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Abstract We demonstrate a 1,856  × 1,856 optical circuit switch utilizing C-band tuneable local oscilla-

tors (LOs) for coherent detection. Hitless and fast (<14.8 μs) LO wavelength tuning is realized using a 

newly fabricated 8-cascaded silicon ring filter having wide free spectrum range (FSR) of >35 nm. ©2022 

The Authors

Introduction 
High-port-count optical switches play an im-

portant role in overcoming the bandwidth bottle-
neck and power consumption limitation of intra-

data centre networks [1–4]. Various studies have 
targeted optical switches with port counts of over 

one thousand [5–7]. We have already developed 
an optical switch architecture that combines the 

two independent dimensions of space and wave-
length [7–9]: space switch port count (M) and the 

number of wavelengths (N) yields MN ports. 
Wavelength routing can be realized by tuning the 

optical source wavelength [7] (using tuneable la-
ser diodes; TLDs) or receivers [9] (using tuneable 

filters; TFs). TFs are attractive since they are a 
simple, reliable and cost-effective device com-

pared to TLD, and so this work adopts TFs. 
Coherent detection enhances switch band-

width and port-count through its high spectral ef-
ficiency and receiver sensitivity. Considering the 

year-by-year power, size, and cost reductions 
seen in commercial products [10, 11], it is ex-

pected to penetrate into intra-data centres in the 
not so distant future [12]. For coherent detection, 

fast and widely-tuneable local oscillators (LOs) 
are necessary at the receiver side of the optical 

switch. They can be cost-effectively realized as 
an LO bank formed that combines fixed-wave-

length laser sources with TFs [13]. Silicon ring fil-
ters are promising candidates due to their com-

pactness and narrow passband. High density in-
tegration is realized by cascading micro-rings in 

a single chip [14]. The prominent advantage of 
cascaded silicon ring filters is the reduced inser-

tion loss (IL), as evident by the reuse of the 
Through-port outputs for other micro-rings with-

out needing fibre-Si chip connection. However, 
the free spectrum range (FSR) of a ring filter is 

limited to less than 15 nm due to its minimum 
bend radius. In cascaded dynamic operation, 

each drop channel needs to be dynamically 

switched from one target wavelength to the other 

where hitless wavelength tuning [15, 16] that 
does not interfere with other channels is essential. 

In addition, the tuning time should be on the order 
of ten microseconds in data centre applications. 

In this paper, we propose a large-scale optical 
switch that utilizes wideband and fast coherent 

signal tuning in an LO bank formed by cascaded 
silicon ring filters. An 8-cascaded second-order 

(Vernier) ring filter was developed that has 40-nm 
wide FSR. Hitless operation is achieved with fast 

tuning speed of under 14.8 μs; there is no signal 
distortions even with the dynamic operation of the 
other microrings. In a 1,856 × 1,856 optical 

switching experiment, we successfully demon-

strate 256-Gbps DP-QPSK signal switching for all 
Drop ports of the fabricated 8-cascaded silicon 

ring filter. To the best of our knowledge, this is the 
first demonstration of a cascaded silicon ring filter 

that covers entire C-band. 

Proposed optical switch based on LO bank 
Figure 1(a) depicts our proposed MN × MN opti-

cal switch architecture [13] applying a new LO 
bank configuration for coherent detection. The 

signals generated by N fixed-wavelength trans-
mitters are aggregated by an N ×1 multiplexer 

(MUX). The N-channel WDM signal is broadcast 
to N paths by two-stage distributors; 1 ×  (N/S) 

and 1 × S splitters. After the first-stage distribu-

tion, an erbium-doped fibre amplifier (EDFA) 
compensates the splitter losses. One of the M 
distributed signal groups is selected by an M × M 

multicast switch (MCS) for space switching. At a 

receiver, the selected signal is coherently de-
tected by using an external LO light served from 

an LO bank. The LO bank illustrated in Fig. 1(b) 
performs wavelength routing, using LO wave-

length selection by Silicon-photonic TFs. N-
wavelength LD lights are multiplexed (or optical 

comb), then distributed by a 1 × (MN/SL) splitter 
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and amplified by an EDFA. The distributed optical 

combs are directed to cascaded ring TFs, where 
each filter section extracts one target wavelength. 

