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Abstract We demonstrate a 4 × 4 silicon switch using double-ring assisted Mach-Zehnder 

interferometers. The maximum electro-optic switching power consumption is 1.38 mW, with phase 

correction power consumption 22.37 mW. The on-chip insertion loss is <5.8 dB and crosstalk <-18 dB. 

Introduction 

Optical switches are essential building blocks for 

both long-haul optical communications and short-

reach photonics networks-on-chip1,2. Silicon 

electro-optic (EO) switches based on free-carrier 

plasma dispersion (FCD) effect offer a feasible 

solution for future high-speed optical switching 

networks, with the advantages of fast switching 

time in the order of nanoseconds and 

compatibility with complementary metal-oxide-

semiconductor (CMOS) technologies.  

N×N optical switches are usually constructed 

by 1×2 or 2×2 switch elements with various 

switching architectures, such as Crossbar3, 

Benes4, Switch-and-Select5, etc. Mach-Zehnder 

interferometers (MZIs)3-5 and microring 

resonators (MRRs) 6, 7 are two most typical 

structures for switch elements. As FCD based EO 

switching suffers free-carrier absorption (FCA) 

loss, the extinction ratio of MZIs is reduced when 

a  phase shift is induced to change the switching 

state. Although the phase shift for MRR based 

switches is much less than that of MZIs, FCA 

decreases the Q-factor of MRRs and makes the 

passband roll off slower. As a result, it needs a 

large refractive index change to achieve low 

crosstalk. 

Previously, we demonstrated a 2×2 silicon 

switch element based on double-ring assisted 

MZI (DR-MZI)8. As the DR-MZIs combine the 

merits of resonance enhancement in MRRs and 

coherent interference in MZIs, they possess the 

merits of lower operation power and low crosstalk. 

In this paper, we report a 4× 4 silicon non-

blocking optical switch fabric consisting of six DR-

MZIs in a Benes architecture. Each DR-MZI is 

integrated with EO and thermo-optic (TO) tuning 

electrodes for fast switching operation and 

resonance wavelength alignment, respectively. 

The total EO tuning power to turn on all the six 

DR-MZIs is 1.38 mW, and the total TO power 

consumption is 22.37 mW. The crosstalk is better 

than -18.4 dB at 1555.62 nm wavelength, and the 

optical 3-dB bandwidth is ~ 35 GHz. 

 
Fig. 1: (a) 4×4 Benes switch architecture. (b) 

Schematic of the 2×2 DR-MZI. Insets show cross-

sectional views of the p-i-n diode and the silicon 
resistive microheater. 

Device structures 

Figure 1(a) shows the architecture of the 4×4 

Benes switch matrix, which is a rearrangeably 

non-blocking switch. The Benes architecture 

requires the minimum number of switch elements 

to obtain the full switching states, which only 

needs six switch elements for a 4×4 switch fabric. 

As can been seen, two waveguide crossings are 

required to construct the switch. Here, we design 

90-cross 1×1 multimode interferometers (MMIs) 

based on self-imaging principle for light to cross 

over the waveguide junctions to reduce the 

insertion loss and crosstalk. 

   Figure 1(b) shows the schematic of  a 2×2 DR-

MZI switch element, where two identical MRRs 

are over-coupled with the two arms of a 

symmetric MZI. When the two MRRs are at the 

same resonance wavelength, the phase 
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difference of the two arms is 0, and the DR-MZI 

is at the cross state, which is notated as “0” state. 

Since the phase of MRRs changes rapidly around 

the resonance, slight refractive index variation of 

one MRR changes the phase difference between 

the two arms to . As a consequence, the switch 

state of the DR-MZI is changed to the bar state, 

which is notated as “1” state. The MRRs are 

embedded with p-i-n diodes for fast EO switching. 

To correct resonance misalignment of the MRRs 

due to fabrication induced phase errors, silicon 

resistive microheaters are also integrated in both 

of the MRRs. The microheaters are made of 

partial ring waveguide which acts as a resistor to 

provide low loss and high efficiency TO tuning9. 

The insets of Fig. 1(b) show the cross-sectional 

views of the p-i-n diodes and the silicon resistive 

microheaters. The working principle and design 

details of the 2×2 DR-MZI can be found in our 

previous work8. 

 
Fig. 2: (a) Microscope image of the fabricated device. 
(b) Zoom-in view of one DR-MZI switch element. (c) 

Switch chip after wire-bonded to a PCB. 

   We fabricated the 4×4 DR-MZI based switch 

on a silicon-on-isolator (SOI) wafer with a top 

silicon layer height of 220 nm. The ridge 

waveguide width is 500 nm and slab layer 

thickness is 60 nm. The radius of the MRRs is 

designed as 10 m. The gap between the MRR 

and the bus waveguide is 0.2 m, and the 

coupling length is 2.7 m. The width and length 

of the 1×1 MMI in the waveguide crossing is 1.15 

and 4.77 m, respectively. The fabrication 

process is CMOS compatible. 

