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Abstract: We report our recent progress on large-scale 
integrated silicon optical routers and buffers. The optical router 
is made of a 16×16 switch fabric with low loss and loss crosstalk. 
The optical buffer can provide nanosecond-range continuous 
delay tuning.  
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I.  INTRODUCTION 

The communication capacity in data centers is fast 
approaching Petabyte/s [1], which demands the scale-up of the 
current network architecture to accommodate more network 
nodes and bandwidth while retaining low lost and low power 
consumption. The conventional electrical switching can no 
longer satisfy the ever-growing complexity in data center 
networks due to its power hungry performance. Optical 
switching at the packet level is one of the candidate 
technologies that can be adopted to deal with the volatile 
traffic in data center networks. To establish an efficient optical 
network, reconfigurable optical routers and buffers are 
indispensable. Optical routers and buffers can be implemented 
based on various material platforms, such as silica, silicon-on-
insulator (SOI), InP etc. The SOI platform is quite attractive 
due to its high electrical and optical integration capability and 
can be made low cost for potential mass production.  

Optical routers based on SOI switch fabrics have seen 
considerable progress in recent years [2]. Previously, we used 
multimode interferometers (MMIs) and Mach-Zehnder 
interferometers (MZIs) to build 4×4 optical switches with 
broadband operation [3-5]. To further reduce the size and 
power consumption of switch elements, we also developed 
double-ring assisted MZI (DR-MZI) switches [6, 7]. The DR-
MZI can have a higher switching extinction ratio but at the 
cost of a narrower optical bandwidth. 

As light cannot be stopped and photons cannot be directly 
stored in any media, optical buffers are usually realized by 
converting optical signals to other recordable symbols or using 
delay lines to temporally trap the optical signals. A delay line 
can be made based on two approaches by either slowing down 
the light velocity in the waveguides or increasing the optical 
path length. We ever used reflective-type microring resonators 
to achieve continuous time delay up to 100 ps [8]. To enlarge 
the tuning range, we also implemented a switchable delay line 

based on cascaded MZI switches and delay waveguides [9]. 
The delay tuning range is 1.27 ns with a minimum step of 10 
ps. It can be regarded as a digital delay line, in contrast to the 
microring continuous delay line.  

In this paper, we report our recent process on 
reconfigurable optical routers and buffers on the SOI platform. 
In particular, we demonstrate a 16×16 non-blocking silicon 
optical switch based on a Benes network of thermally tunable 
MZIs. It exhibits low loss and low crosstalk for both cross and 
bar states. As for the optical buffers, we combine the digital 
and continuous delay lines to achieve nanosecond-range 
continuous delay.  

II. OPTICAL ROUTER

A. Structure

Figure 1(a) shows the optical router structure based on a 
16×16 switch fabric in a Benes architecture. It incorporates 56 
basic switch elements composed of thermally tunable MZIs. 
The switch elements are arranged in an 8×7 matrix. Each 
optical path passes 7 switch elements, resulting in balanced 
output. The Benes architecture is reconfigurable non-blocking. 
The 16×16 switch has 16! unduplicated states, achievable by 
setting each switch element to either “cross” or “bar” state.  

There are two commonly used refractive-index tuning 
approaches in silicon: the electro-optic (EO) and the thermo-
optic approaches. Although the EO approach based on free-
carrier dispersion effect has a fast response speed, it inevitably 
incurs free-carrier absorption loss. The inset shows the 
structure of the switch element made of a 2×2 MZI with 
silicon resistive microheaters integrated in both arms for TO 
tuning [4]. The active arm length is 400 m, isolated by air 
trenches to prevent thermal crosstalk. The resistive 
microheater is formed by an n-i-n type structure in which the 
n+ doping is positioned in the slab near the waveguide 
intrinsic region. Heat is generated in the waveguide when 
current flows through the high-resistivity waveguide cross 
section, leading to high thermal efficiency.  

Figure 1(b) shows the fabricated chip using CMOS-
compatible processes. Grating couplers were used to couple 
light in and out of the chip. The electrical pads along the chip 
edges were wire-bonded to a printed circuit board. The chip 
size is 7 mm×3.6 mm.  
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Fig. 1 (a) Schematic of the 16×16 optical switch with a Benes architecture. 
Inset shows the structure of the MZI switch element. (b) Optical microscope 
image of the switch chip. Inset shows the zoom-in view.  

B. Experimental results 

As the MZI arm length is relatively long, a small variation in 
width can result in a significant phase difference between the 
two arms. Therefore, each switch element is originally not at 
the exact “cross” or “bar” state. TO tuning, therefore, is 
needed to first correct the phase errors so that each switch 
element is at the “cross” state, which is the starting point for 
the following switching operation. The average power 
consumption for phase correction is around 9 mW. The top 
panel in Fig. 2 shows the measured spectra for output ports O1 
to O3. The spectra are normalized to a test waveguide. It can 
be seen that only one spectrum in each plot shows high 
transmission, corresponding to the optical routing path. The 
others all have low transmission, causing small crosstalk to the 
main path. As the phase correction is performed at 1560 nm, 
the extinction ratio reaches the maximum (>30 dB) around 
that wavelength.  