After boosting the TF output with a low-cost and 
compact preamplifier, the target channel serves 

as an LO light for coherent detection. Conse-
quently, arbitrary MN input and output ports are 

connected by changing the state of the MCS and 
LO wavelength at the LO bank. Although the 

EDFA is a relatively expensive device, the per-
port cost is reasonable as it is shared by plural 

output ports (S or SL). 
The previous study [13] implemented filter sec-

tion by combining 1 × SL splitter and SL silicon ring 

filters. For this paper, we develop a cascaded 

fast-tuneable silicon ring filter covering the entire 
C-band. Unlike the previous configuration, this 

eliminates excessive splitter loss and many inter-
connects between the splitter and TFs. For SL =
 8, the total fibre-to-fibre IL is reduced from 19.75 

dB to 11.06 dB as measured in the experiments. 
For the MN = 1,856 scale LO bank, the reduced 

number of splitters is 232, and that of intercon-
nect fibres is 1,856. The reductions become more 

prominent as the switch port count increases. Hit-
less operation is needed for cascaded ring filters, 

which is reported in next section. 

Fabrication of 8-cascaded silicon ring filter 
We fabricated a hitless and widely-tuneable filter 

by integrating 8-cascaded second-order ring res-
onators on a single silicon chip. As schematically 

illustrated in Fig. 2(a), each ring section consists 
of a bypass path and second-order ring resonator 

path, one of which is selected by Mach-Zehnder 
interferometers (MZIs) at both sides of the ring. 

In the ring resonator, the Vernier effect induced 
by the double-ring structure is employed to 

achieve wide FSR [17]. The resonance wave-
length is thermo-optically tuned by activating 

heaters placed on the ring resonators. The tuning 
speed is accelerated by the introduction of the 

Turbo-pulse heater control scheme [18]. Figures 

2(b) and 2(c) show photographs of the 8-cas-
caded ring filter chip and module, respectively. 

The footprint of the optical filter is 2.4 × 2.9 mm2. 

All components were designed to operate in 
transverse electric (TE) mode. The average fibre-

to-fibre IL over the C-band (35 nm) was 11.06 dB, 
which includes 3-dB drop loss of the ring, 0.18-

dB propagation loss between ring reconnectors, 
and 3.4-dB fibre coupling loss per facet. 

Figure 2(d) presents the eight Drop-port re-
sponses measured by using an amplified sponta-

neous emission (ASE) light source and optical 
spectral analyser. Assuming the ITU-T 37.5-GHz 

grid on a C-band, we selected the eight Drop-port 
wavelengths (Ch.1 – Ch.8) that yielded maximum 

IL of the optical filter (i.e., worst case). The aver-
age 3-dB bandwidth is 10.8 GHz with high side-

band suppression of >18 dB. The FSR is larger 
than 40 nm by virtue of the Vernier effect. In ad-

dition to the 11.06-dB average fibre-to-fibre IL, an 
excess loss of ~5 dB (ch.2) is caused by thermal 

crosstalk from nearby devices. The dynamic 
switching performance is shown in Fig. 2(e), 

where the optical power transition was measured 
by changing the filtering wavelength from 

1538.78 nm to 1538.48 nm at the Drop port 1. In 
the switching process, the initial wavelength 

(1538.78 nm) was disconnected by selecting the 
bypass using the input/output MZI switches. Dur-

ing the disconnection phase, the ring resonators 
are rapidly heated to retune to the target wave-

length (1538.48 nm). The wavelength tuning is 

 
Fig. 1: (a) Proposed MN × MN optical circuit switch archi-

tecture based on LO bank. (b) Configuration of hitless and 

fast-tuneable LO bank for large-scale optical switch. 

 
Fig. 2: Newly fabricated 8-cascaded silicon ring filter. (a) 

Structure. Photographs of the filter (b) chip and (c) module. 

(d) Measured transmission spectra from eight Drop ports. 

