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With the rapidly increasing bandwidth requirements of optical communication networks, compact and low-cost
large-scale optical switches become necessary. Silicon photonics is a promising technology due to its small foot-
print, cost competitiveness, and high bandwidth density. In this paper, we demonstrate a 12 x 12 silicon wave-
length routing switch employing cascaded arrayed waveguide gratings (AWGs) connected by a silicon waveguide
interconnection network on a single chip. We optimize the connecting strategy of the crossing structure to reduce
the switch’s footprint. We develop an algorithm based on minimum standard deviation to minimize the port-to-
port insertion loss (IL) fluctuation of the switch globally. The simulated port-to-port IL fluctuation decreases by
about 3 dB compared with that of the conventional one. The average measured port-to-port IL is 13.03 dB, with a
standard deviation of 0.78 dB and a fluctuation of 2.39 dB. The device can be used for wide applications in core
networks and data centers. © 2018 Chinese Laser Press

OCIS codes: (060.4265) Networks, wavelength routing; (130.3120) Integrated optics devices; (130.7408) Wavelength filtering

devices.
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1. INTRODUCTION

The emergence of new bandwidth-hungry internet applica-
tions, such as cloud computing, super-high-definition video,
and virtual reality, has driven dramatic internet traffic growth
in recent years. In backbone and metro networks, reconfigur-
able optical add/drop multiplexers become key elements
because they route optical signals directly in the optical domain
[1]. When the number of wavelengths transmitted and nodes
are large, compact and low-cost optical switches are urgently
required. Furthermore, data centers providing bulk data inter-
action are expected to reduce switching cost and power con-
sumption [2]. For this purpose, large-scale optical switches
with modular growth capabilities should be developed.

At present, there are many different types of optical
switching technologies, such as micro-electromechanical sys-
tem switches [3,4], semiconductor-optical-amplifier-based
switches [5,6], wavelength-selective switches [7], and wave-
length routing (WR) switches [8,9]. Switching scalability
and switching speed become two essential parameters to deter-
mine approach effectiveness [10]. The wavelength routing ap-
proach, which combines wavelength tunable lasers and arrayed
waveguide grating routers (AWGRs), exhibits some unique
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advantages. The switching time can be less than 100 ns,
and the switch port count is able to exceed 1000 x 1000.
Modular growth capability and lower total crosstalk level are
also strengths of WR switches. A 270 x 270 WR switch based
on a planar lightwave circuit platform was developed using
ninety 3 x 3 DC switches and three 90 x 90 arrayed waveguide
grating (AWG) subsystems [8]. However, the volume of such a
WR switch is still too large, and hundreds of fibers have to be
used to connect different subsystems.

Silicon photonics has made notable advances over the last
decade [11,12]. Silicon-on-insulator (SOI) is an attractive plat-
form with a compact footprint to resolve the above-mentioned
problems. Notice that an optical interconnection can be a main
barrier against realizing this. All cross connections have to be
done in a single layer. Therefore, low-loss and low-crosstalk
crossings are essential. Several approaches have been proposed
to reduce the crossing loss and crosstalk in recent years [13—16].
Meanwhile, the complexity of the interconnection network
may rapidly increase with the port number. Typically, some
short waveguides could be routed freely with no crossings,
but some long waveguides may encounter a dozen of crossings
[17], leading to a serious fluctuation of insertion loss (IL)
among all port-to-port paths and a degradation of transmission
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performance. Such an unbalanced IL feature may get worse,
along with the increasing port scale of WR switches.

In this work, we design and experimentally demonstrate an
on-chip 12 x 12 silicon WR switch based on cascaded cyclic
AWGs connected by an optimally designed silicon waveguide
interconnection network. To reduce the footprint of each cross-
ing structure, we propose a connecting strategy between each
cross node and straight waveguide. By considering the IL pro-
files of the AWGs and the interconnection network, we develop
an optimization algorithm based on minimum standard
deviation to minimize the port-to-port IL fluctuation of the
switch globally. With an ultracompact device footprint of
2.0 mm x 2.8 mm, the simulated IL fluctuation can be signifi-
cantly decreased to 0.37 dB, and the measured one of the fab-
ricated device is only 2.39 dB, which implies that the proposed
on-chip switch can be an excellent candidate of compact optical
switches for optical communication networks and data centers.