   Fig. 2(a) shows the microscope image of the 

fabricated 4×4 switch. The footprint is 3.4×1.6 

mm2, including all the electrical pads and fiber 

array coupling region. The waveguides are 

elongated before terminated with grating 

couplers in order to leave enough space for fiber 

array coupling and wire bonding of electrical pads. 

In our design, a directional coupler is used in 

each output waveguide to split and route light to 

both the right side (fiber array coupling) and the 

left side (individual fiber coupling) for convenient 

chip test and package. The directional coupler 

has a gap of 200 nm and a coupling length of 13 

m. The power splitting loss for the fiber array 

end is about 6.2 dB around 1550 nm wavelength 

based on finite-difference time-domain (FDTD) 

simulations. Fig. 2(b) shows the zoom-in view of 

one DR-MZI switch element. The signal pads 

were finally wire-bonded to a printed circuit board 

(PCB) for electrical tuning the silicon resistive 

heaters and the p-i-n diodes. Fig. 2(c) shows the 

photo of the switch chip after wire-bonding. 

Measurement 

Transverse electrically (TE) polarized light from a 

scanning laser is used to measure the 

transmission spectra. Light is coupled in and out 

of the chip from a fiber array via grating couplers. 

The coupling loss at 1550 nm wavelength is 

~13.4 dB due to the unoptimized grating couplers. 

Tab. 1: Power consumption of the 4×4 switch 
 

 R1 (TO) R2 (TO) R1 (EO) 

SE1 (mW) 1.094 1.708 0.223 

SE2 (mW) 2.565 2.277 0.221 

SE3 (mW) 2.086 3.916 0.197 

SE4 (mW) 1.456 1.160 0.256 

SE5 (mW) 0 3.335 0.259 

SE6 (mW) 1.978 0.803 0.232 

 As the resonances of MRRs in all DR-MZIs are 

not at the same wavelength due to fabrication 

errors, we first align the resonance wavelengths 

of all 12 MRRs at 1555.62 nm by TO tuning. In 

this case, all switch elements are all at the cross 

state, which we refer to as “000000” state for the 

switch. Only 11 MRRs are thermally tuned to 

minimize power consumption. The TO power 

consumptions of the six DR-MZIs are listed in 

Tab. 1. The total TO tuning power of the 4×4 

switch is 22.37 mW. Figs. 3(a)-3(d) show the 

measured transmission spectra of the device at 

the “000000” state. Each plot shows four spectra 

from four input ports to one output port. The 

spectra are all normalized to a test waveguide to 

eliminate the effect of grating couplers. It can be 

seen that at the “000000” state, the input to 

output ports are mapped as I3-O1, I4-O2, I1-O3 

and I2-O4. Without taking account of the power 

splitting loss of 6.2 dB, the average on-chip 

insertion loss of the switch is ~4.0 dB. The loss 

comes from waveguide crossings, connection 

waveguides, and switch elements. The 

waveguide crossing loss is around 0.17 

dB/junction, based on separate test devices. The 

loss of DR-MZIs can be further reduced by 

optimizing the 2×2 MMI couplers. The crosstalk 

around 1555.62 nm is ~20 dB. 
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Fig. 3: Measured transmission spectra of the switch at 

the “000000” state.  

   We then change the device from ”000000” 

to ”111111” state by tuning the p-i-n diode of one 

MRR in each DR-MZI switch element. The EO 

tuning power consumptions are also listed in Tab. 

1. The total EO power is only 1.38 mW, which is 

the maximum EO tuning power for the switching 

operation. Figs. 4(a)-4(d) show the measured 

transmission spectra of the switch at the ”111111” 

state. At this state, the input to output ports are 

mapped as I1-O1, I2-O2, I3-O3 and I4-O4. The 

average on-chip insertion loss is increased to 

~5.8 dB due to the FCA effect. The worst 

crosstalk is increases to -18.4 dB. Because of the 

small pertubation in refractive index upon 

swiching, the degradation of crosstalk due to FCA 

is less than for MZIs and MRRs. The optical 3-dB 

bandwidth of the switch is ~ 35 GHz. 

 
Fig. 4: Measured transmission spectra of the switch at 

the “000000” state.  

Conclusions 

We have demonstrated a silicon 4× 4 non-

blocking optical switch in a Benes architecture 

with DR-MZIs as switch elements. The switch 

chip size is 3.4×1.6 mm2. Both silicon resistive 

microheaters for compensating fabrication errors 

and p-i-n diodes for fast switching operation are 

integrated in each DR-MZI. The measured total 

TO tuning power is 22.37 mW. The maximum EO 

power consumption, when all DR-MZIs are 

switched to the ”1” state, is only 1.38 mW. The 

average on-chp insertion loss is ~4.0 and ~5.8 dB 

at ”000000” and ”111111” states, respectively. 

The worst crosstalk at 1555.62 nm wavelength is 

-18.4 dB. The optical 3-dB bandwidth is ~35 GHz. 

With its low power conumption of the DR-MZI 

based 4×4 switch, we believe it is a viable 

solution for future green optical switching 

networks. 
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