(e) Power transition observed at Drop ports 1 and 8. 
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complete by reconnecting the Through (Bypass) 
port to the Drop port. As indicated in Fig. 2(e), we 

achieved hitless wavelength tuning by keeping 
the temporal waveform almost unaffected during 

the other Drop-port operation. Wavelength tuning 
operation of the Drop port 1 can be completed 
very rapidly (≤15 μs), thanks to the Turbo-pulse 

heater driving. Here, the tested wavelengths 

yielded the longest (i.e., worst) tuning time in all 
channel combinations. 

Experiments 
The applicability of the fabricated silicon ring filter 
to a 1,856 × 1,856 optical switch (M = 32, N = 58) 

was verified using the experimental setup of Fig. 

3. At the transmitter, the outputs of eight LDs 
were combined with an 8 × 1 optical coupler and 

then fed to a dual-polarization IQ modulator (DP-
IQM) for data modulation. Their wavelengths 

were set to match those of Fig. 2(d). The DP-IQM 
was driven by an arbitrary waveform generator 

(AWG) with a sampling rate of 64 GSa/s to create 
32-Gbaud DP-QPSK signals. The waveform had 

a root-Nyquist spectral shape after a root-raised-
cosine filter with a roll-off factor of 0.1. The mod-

ulated signals were coupled with spectrally-
shaped ASE (SS-ASE) light using a wavelength 

selective switch (WSS). This emulated 58 chan-
nels of 256-Gbps dual-carrier DP-QPSK placed 

on a 75-GHz grid [Fig. 3(a)]. The transmitted 
WDM signal was divided by a 1 × 16 splitter and 

amplified by an EDFA with saturation power of 21 
dBm. The amplified signal was further distributed 

by a 1 × 4 splitter and delivered to a 32 × 32 MCS 

before the receiver. 
At the LO bank, 37.5-GHz-spaced 116-chan-

nel LO subchannels were emulated by coupling 
eight LD lights with an SS-ASE light [Fig. 3(b)]. 

The eight wavelengths were tuned to match 
those of the modulated signals (Ch.1 – Ch.8). The 
multiwavelength LD light was divided by a 1 × 512 

splitter and further distributed by a 1 × 4 splitter 

after an EDFA. The distributed LD lights were di-

rected to the fabricated silicon ring filter with input 
power adjusted by an EDFA to 16 dBm. The filter 

extracted the target channel [Fig. 3(c)] and then 

sent to the receiver via a compact and low-cost 
preamplifier. At the receiver, the incoming signal 

was coherently detected by mixing with the LO 
light in an optical frond-end. No optical filters for 

the signal path were placed in front of the receiver 
(or after MCS) for colourless coherent detection. 

After the conversion into the electrical domain, 
the detected signal was analysed using a digital 

storage oscilloscope (DSO) followed by an offline 
digital signal processing (DSP). 

Figure 4 plots the measured BERs against the 
channel index, together with the hard-decision 

forward error correction (HD-FEC) limit [19]. Suc-
cessful colourless coherent detection of the eight 

signals was achieved with BERs below 1 × 10-3. 

Those BERs were attainable despite the excess 
loss (<5 dB) at the Drop ports of the ring filter as 

observed in Fig. 2(d). The undesirable excess 
loss will be minimized by applying automatic ther-

mal control [14, 20] and/or silicon waveguide lay-
out optimization [21]. 

Conclusions 
We experimentally demonstrated a 1,856 × 1,856 

optical switch using an LO bank, enabled by 
wavelength selection via novel cascaded silicon 

ring filters. Wavelength channels were switched 
within 14.8 μs in a hitless manner. 
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Fig. 3: Experimental setup of 1,856 × 1,856 optical switch with 32-Gbaud DP-QPSK signal (M = 32, N = 58, S = 4, and SL = 4). 

Measured spectra at (a) WDM transmitter, (b) wavelength bank, and (c) Drop port 7 of fabricated 8-cascaded silicon ring filter. 

 
Fig. 4: Measured BERs and signals of eight channels. 

