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Abstract: Optical switches based on silicon (Si) nanowire waveguide
exhibit stable performance without active control of operating point owing
to its extremely small size. To verify reliability, we carried out simultaneous
operation of two Si-nanowire 8 X 8 optical switches in the optical path
network that was deployed in Tokyo metropolitan area using dark fibres.
System performance was studied transmitting 10-Gb/s WDM signals over
two optical paths that were configured in a way that transmitted signals went
through the 8 X 8 switches 10 times. Error free performance was achieved
over a week without any adjustment of the switches.
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1 Introduction

Low-energy, high-throughput, optical switches are essential to realize ultra-low
energy and ultra-low latency network based on dynamic optical path switching,
which we call dynamic optical path network (DOPN) [1]. Among various type of
optical switches, switches based on silicon photonics have advantages of high
speed, high-density integration, mass production, and low cost [2, 3, 4]. Recently,
we developed a polarization-insensitive 8 X 8 optical switch, which was based on
silicon (Si) nanowire waveguide, double-Mach-Zehnder switch elements [5]. In this
switch, off-chip polarization diversity is configured using two identical switch
chips, which are only 1.7mm x 7.7 mm. The 8 X 8 optical switch is assembled into
1RU blade to allow operation in the optical network with a power consumption of
18 W. Through multi-stage cascaded operation, it was confirmed that the switch had
throughput of 48.2 Tb/s and an energy efficiency of 0.37 pJ/bit was achieved [6].

On the other hand, for long-term stable operation of the switch, a scheme is
necessary to keep the switch elements in the optimum operating point under
changing environment. Such a scheme usually involves temperature control of
the switch chips and/or feedback control of each switch elements employing large
number of monitoring photodiodes [7, 8]. The optical switch based on Si-nanowire
waveguide technology, however, exhibits stable performance without any active
control owing to extremely small size, which is advantageous for nulling the effect
of environmental change. Actually, the switch elements constituting the 8 x 8
optical switch operate in the optimum condition by simply applying a constant
bias offset, whose value is predetermined and stored in a look-up table [9].

For practical application of the switches, however, it is indispensable to confirm
robustness and reliability through field operation. For this purpose, we constructed
a DOPN testbed in Tokyo metropolitan area using deployed commercial fibre
cables (dark fibres) and the Si-nanowire switch installed in central office. So far, the
testbed has been utilized to demonstrate dynamic routing of quantum stream cipher
taking advantage of signal format transparency, which is one of the attractive
features of DOPN [10].
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In this paper, we demonstrate, for the first time, simultaneous operation of two
Si-nanowire 8 X 8 switches deployed in the commercial field of Tokyo metropol-
itan area. We studied transmission characteristics for two optical paths that were
configured in such a way that transmitted signals went through Si-nanowire
switches 10 times in total. Stable performance was observed without any adjust-
ment of the switches for over a week, during which switching of two optical paths
was performed.

2 Tokyo DOPN testbed

Fig. 1a shows the configuration of DOPN testbed, which was deployed in Tokyo
metropolitan area. Currently, two sites (site-A and site-B) of author’s institution
(AIST in Tokyo Waterfront), the University of Tokyo and two private companies
(company-A, -B) are linked to an optical node (Node-1), which is located in Ginza,
by a pair of fibres. The optical node establishes an optical path between two end
users as soon as it receives user’s request.

(@ Tokyo metropolitan

Company-B Univ. Tokyo

Company-A

[ J
Kokubunji St. @ TOokyo St.

I AIST(site-A, -B) O
5km Tokyo Waterfront

(b) DCF

Bluebox

EDFA
SW-1
SW-2

Fig. 1. DOPN testbed deployed in Tokyo metropolitan area. (a)
Configuration of the network. Blue lines represent a link by a
pair of fibres. (b) Photograph of instruments that compose
Node-1.