2. DESIGN

Theoretically, a WR switch consists of two groups of small
AWGs with different port counts, including N M x M cyclic
AWGs (front [f]-AWG) and M N x N AWGs (rear [r]-AWG)
[8]. It is capable of routing an input optical signal to any output
port by tuning to a selected wavelength at any input port.
Figure 1 shows an example of the wavelength routing character-
istics of the WR switch when N = 2 and M = 3. The pro-
posed 12 x 12 WR switch is designed on the SOI platform
with a 220 nm top silicon layer on top of a 2 pm oxide layer.
The switch consists of three 4 x 4 cyclic AWGs (f-AWG) and
four 3 x 3 cyclic AWGs (-AWG). The channel spacing of both
types of AWGs is 400 GHz. The free spectral ranges (FSRs) of
FAWG and ~AWG are 1600 and 1200 GHz, respectively.
Then, the effective FSR of the switch is 4800 GHz. The
f-AWGs and 7-AWGs are connected with a 12 x 12 silicon
waveguide interconnection network. The designed central
frequencies of the total 12 wavelength channels of the 12 x
12 WR switch are from 191.05 THz to 195.45 THz.

In the interconnection network, there would be a large
number of waveguide crossings. Simple crossings may exhibit
high loss due to excitation of radiation modes and high cross-
talk by coupling to the guided modes of the intersecting
waveguide [18]. Here, elliptical crossings are used to reduce
insertion loss and crosstalk [19]. In general, we may realize
all crossings using fourfold symmetric 2 x 2 crossings if the
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Fig. 1. Diagram of wavelength routing of a 6x 6 WR switch
(N = 2 and M = 3). Six kinds of small blocks with different colors

represent different wavelengths.
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device footprint is large enough. However, as the scale of
switch ports increases, the number of crossings will increase
significantly, probably leading to an aggressively expanded
footprint to maintain low crosstalk between adjacent 2 x 2
crossings. Thus, we propose to use sixfold symmetric 3 x 3
elliptical crossings to realize a more compact interconnection
network. Using Lumerical FDTD Solutions, we designed ellip-
tical crossings by optimizing the geometric parameters [19]. To
obtain a small footprint, the length of crossings is limited to be
less than 20 pm. Figure 2 shows the simulated ILs versus
the length of semi-major axis (#) and semi-minor axis () of
the elliptical region. For the optimized 2 x 2 crossing, the IL
is 0.18 dB with # and 4 of 8.5 pm and 1.5 pm, respectively.
And, for the optimized 3 x 3 crossing, the IL is 0.48 dB with a
and 4 of 9 pm and 1.5 pm, respectively.

In practice, bent waveguides will be employed to connect
freely routed straight silicon waveguides and the crossings with
fixed intersection angles. To reduce the space occupied by such
bends, we propose an optimized connecting strategy based on
the fan-out angle (0) between the straight waveguide and the
major axis of the elliptical region of the crossing. In this work,
we set the radius of all bends (7) to be 20 pim to minimize bend-
ing loss. Generally, as shown in Fig. 3(b), two bends, 1 and 2,
are connected with the elliptical region, and another two bends,
3 and 4, are connected with the straight waveguides. Bends 1
and 3, as well as 2 and 4, are tangent. Then, the lengths of the
two sides of the connecting area can be expressed as

L.=max[(a+2-7-sin f-r-sinf)-2,(a+7r)-2], (1)

Ly=max[b-2,(r-2-r-cos p+r-cos 0)-2], (2)

where L, and L, represent the lengths of horizontal and vertical
sides of the connecting area, respectively, and @ and f are the

central angles of the two types of bends, respectively, which can
be obtained by

r+7r-cos@-a-sin @

= B 3
Q = arccos 2., Q)

