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ABSTRACT   

We report our recent progress on high-throughput 16×16 silicon non-blocking optical switches based on Mach-
Zehnder interferometers (MZIs) and dual-ring assisted MZIs (DR-MZIs). TiN microheaters and p-i-n diodes are both 
integrated in each switch element for thermo-optic phase error correction and GHz-speed electro-optic switching, 
respectively. The MZI switch exhibits a broad optical bandwidth and low crosstalk. The DR-MZI switch exhibits low 
electrical switching power but with a narrower optical bandwidth. The two types of switches are designed to have a 
chip size of 12.1 mm × 4.6 mm mainly restricted by the chip package requirement. The DR-MZI chip can potentially 
have a smaller footprint due to its much more compact switch element, suitable for high-density on-chip optical data 
exchange.  
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1. INTRODUCTION  

The development of high capacity optical interconnects for datacenters and supercomputers demands energy-efficient, 
fast-speed and high-port-count optical switches [1, 2].  Conventionally, optical switching is realized in the electrical 
domain through optical-electronic-optical (O-E-O) conversion. However, because the optical-to-electrical and 
electrical-to-optical conversions need dozens of active devices, like lasers, modulators, detectors, they not only make 
the switching system very complicated, but also consumes a lot of power. The realization of optical switching in the 
optical domain can greatly reduce the system volume, complexity, and power consumption. Therefore, optically 
transparent switching is highly required to enable the sustainable development of future all-optical switching networks. 

There are various devices that can be used to make optical switches, including Mach-Zehnder interferometers (MZIs) 
[3-7], Microring resonators [8-11], Ring-assisted MZIs [12, 13], Multimode interferometers (MMIs) [14-16], 
microelectromechanical system (MEMS)-actuated directional couplers (DCs) [17], and arrayed waveguide grating 
(AWG) assisted with wavelength conversion [18] etc. The basic requirements for switches are non-blocking, 
reconfigurability, large port-count, low power consumption, and small footprint. It is quite challenging to fulfill all 
these requirements. 

Table 1 compares different platforms for implementation of optical switches. The MEMS mirrors and MEMS-actuated 
planar lightwave circuit (PLC) switches need a high drive voltage and the response speed is low in the order of 
microsecond to millisecond. The silica PLC switch can have a high performance, but its size is large and speed is also 
low. The silicon PLC provides a good platform for making ultra-high density optical switches. Besides, they can also 
be integrated with other silicon photonics devices and CMOS circuits. The active tuning in silicon PLC switches is 
usually realized by using the thermo-optic (TO) and the electro-optic (EO) effects. The TO tuning is slow, suitable for 
exchange of large blocks of data where latency is not a major concern. The EO tuning (based on free carrier plasma 
dispersion effect) is relatively fast, suitable for exchange of small-size data where rapid exchange is desired between 
nodes in big-data applications. 
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Here we report our recent progress on the design, fabrication and characterization of silicon nonblocking1616 
switches. The switch architecture is based on a Benes network structure, which requires the minimum number of 
switching nodes. Two types of switching elements are used to construct the switch fabric, including the MZI and the 
dual-ring assisted MZI (DR-MZI). To enable the active tuning, we integrate both TO and EO tuners into MZIs and 
ring resonators for phase error connection and fast switching, respectively. The 1616 switches incorporate hundreds 
of optical and electrical components, leveraging the high integration capability of silicon photonics.  

 

Table 1. Comparison of different optical switch technologies 

Technology Size Drive  
voltage 

Switching 
speed 

Loss Crosstalk Power 
consumption 

Driver  
integration

MEMS Mirror Large High ms Low Low Low Difficult 

MEMS-act. Si PLC Small High s-ms Low Low Low Difficult 

Silica TO PLC Large Medium ms Low Low High No 

Silicon TO PLC Small Medium ms Medium Medium Medium Yes 

Silicon EO PLC  Small Low ns High* High* Low Yes 

* Due to free-carrier absorption 

 

2. 16×16 MZI SWITCH 

Figure 1(a) shows the Benes architecture of the 1616 optical switch fabric. The entire structure incorporates 56 switch 
elements (SEs) arranged in a matrix with 8 rows and 7 columns (stages). As each SE has two switching states (the 
cross and the bar states), there are totally 256 combinations of which some states are redundant and only 16! states are 
necessary for the complete switching. It should be noted that each optical path in the Benes architecture passes 7 stages 
of SEs but with different numbers of waveguide crossings. To get balanced output power for all optical paths, the 
losses of cross and bar states of the SE should be close and the loss of waveguide crossings should be low enough.  