So far, we have manufactured two Si-nanowire 8 X 8 switches, which have an
insertion loss of approximately 12 dB. One is used in Node-1 and the other is used
in Node-2, which will be described below. Fig. 1b shows the photograph of the
instruments that compose Node-1: two 8 X 8 optical switches (SW-1, -2), an 8-ch
EDFA, a dispersion compensation fibre (DCF: —660 ps/nm) and a node controller
(code name: Bluebox). Here, SW-1 is a commercial MEMS switch and SW-2 is the
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Si-nanowire switch. The 8-ch EDFA is used to compensate for the loss of the fiber
link and the Si-nanowire optical switch. Bluebox plays a role to control optical
devices obtained from different manufacturers using unified commands sent from a
network manager system [11].

When we conducted system evaluation of the testbed, two spans (“site-B <
Node-1” and “Tokyo Univ. < Node-1”) were unavailable. Thus, we temporally
established a second optical node (Node-2) in site-A and a new link between the
two sites of AIST (“site-A < site-B”). Node-2 consisted of a Si-nanowire 8 X 8
switch (SW-3), 8-ch and 1-ch EDFAs, a DCF (—660 ps/nm) and three bandpass
filters. The characteristics of each fiber link are shown in Table 1.

Table I. Characteristics of fibre links used in the experiment.

Span Fibre length Loss
Node-1 < Node-2 SMF: 14.8 km 9.5dB
Node-1 < Company-A SMF: 13.3km 7.8dB
Node-1 < Company-B SMF: 14.1km & DSF: 26.7 km 12.7dB
Node-2 < Site-B SMEF: 0.1 km 1dB

3 Experiment and results

We studied long-term system performance of the testbed using two field testers
(FT-1, -2) placed in site-A. The configuration of optical path used in the experiment
is shown in Fig. 2. To emulate a large scale optical path network, we made up
optical paths at Node-1 and Node-2 in such a way that transmitted signals went
through optical switches as many times as possible. In Node-2, signals went
through all the ports of SW-3. Whereas, signals went through SW-1 twice and
SW-2 once at every passage through Node-1. As a result, transmitted signals went
through optical switches 14 times in total (10 times through the Si-nanowire
switch). We note that only four input/output ports were used in SW-2 because
other ports were reserved for future users.

FT-1 and FT-2 generated 10-Gb/s OOK signals (PRBS: 2!°-1) at 1538.2nm
(ch.1) and 1539.0nm (ch.2), respectively. The two signals were multiplexed by a
3-dB optical coupler. A preliminary experiment showed that error free transmission
is achieved if signal with nominal output power is transmitted. Therefore, the signal
from TF-2 was attenuated before multiplexing so that temporal variation of the
error rate could be monitored. The signal power was —4.4 dBm and —11.0 dBm for
ch.1 and ch.2, respectively. The WDM signals were guided to Node-2, where the
signals were transmitted to Node-1 after passing SW-3 three times. At Node-1, two
switches (SW-1 and SW-2) directed the signals to company-A or company-B, from
where the signals were returned to Node-1. At Node-1, the signals were transmitted
to Node-2 in site-A and then transmitted to site-B after passing SW-3 four times. At
site-B, the signals were sent back to Node-2 and then guided to measurement
section by SW-3. In the measurement section, the two channels were demultiplexed
by a wavelength selective switch (WSS) and fed to the field tester for bit-error-rate
(BER) measurement. The received signal power was —3.7 dBm and —9.6 dBm for
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ch.1 and ch.2, respectively. The optical spectra of the received signals are shown in
Fig. 3.

In the experiment, room temperature was controlled in the location of Node-1.
However, to conduct the evaluation under non-ideal condition, temperature control
was turned off in site-A, where Node-2 and FTs were located. Although environ-
mental changes in site-A (temperature, pressure, humidity, etc.) were not moni-
tored, we recognized that room temperature changed more than 10 degree and
received signal power changed by approximately 0.5 dB under this condition.