B=a+0. @)

Figure 3(d) shows the profiles of L., L,, and the rectangular
area S(L, x L,) versus different fan-out angles. We can find that
L, increases at first and reaches a peak value at @ = 36.9°, while
it decreases after that until @ = 58.5° and finally equals
2(a + ). At the same time, both Z, and § almost monoton-
ically increase with the increase of 6. Thus, during the process
of connecting straight waveguides and elliptical regions of
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Fig. 2. Simulated ILs of (a) 2 x 2 crossings and (b) 3 x 3 crossings as
a function of semi-major axis # and semi-minor axis & of the elliptical
region.
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Fig. 3. (a)—(c) Diagrams of three connecting cases when the fan-out
angle (0) is 0°, 45°, and 90°, respectively, and related parameters are
marked. (d) Horizontal length (,), longitudinal length (Z,), and

square area (S) of the connecting area as a function of 0.

crossings, we should try to decrease the fan-out angles by rotat-
ing the crossings or straight waveguides to reduce the device
footprint.

As for the IL fluctuation among all port-to-port paths of the
switch, it mainly comes from two aspects. One is the nonuni-
form IL feature of each AWG, which is defined as the difference
in IL between the central channel and the outer channels [20].
The other is the difference in the number of crossings among
the 12 paths of the interconnection network. For a conven-
tional configuration of such a network, the jth output port
of the ith FAWG is connected with the 7th input port of
the jth 7-AWG, where 7 and ;j are the respective indices of
the FAWGs/r-AWGs, respectively [8]. In fact, to realize a non-
blocking WR switch, it is required only that different output
ports of each f-AWG should be connected with input ports of
different 7~-AWGs, respectively. There is room to optimize the
interconnection network to obtain a trade-off between the IL
fluctuation and the average IL.

First, for each f-AWG, four output ports are assigned to
connect with four 7-AWGs, so the number of possible assign-
ments of each f-AWG is 4!. Then, the three input ports of each
r-AWG are assigned to connect with three output ports from
three different /-AWGs, so the number of possible assignments
of each 7-AWG is 3!. As a result, the total number of possible
connection configurations is (4!)? x (3!)4. Here, we may theo-
retically analyze the IL profile of each possible configuration
and select the best one as the optimized scheme. In general,
we draw the logical connection matrix of each possible configu-

ration first. Then, we replace each logical cross node of each
connection with one 2 x 2 crossing based on the connecting
strategy we proposed before. If two neighboring cross nodes
are too close to place two 2 x 2 crossings, one 3 x 3 crossing
is used to bridge the related three waveguides. The simulated
ILs of 2 x 2 and 3 x 3 crossings are 0.18 dB and 0.48 dB, as
mentioned above. The simulated central ILs of the 3 x 3 AWG
and the 4 x 4 AWG are 1.26 dB and 1.42 dB, respectively, and
their IL fluctuations are 1.26 dB and 1.57 dB, respectively.
Finally, we use the standard deviation to evaluate the
port-to-port IL fluctuation of the switch, given by

(5)

where Ax and x are the standard deviation and the mean value
of the ILs of the 12 paths, respectively, and x; is the IL of the ith
path. For simplicity, the signal is injected into the central input
ports of f-AWGs and coupled out from the central output
ports of -AWGs to evaluate the port-to-port IL performance
versus the path number of the connection network. In our sim-
ulations, a minimized Ax is preferred. The optimized logical
connection configuration given in Figs. 4(a) and 4(b) shows
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Fig. 4. (a) Optimized interconnection network of the 12 x 12 WR
switch. (b) Simulated port-to-port IL profiles of the conventional and
the optimized interconnection networks.
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the simulated IL profiles of the conventional and optimized
configuration. It can be found clearly that the performance
of IL fluctuation is greatly improved. Specifically, the IL fluc-
tuation of the conventional configuration reaches 3.37 dB,
while the optimized one is significantly decreased to 0.37 dB.
At the same time, a decreased IL fluctuation comes at the
expense of increased average IL. The average IL increases to
5.30 dB after optimization, which is slightly larger than
4.91 dB of the conventional one.