To perform switching, the TO power is further increased 
to induce a  phase change in one arm so that the state is 
flipped to the “bar” state. The average power consumption for 
 phase shift is less than 20 mW. It depends on the required 
input-to-output mapping to set the states of all switch elements. 
In the worst case, all switch elements are tuned to the “bar” 
state. The bottom panel in Fig. 2 shows the transmission 
spectra for O1 to O3 to compare with the previous case. It is 
clearly seen that the optical path is switched from I9-O1, I10-

O2, I11-O3 to I1-O1, I2-O2, I3-O3, respectively. The on-chip 
loss and crosstalk are close, suggesting the switch fabric has 
balanced performances for any state.  

To further reveal the transmission variation among all 
optical paths, we group all 256 spectra together in one plot as 
shown in Fig. 3.  The on-chip loss varies from 4 to 8 dB for 
the all-cross state and 4 to 7 dB for the all-bar state at 1560 nm. 
The optical bandwidth for extinction ratio >20 dB is more than 
20 nm.  

 
Fig. 2 Measured transmission spectra for output O1 to O3 of the 16×16 
switch when the switch elements are all at the cross state (top pannel) and 
bar state (bottom pannel).  

 
Fig. 3 Grouped spectra for all 256 input-to-output transmissions at the all-
cross and all-bar states.  

III. OPTICAL BUFFER 

A. Structure 

The optical buffer is composed of two parts, an array of 
micoring resonators and a 7-bit switchable delay line, as 
shown in Fig. 4(a). The microring resonators generate 
continuous time delay by shifting the resonance wavelengths. 
As the performance of a single microring resonator is limited 
by the delay-bandwidth product, multiple microrings are used 
to increase the buffering capacity. Here we use differential 
drive to tune the resonators in which half rings are blue-shifted 
and half red-shifted with respect to the operation wavelength. 
In this way, the group delay dispersion can be greatly reduced. 
In the switchable delay line part, the delay is changed by 
choosing different optical paths upon reconfiguring the switch 
states. In our design, we set the delay increment step of the 
switchable delay line to be smaller than the maximum delay 
provided by the microring array. Thus, the entire structure can 
generate continuous delay with both coarse and fine tuning 
features.  
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The optical buffer is based on 60-nm-thick silicon 
waveguides to reduce the waveguide propagation loss. The 
insets in Fig. 4(a) show the structures of the microring 
resonators, the MZI switch, and the variable optical attenuator 
(VOA). All of them are thermally tunable by integrating TiN 
heaters on top of silicon waveguides. The purpose of VOA is 
to eliminate the leakage optical power from the main optical 
path to other paths due to the limited extinction ratio of the 
MZI switches, so that the signal-to-noise ratio of the delayed 
optical signals can remain high. Figure 4(b) shows the mask 
layout of the entire chip. Figure 4(c) shows the microscope 
image of the fabricated chip. The chip has a footprint of 5 
mm×4.7 mm. 

 
Fig. 4 (a) Architecture of the optical buffer composed of a microring 
continuous delay line and a switchable digital delay line. (b) Mask layout of 
the optical buffer chip. (c) Optical microscope image of the fabricated chip.  

We characterized the optical buffer by measuring the 
relative delay of an optical pulse passing through the chip. 
Figure 5(a) illustrates the optical pulses after the four-
microring delay line. The delay can be continuously tuned 
from 0 to 10 ps by applying different voltages onto the 
resonators. Figures 5(b)-5(e) illustrate the optical pulses after 
various digital delays (with a resolution of 10 ps) given by the 
switchable delay line. The maximum delay is 1.27 ns when the 
longest optical path is selected. Figure 2(f) illustrates the 
optical pulses when the switchable delay is fixed at the 
maximum while the microring delay is continuously tuned. It 
reveals that the optical buffer can provide continuous delay 
tuning up to 1.28 ns. The on-chip insertion loss for the 
maximum delay is <13 dB.  

CONCLUSIONS 

We have demonstrated an optical router using a 16×16 non-
blocking MZI switch and an optical buffer using microring 
resonators cascaded with a switchable delay line on the SOI 
platform. These two chips can be applied to enable all-optical 
switching in further data center networks to satisfy the high-
capacity, low-latency and low-power demand in big data era. 

 
Fig. 5 (a) Optical pulses delayed the microring delay line. (b)-(e) Optical 
pulses delayed by the switchable delay line. Black curves: reference pulses; 
red curves: delayed pulses. (f) Optical pulses delayed by the entire strucutre.  
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