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Abstract: We review our recent progress on silicon photonic switches based on electro-optic MZI 
and dual-ring assisted MZI switch elements. Phase error corrections are performed using thermal 
tuning to set the initial switching state.  

OCIS codes:  (130.0130) Integrated optics; (130.3120) Integrated optics devices; (130.4815) Optical switching devices. 

 
1. Introduction 

It is forecasted that the global data center IP traffic will grow three-fold over the next 5 years and the data center IP 
traffic will grow at a compound annual growth rate (CAGR) of 25 percent from 2014 to 2019 [1]. Energy efficient 
switching is highly required to support the ever-growing intelligent and software-defined data center optical 
networks with higher data transmission capacity. The conventional electrical-domain switching can no longer satisfy 
the ever-growing bandwidth demand in data center networks due to its power hungry and long-latency properties. 
Optical switching at the packet level is one of the promising technologies that can deal with the volatile traffic in 
data center networks. To establish an efficient reconfigurable optical network, fast non-blocking optical switches are 
required. Optical switches can be implemented based on various technologies, including using silica-based planar 
light wave circuits (PLC), micro-electro-mechanical system (MEMS) actuators, and III-V materials  [2, 3]. The SOI 
platform is quite attractive due to its high integration capability and compatibility with electrical drive circuitry [4].  

We have reported silicon optical switches based on various devices, including multimode interferometers (MMIs) 
[5, 6], Mach-Zhender interferometers (MZIs) [7-9], dual-ring resonators coupled by a three-waveguide directional 
coupler [10], and the dual-ring assisted MZIs (DR-MZIs) [11, 12]. The MMI switch is compact but it is challenging 
to reduce the crosstalk due to the uneven power splitting among multiple outputs. The MZI is a commonly used 
switch element due to its simple structure and easy operation. However, the MZI arm length is usually long to get a 
 phase shift, leading to relatively large power consumption. To reduce the device size and enable low-power 
switching, we devised a new type of DR-MZI switch elements in which ring resonators are loaded into the MZI 
arms. It utilizes the large phase change across resonance to reduce the drive power. The interference inherent in the 
MZI ensures a high output extinction ratio, which could not be achieved in a single ring resonator switch. As the 
DR-MZI is a resonant structure, it can only work around the resonance wavelength with a limited optical bandwidth. 
With the basic switching units, a large-scale optical switch fabric can be constructed using a variety of network 
topologies, such as crossbar, Benes, switch-and-select, etc. We choose to use the Benes architecture, as it uses the 
minimum number of switching elements for reconfigurable non-blocking switching. The chip is more compact and 
electrical control is easier with the reduced number of elements.  

2. Chip design and implementation 

Figure 1(a) presents the structure of the 16×16 silicon photonic switch. It is composed of a 2D array of switch 
elements in a Benes architecture. The MZI and DR-MZI serves as the basic switch elements as shown in Figs. 1(b) 
and 1(c). Two active tuning methods are used in the switch elements based on the thermo-optic effect and the 
electro-optic effect. The TO tuner can provide a large phase tuning range without extra loss, but the speed is 
relatively low in the order of microsecond. On the contrary, the EO tuner can have nanosecond response time, but 
the phase tuning is always accompanied by free-carrier absorption loss. In our design, the TO tuner is realized by 
putting a TiN heater on top of the waveguide and the EO tuning is enabled by a lateral PIN diode in the waveguide 
as seen in Fig. 1(d). The TO tuners are equipped in both arms/rings while the EO tuner is only in one branch. The 
switch can work in two modes: thermal drive mode and electrical drive mode. The former one only utilizes the TO 
tuners while the latter utilizes both. It should be noted that in each switch element, four power taps are added in the 
input/output waveguides so that each element can be accessed and monitored independently. The power coupling 
ratio of the taps is around 10%.  
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Fig. 1. (a) Benes switch architecture for the 16×16 optical switch. (b) 2×2 MZI switching element. (c) 2×2 DR-MZI switching element. (d) Cross-

sectional structures of the active waveguides. 

 
The chips were fabricated using the CMOS-compatible processes. Input and output grating couplers are 

positioned in the chip center for coupling with a fiber array, and the four chip edges are retained for wire bonding as 
seen in Figs. 2(a) and 2(b). The chip is purposely designed to be larger than that required for placement of all optical 
components, so that enough space is left for optical and electrical package (Fig. 2(c)).  An electrical circuit board 
was made to provide 56×3=168 drive signals to the switch chip (Fig. 2(d)).  

 
Fig. 2. (a) and (b) Microscope images of the (a) 1616 MZI and (b) 1616 DR-MZI switches. (c) Packaged switch module. The inset shows the 

switch chip wire-bonded to a print circuit board. (d) Electrical circuit board to drive the switch module. 

3. Measurement results 

In the electrical drive mode, the TO tuners are used to set the initial “cross” states for all switch elements. As 
fabrication uncertainties (e.g., waveguide width and height variations) are unavoidable, the initial switch state is 
relatively random. It is thus essential to first perform phase correction using TO tuners and then fix them during EO 
switching. Figures 3(a) and 3(b) show the normalized transmission spectra of two optical paths when one switch 
element is electrically tuned on in the 1616 MZI and DR-MZI switches, respectively. Each optical path goes 
through 7 switch elements. The MZI switch has a broader optical bandwidth and lower loss that the DR-MZI. The 
extinction ratio is >30 dB at the 1560 nm wavelength after phase correction. When one switch element is turned on 
electrically, the optical path is changed with extinction ratio reduced to 18 dB due to the free-carrier absorption 
induced imperfect interference in the MZI. The average electrical power consumption is around 5 mW. The DR-
MZI switch only works in a narrow bandwidth near 1562 nm. The ring resonances give rise to extra 5 dB loss in the 
optical path. The electrical power consumption is less than 1mW per element. The response time of the EO tuner 
was measured to be around 2-3 ns as shown in Fig. 3(c).   
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Fig. 3. (a) and (b) Measured transmission spectra of two optical paths in (a) 1616 MZI and (b) 1616 DR-MZI switches when one 
switching element is turned on. (c) Temporal response of the MZI switch element. 

Figure 4 shows the system setup to test the optical signal routing by the chip. A 20 Gbps on-off keying (OOK) 
signal can be dynamically switched by a 10 MHz gate signal. The rise and fall times are 3.2 and 2.5 ns, respectively. 
The EO switch response is much faster than the TO and MEMS switches. Clear and open eye diagrams are observed 
from both routing paths.  

 
Fig. 4. (a) Experimental setup for system test of the EO switch chip. (b) Measured high speed OOK signals switched by the switch. The top row 

shows the signal after the path I1-O9 and the bottom after the path I1-O10. 
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