Figure 1(b) shows the detailed structure of the MZI-based SE. The MZI is built by two 2×2 multimode interferometers 
(MMIs) as the input splitter and the output combiner with balanced waveguide arms in between. One arm is integrated 
with a TiN microheater on top and the other is integrated with both a TiN microheater and a lateral p-i-n diode as 
shown in the insets. The TiN microheaters are used to thermally tune the waveguide refractive index to correct the 
fabrication-induced phase errors. The thermal heating has a relative large tuning range yet without incurring excess 
loss. We note that a silicon resistive microheater could also be used for thermal tuning as adopted in our previous work 
[19].  Here we choose to use TiN microheaters so that enough space is retained to integrate p-i-n diodes into the silicon 
waveguides. The electrical tuning based on the free carrier injection in the p-i-n diode is used to rapidly flip the state 
of the SE. The switching speed is in the order of nanosecond. Unfortunately, the optical loss is also increased due to 
the free carrier absorption. To operate the device, we first correct the phase errors by using TiN microheaters and then 
turn on the p-i-n diodes for fast switching.  
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Figure 1. (a) Benes switch architecture for the 16×16 MZI switch. Three optical paths from I1 to O9, O10, and O12 are 
highlighted. (b) 2×2 MZI switching element. The insets show the cross-sections of the active ring waveguides.  

The device was designed for transverse electric (TE) polarization. The silicon waveguide width is 0.5 m and the 
height is 0.22 m with a slab layer thickness of 60 nm. The width and length of the 2×2 MMI couplers are 5 m and 
29.5 m, respectively. The TiN microheater is 300 m long with the TiN strip 2 m wide and 0.12 m thick. It is 
separated by 1.5 m from the silicon waveguide to avoid metal absorption loss. The p-i-n diode is 380 m long. The 
highly doped regions of the p-i-n diode are 0.8 m away from the waveguide edges. As there are 56 SEs in the 1616 
switch, it is challenging to get the status of each one by only measuring the aggregated transmission spectra at the 
output ports. Hence, in order to test the SE locally, we put waveguide taps at the input and output waveguide ends. 
The taps are terminated with grating couplers nearby the SE, so that we can test the SE status by using a pair of single 
mode fibers. The optical power splitting ratio for one tap is about 10%, adding 0.4 dB excess loss to the main optical 
path.  

To facilitate optical and electrical package of the chip, we designed the chip layout with all waveguide end grating 
couplers put in the chip center and all electrical pads along the four edges of the chips, as shown in Fig. 2(a). The 
seven stages of SEs are labeled in the layout. They are interconnected through long silicon waveguides and crossings. 
Test waveguides are also put beside the input/output ports to monitor optical power during the alignment of fiber array 
with the grating couplers. To improve thermal tuning efficiency and reduce thermal crosstalk between adjacent units, 
the SEs are isolated by deep air trenches. The chip was fabricated using CMOS-compatible processes. Figure 2(b) 
illustrates the fabricated chip. The chip size is 12.1 mm × 4.6 mm. The electrical pad size is 160160 m2 arranged in 
two rows with a separation of 100 m. They were wire-bonded to a printed circuit board (PCB) to apply multi-voltages 
onto the chip. A 32-channel 127-m-pitch fiber array was attached to the switch chip by using ultra-violet (UV) light 
curable adhesive. The coupling loss after optical packaging is around 5 dB/facet, similar to that before packaging.  

