

constants of the applied pulse voltage. Further 

speedup can be expected by improving the 

measurement system. 

Conclusion 

A differential control method was applied to a TO 

-MZI optical switch loaded with MMI phase 

shifters capable of high-speed, low-power-

consumption switching operation. The obtained 

switching time was 28 ns for 𝜏𝑟𝑖𝑠𝑒 and 20 ns for 

𝜏𝑟𝑖𝑠𝑒 , which was 1/10 or less faster than the 

previous report. This extremely fast optical switch 

will be an indispensable key component for short-

range communications such as data centers and 

high-speed real-time sensing such as LiDAR. 
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Tab. 1: Optimized parameter in differential control 

method.  

𝑉1,𝑟  (V) 7.4  𝑉2,𝑟 (V) 5.3 

𝑡1,𝑟 (s) 1  𝑡2,𝑟 (s) 0.92 

𝑡1,𝑓 (s) 0.8  𝑉2,𝑓 (V) 7.4 

𝑉𝜋 (V) 2.32  𝑡2,𝑓 (s) 0.04 

𝑉2𝜋 (V) 3.52  𝑑𝑟 (s) 0.08 

 

 
Fig. 6: Time response of optical output by differential control 

when the optical intensity rises. 

 

 
Fig. 7: Time response of optical output by differential control 

when the optical intensity falls. 
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