AIST
A,=1537.4nm
Measurement
section
Node-1
(Ginza)
Company-B

YyYvYyYy

Company-A

path-II [ocF] I

v TN

Univ. of Tokyo —
path-I

—_~
N

Fig. 2. Experimental setup. White arrows in SW-1, -2, -3 show the path
settings when path-1 is selected. FT: Field tester, WSS:
Wavelength selective switch, DCF: Dispersion compensating
fibre, F: Optical bandpass filter.

We studied transmission characteristics for two optical paths (path-I and path-
II) by recording error count every 2 hours. In path-I, the signals transmitted from
Node-2 to Node-1 were transmitted to company-A and returned to Node-1. In path-
11, the signals transmitted from Node-2 to Node-1 were transmitted to company-B,
where the signals were returned to Node-1 after amplification by an EDFA. In both
optical paths, signals went through Si-nanowire switches 10 times in total (8 times
in SW-3 and 2 times in SW-2). In Fig. 2, path settings of SW-1, -2, -3 in the case of
path-I are indicated as an example.

Fig. 4 shows the temporal variation of BER measured for two channels over a
week. Here, BER was calculated based on the error count made in 2-hour measure-
ment time, which limited the lowest measurable BER to 1.4 x 10~'4. The measure-
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Fig. 3. Optical spectra of the received signals.
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Fig. 4. Temporal variation of BER measured for ch.1 (—) and ch.2 (e).

ment was started with path-I and, four days later, path was switched to path-II.
During the BER measurement, optical path was switched once by SW-1 while other
switches (SW-2 and SW-3) were operated in the same switch state. Error counting
was suspended during the period of path switching because received signals were
lost. For ch.1, transmitted power (Pt) and received power (Pr) were —4.4 dBm and
—3.7dBm, respectively. At this condition, no error was counted throughout the
measurement period and lowest limit (1.4 x 10™'%) is plotted as the measured value
of BER. For ch.2, signal transmission was performed with very small power:
Pr = —11.0dBm and Pg = —9.6 dBm. In spite of the very bad condition, measured
BER was always below 10~° with variation between 10~'* and 107'°. This
suggests that the two Si-nanowire switches were operating nearly in the optimum
condition. In this measurement, BER was very sensitive to the received signal
power because SNR was very low due to severely reduced transmitted signal power
and multiple amplification by the EDFAs (13 times in path-I and 14 times in path-
ID). In path-II, measured BER is slightly worse than in path-I, because signals
experienced one more amplification by an EDFA. There is a degrading tendency in
the long-term BER performance of ch.2. The reason for this is not clear, but it can
be accounted for if the received signal power decreased by ~0.5dB during the
measurement.

4 Discussions

The stable transmission characteristics observed in the DOPN testbed shows that
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two Si-nanowire 8 X 8 switches were operating properly without any adjustment for
a long time of period. The evaluation was performed in a severe condition, where
WDM signals transmitted silicon photonics switches 10 times in cascade. Specif-
ically, SW-3 was operated with all ports loaded condition. These results show that
optical switches based on Si-nanowire waveguide allow long-term reliable oper-
ation without any active control of the switch elements. This is a big advantage in
designing large scale optical switches.

We noted that the two silicon photonics switches have been used with no
adjustment or update of the look-up table for more than a year since they were
fabricated. During this time, one of the switches (SW-2) was shipped to/from USA
for the exhibition of an international conference (OFC2017, Los Angeles, 2017).
This suggests that the switches are robust enough against transportation and
environmental change. In addition, the stable performance presented here was
achieved by optical switches that employed off-chip polarization-diversity using
external PBSs. It is expected that rubostness and reliability would be enhanced in
the optical switches employing on-chip polarization-diversity scheme [12].

5 Conclusion

We operated two Si-nanowire 8 X 8 switches in the optical nodes of Tokyo
metropolitan DOPN testbed, where two optical paths was configured so that signals
went through Si-nanowire switches 10 times in total. Error free transmission of
10-Gb/s WDM signal was achieved for a week, during which optical path was
switched from path-I to path-1I. The results suggest that optical switches based on
Si-nanowire waveguide is available for practical application without employing
active control of switch elements.
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