 

Figure 2. (a) Mask layout of the 1616 MZI switch. (b) Microscope image of the fabricated chip. The zoom-in inset 
shows the MZI switch elements.  
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Fabrication errors are inevitable for the sub-micrometer-sized silicon ridge waveguides, which makes the initial states 
of the SEs unpredictable. As stated above, we used the test ports of each SE to get its status and then applied voltages 
to the TiN microheater to correct the phase errors in the MZI arms so that the SE was in the “cross” state before 
switching. The extinction ratio between the two output ports was measured to be >30dB. The thermal power to induce 
a phase shift to flip the SE state from the “cross” to the “bar” state is around 21 mW. After thermal phase correction 
of all SEs, the switch is at the “all-cross” state. Figure 3 shows the measured transmission spectra of the 1616 optical 
switch at the “all-cross” state. The spectra from all 16 input ports to one output port are plot in one graph. The spectra 
are normalized to a test waveguide with 14 taps. The average on-chip insertion loss without taps at 1560 nm 
wavelength is ~6.7 dB with a loss variation of about 1 dB. The crosstalk at 1560 nm is all below -30 dB. The optical 
bandwidth for crosstalk  < -20 dB is over 30 nm.   

We then electrically turned on SE(5,7) (row 5, column 7) as indicated by the red block in Fig. 1(a). The input I1 was 
switched from the original output O9 to the new destination O10. Figures 4(a) and 4(b) show the spectra before and 
after EO switching.  One can see that the loss is increased a little bit and the crosstalk is reduced to -18 dB. The 
electrical switching has a higher crosstalk than the thermal switching because of the free-carrier absorption induced 
loss renders the MZI arms unbalanced. We also performed electrical switching by turning on SE(7,6) and SE(6,7) 
simultaneously as indicated by the blue blocks in Fig. 1(a). In this case, the input I1 was switched to output O12. From 
the measured spectra, the crosstalk is -17 dB at 1560 nm. The electrical power consumption to switch the state of each 
SE is around 5 mW.  

 
Figure 3. Measured transmission spectra of the 1616 MZI switch at the “all-cross” state after phase error correction. 
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Figure 4. Measured transmission spectra of the 1616 MZI switch for optical paths from input I1 to output O9-O12 
when (a) no SE turned on, (b) SE(5,7) turned on, and (c) both SE(7,6) and SE(6,7) turned on.  

 

3. 16×16 DR-MZI SWITCH 

For the MZI switch, the phase difference between the two arms should be  in order to flip the switching state. The 
phase shift demands relatively large power consumption. To make a more compact and low power switch, we adopt 
the DR-MZI as the SE [12, 13]. Figure 5 shows the 16×16 DR-MZI switch architecture and the SE. The DR-MZI 
switch is essentially a MZI with its two arms made of microring slow light. Based on the slow light effect, the required 
phase change is greatly reduced compared to a regular MZI.   

The DR-MZI works as follows. At the initial state, the two rings resonant at the same wavelength. In this case, the two 
arms have exactly the same response. The rings are over-coupled with the arm waveguides, and thus, the phase of the 
coupled waveguide jumps from 0 to 2 across the resonance wavelength. Because the two arms are in phase with their 
phase response curves fully overlapped, upon interference the output has unit transmission at the cross port and zero 
transmission at the bar port. If we introduce a small phase change into the two rings, the scenario is quite different. 
Let the upper ring blue-shift and the bottom ring red-shift and then their phase response curves will be separated. 
Because the phase changes sharply around the resonance wavelength, a small resonance detune can result in a  phase 
difference between the two arms. Therefore, the switching state is flipped at the original resonance wavelength. A 
high peak and a deep valley appear in the bar and cross spectra, respectively. The push-pull refractive index modulation 
of the two rings can be realized either thermally or electrically. An initial DC bias is required for each ring to enable 
the push-pull operation, which is widely used in the silicon modulators [20]. Compared to the regular microring switch, 
the DR-MZI switch relies on the interference to flip the state. Therefore, as long as the phase difference is , the 
switching extinction ratio could be very high, unaffected by the Lorenzian resonance lineshape of the ring resonators. 