Tu1F.5 European Conference on Optical Communication (ECOC) 2022 © 
Optica Publishing Group 2022

Disclaimer: Preliminary paper, subject to publisher revision



 

 

References 

[1] D. Alistarh, H. Ballani, P. Costa, A. Funnell, J. Benjamin, 
P. Watts, and B. Thomsen, “A high-radix, low-latency op-
tical switch for data centers,” in Proceedings Association 
for Computing Machinery’s Special Interest Group on 
Data Communications (ACM SIGCOMM’15), London, UK, 
2015, pp. 367–385. 
DOI: 10.1145/2785956.2790035 

[2] M. Ghobadi, R. Mahajan, A. Phanishayee, N. Devanur, J. 
Kulkarni, G. Ranade, P. Blanche, H. Rastegarfar, M. Glick, 
and D. Kilper, “ProjecToR: Agile reconfigurable data cen-
ter interconnect,” in Proceedings Association for Compu-
ting Machinery’s Special Interest Group on Data Commu-
nications (ACM SIGCOMM’16), Florianópolis, Brazil, 
2016, pp. 216–229. 
DOI: 10.1145/2934872.2934911 

[3] K. Sato, “Realization and application of large-scale fast 
optical circuit switch for data center networking,” 
IEEE/OSA Journal of Lightwave Technology, vol. 36, no. 
7, pp. 1411–1419, 2018.  
DOI: 10.1109/JLT.2018.2801308 

[4] S. J. B. Yoo, “Prospects and challenges of photonic 
switching in data centers and computing systems,” 
IEEE/OSA Journal of Lightwave Technology, vol. 40, no. 
8, pp. 2214–2243, 2022. 
DOI: 10.1109/JLT.2021.3136570 

[5] Y. Yin, R. Proietti, X. Ye, C. J. Nitta, V. Akella, and S. J. 
B. Yoo, “LIONS: An AWGR-based low-latency optical 
switch for high-performance computing and data centers,” 
IEEE Journal of Selected Topics in Quantum Electronics, 
vol. 19, no. 2, pp. 136–144, 2012. 
DOI: 10.1109/JSTQE.2012.220917  

[6] N. Terzenidis, M. Moralis-Pegios, G. Mourgias-Alexandris, 
T. Alexoudi, K. Vyrsokinos, and N. Pleros, “High-port and 
low-latency optical switches for disaggregated data cen-
ters: the Hipoλaos switch architecture,” Journal of Optical 
Communications and Networking, vol. 10, no. 7, pp. 
B102–B116, 2018. 
DOI: 10.1364/JOCN.10.00B102 

[7] K. Ueda, Y. Mori, H. Hasegawa, H. Matsuura, K. Ishii, H. 
Kuwatsuka, S. Namiki, T. Watanabe, and K.Sato, 
“Demonstration of 1,440 × 1,440 fast optical circuit switch 
for datacenter networking,” in Proceedings OptoElectron-
ics and Communications Conference /International Con-
ference on Photonics in Switching (OECC/PS), Nigata, 
Japan, 2016, Paper WF1-3. 

[8] Y. Mori, M. Ganbold, and K. Sato, “Design and evaluation 
of optical circuit switches for intra-datacenter networking”, 
IEEE/OSA Journal of Lightwave Technology, vol. 37, no. 
2, pp. 330–337, 2019. 
DOI: 10.1109/JLT.2019.2891209 

[9] R. Matsumoto, T. Inoue, R. Konoike, H. Matsuura, K. Su-
zuki, Y. Mori, K. Ikeda, S. Namiki, and K. Sato, “Scalable 
and fast optical circuit switch based on colorless coherent 
detection: design principle and experimental demonstra-
tion,” IEEE/OSA Journal of Lightwave Technology, vol. 39, 
no. 8, pp. 2263–2274, 2021. 
DOI: 10.1109/JLT.2021.3050734 

[10] R. Urata, H. Liu, X. Zhou, and A. Vahdat, “Datacenter in-
terconnect and networking: from evolution to holistic rev-
olution”, in Proceedings Optical Fiber Communication 
Conference (OFC), Los Angeles, CA, USA, 2017, Paper 
W3G.1. 

[11] X. Zhou, R. Urata, and H. Liu, “Beyond 1 Tb/s intra-data 
center interconnect technology: IM-DD or coherent?”, 
IEEE/OSA Journal of Lightwave Technology, vol. 38, no. 
2, pp. 475–484, 2020. 
DOI: 10.1109/JLT.2019.2956779 

[12] Optical Internetworking Forum (OIF), “800G Coherent,” 
https://www.oiforum.com/technical-work/hot-topics/800g-
coherent/, accessed on 10 May 2022. 

[13] R. Matsumoto, R. Konoike, H. Matsuura, K. Suzuki, T. In-
oue, Y. Mori, K. Ikeda, S. Namiki, and K. Sato, “Design 
and verification of LO bank enabled by fixed-wavelength 
lasers and fast tunable silicon ring filters for creating large 
scale optical switches,” Optics Express, vol. 29, no. 24, 
pp. 39930–39945, 2021. 
DOI: 10.1364/OE.439469 

[14] M. Hattink, L. Y. Dai, Z. Zhu, and K. Bergman, "Stream-
lined architecture for thermal control and stabilization of 
cascaded DWDM micro-ring filters bus," in Proceedings 
Optical Fiber Communication Conference (OFC), San Di-
ego, CA, USA, 2022, Paper W2A.2. 

[15] M. A. Popovic, T. Barwicz, M. S. Dahlem, F. Gan, C. W. 
Holzwarth, P. T. Rakich, M. R. Watts, H. I. Smith, F. X. 
Kärtner, and E. P. Ippen, "Hitless-reconfigurable and 
bandwidth-scalable silicon photonic circuits for telecom 
and interconnect applications," in Proceedings Optical Fi-
ber Communication Conference (OFC), San Diego, CA, 
USA, 2008, Paper OTuF4. 
DOI: 10.1109/OFC.2008.4528597 

[16] F. Morichetti, M. Milanizadeh, M. Petrini, F. Zanetto, G. 
Ferrari, D. O. Aguiar, E. Guglielmi, M. Sampietro, and A. 
Melloni, "Polarization-transparent silicon photonic add-
drop multiplexer with wideband hitless tuneability," Nature 
Communications, vol. 12, Article number: 4324, 2021. 
DOI: 10.1038/s41467-021-24640-5 

[17] J. Hulme, J. Doylend, and J. Bowers, “Widely tunable Ver-
nier ring laser on hybrid silicon,” Optics Express, vol. 21, 
no. 17, pp. 19718–19722, 2011. 
DOI: 10.1364/OE.21.019718 

[18] H. Matsuura, K. Suzuki, S. Suda, K. Ikeda, H. Kawashima, 
and S. Namiki, “Fast frequency tuning of silicon-photonic 
thermo-optic MZI filters using ‘Turbo Pulse’ method,” in 
Proceedings Optical Fiber Communication Conference 
(OFC), San Diego, CA, USA, 2018, Paper M4H.2. 

[19] International Telecommunication Union -Telecommunica-
tion Standardization Sector (ITU-T), “G.975.1 I.7 : Two or-
thogonally concatenated BCH super FEC code,” 
https://www.itu.int/ITU-T/recommendations/, accessed 
on 10 May 2022. 

[20] H. Jayatilleka, H. Shoman, R. Boeck, N. A. F. Jaeger, L. 
Chrostowski, and S. Shekhar, "Automatic configuration 
and wavelength locking of coupled silicon ring resona-
tors," IEEE/OSA Journal of Lightwave Technology, vol. 
36, no. 2, pp. 210–218, 2018. 
DOI: 10.1109/JLT.2017.2769962 

[21] O. Moriwaki and K. Suzuki, "Fast switching of 84 μs for 
silica-based PLC switch," in Proceedings Optical Fiber 
Communication Conference (OFC), San Diego, CA, USA, 
2020, Paper Th3B.5. 

Tu1F.5 European Conference on Optical Communication (ECOC) 2022 © 
Optica Publishing Group 2022

Disclaimer: Preliminary paper, subject to publisher revision