In our design, the rings are integrated with the two types of tuners, the TiN microheater and the p-i-n diode similar to 
the MZI case. The ring radius is 10 m and the coupling length is 4 m to ensure over-coupling. The active tuning 
electrodes cover most of the ring waveguide except for the coupling region. The other design parameters are the same 
with the previous MZI switch.  
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Figure 5. (a) Benes switch architecture for the 16×16 DR-MZI switch. Three optical paths from I4 to O10, O11, and O12 
are highlighted. (b) 2×2 DR-MZI switching element. The insets show the cross-sections of the active ring waveguides.  

Figure 6(a) shows the mask layout of the 1616 DR-MZI switch. It should be noted that although the use of rings 
greatly reduces the footprint of the SE, the entire chip area remains the same with the MZI switch due to the 
consideration of chip package where enough space is needed for the 127-m-pitch fiber array coupling and wire 
bonding. In fact, a single multicore fiber could be used to replace the large fiber array for the multi-port coupling 
which thus can greatly reduce the chip area. The electrical pad size could also be reduced to 50 m to save the chip 
space. Figure 6(b) shows the fabricated chip with the DR-MZI SEs magnified.   
 

 
Figure 6. (a) Mask layout of the 1616 DR-MZI switch. (b) Microscope image of the fabricated chip. The zoom-in 
inset shows the DR-MZI switch elements.  

As each ring resonates at a different wavelength for the as-fabricated device, we first need to align all resonances to 
the operation wavelength by using thermal tuning.  The aligned resonances in a SE correspond to the “cross” state. 
Figure 7(a) shows the transmission spectra from I4 to output O9-O12 after phase correction. Output O12 has the highest 
transmission, indicating the optical path is established as I4-O12. As the optical path passes through seven stages of 
SEs, the accumulated resonance loss from all SEs causes a dip in the O12 spectrum with a depth of 5 dB around the 
operation wavelength of 1561.7 nm. We next electrically turned on SE(6,7) and the resulting spectra are shown in 
Fig. 7(b). It is evident that the dip in the O12 spectrum becomes much deeper while the output power from O11 rises 
up at 1561.7 nm. Hence, the main optical path is switched to I4-O11. The insertion loss of this optical path is slightly 
higher than the previous one. The crosstalk is <-15 dB for in an optical bandwidth of 20 GHz. We also tested the 
switch by electrically turning on SE(3,6). In this case, the optical path is switched to I4-O10 as illustrated in Fig. 7(c). 
The output O10 has the highest transmission with similar loss and crosstalk as the previous case. The electrical 
switching power is less than 1 mW, which is much lower than the MZI switch owing to the resonance enhancement 
effect.  
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Figure 7. Measured transmission spectra of the 1616 DR-MZI switch for optical paths from input I4 to output O9-O12 
when (a) no SE turned on, (b) SE(6,7) turned on, and (c) SE(3,6) turned on.  

 

4. CONCLUSIONS  

We have presented our progress on silicon 16×16 optical switches with the Mach-Zhender interferometer (MZI) and 
the dual-ring assisted MZI (DR-MZI) as the basic SE. The switch fabrics are based on a Benes network architecture, 
which requires the minimum number of SEs for reconfigurable non-blocking switching. TiN microheaters are 
integrated in both arms of the SE for TO correction of phase errors before switching. A p-i-n diode based EO tuner is 
integrated in one arm for fast switching. The 16×16 MZI switch chips occupy an area of 12.1 mm × 4.6 mm. The MZI 
switch is broadband (10’s nm), and yet the switching power consumption is relatively high (5 mW per SE). To reduce 
the switching power, the MZI switch is modified to incorporate a microring resonator in each arm to utilize the 
resonance slow light effect. The switching power can be reduced to below 1 mW per SE. Preliminary measurement 
shows that the DR-MZI can have a comparable performance with the MZI except for a narrower optical bandwidth.  
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