3. FABRICATION AND MEASUREMENT

We fabricated the proposed 12 x 12 WR switch on an SOI wa-
fer with a 220 nm silicon top layer and a 2 pm silica substrate.
The pattern is defined using electron beam lithography with a
330 nm ZEP-520A resist layer spun on the samples. Then, the
top silicon layer is etched using inductively couple plasma
etching technology.

Figure 5 shows the microscope image of the fabricated
12 x 12 silicon WR switch consisting of three 4 x4 cyclic
AWGs, four 3 x 3 cyclic AWGs, and one 12 x 12 interconnec-
tion network. Two 3 x 3 and 252 x 2 crossings are used in the
physical interconnection network with the same configuration
as the logical one given in Fig. 4(a). A pair of uniform grating
couplers are used to couple the light into and out of the silicon
waveguides. We also fabricated stand-alone f-AWGs, -AWGs,
and interconnection networks, which were coupled directly
with grating couplers for measuring the IL performance
independently.

The measured IL profiles are given in Fig. 6. The measured
central frequencies of the total 12 wavelength channels are from

191.54 THz to 195.78 THz. The measured average ILs of

Fig. 5. Microscope image of the fabricated 12 x 12 silicon WR
switch and zoomed-in crossing structure.
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Fig. 6. (a) Measured ILs of 3x3 AWG and 4x4 AWG.
(b) Measured total IL of the 12 x 12 silicon WR switch for different
transmission paths, reference interconnection network IL and AWG
IL, which is given by subtracting the average reference interconnection
network IL from the average total IL.

2x2 crossings and 3x3 crossings are 0.29 dB and
0.84 dB, respectively. As shown in Fig. 6(a), the measured aver-
age ILs of f-AWGs and »-AWGs are 3.76 dB and 3.00 dB,
respectively. For both types of AWGs, the ILs of the outer chan-
nels are significantly larger than that of the central channel. The
IL fluctuations caused by the nonuniformity of the f-AWG
and the r-AWG are 1.65 dB and 1.37 dB, respectively. In
Fig. 6(b), the average measured profiles of the total port-to-port
IL and reference interconnection networks’ ILs are given.
Furthermore, an estimated average IL profile introduced by
both f-AWG and r-AWG is also shown by subtracting the
average interconnection network IL from the average total IL.
As expected, the IL profile of the interconnection network
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Fig. 7. Measured bit error rate (BER) curves at 10 Gb/s and eye
diagram when received optical power is ~20 dBm.
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drops sharply at the two outer paths and maintains a small IL
ripple at other paths. The measured total IL in average is
13.03 dB, with a standard deviation of 0.78 dB and a fluc-
tuation of 2.39 dB. We also found that the interconnection
network IL profile was robust to fabrication errors. But the cen-
tral wavelength mismatch between the two channels of the
f-AWG and 7-AWG in each routing path was more likely
to be affected by fabrication errors, leading to extra losses in
some paths and an increasing port-to-port IL fluctuation.
We also measured the bit error rate of the 12 x 12 silicon
WR switch at 10 Gb/s, as shown in Fig. 7.

4. CONCLUSION

In this paper, we demonstrated an on-chip 12 x 12 WR switch
based on cascaded small AWGs on an SOI platform. This WR
switch consists of three 4 x 4 cyclic AWGs and four 3 x 3 cyclic
AWGs connected by a silicon waveguide interconnection net-
work. We proposed the connecting strategy based on the fan-
out angle between the straight waveguide and the major axis of
the elliptical region of the crossing to reduce the footprint. We
also developed the optimized algorithm based on minimum
standard deviation to minimize the port-to-port IL fluctuation
of the switch derived from the nonuniformity of AWGs and the
difference of the number of crossings in different paths.
Compared with the conventional one, the simulated IL fluc-
tuation decreases by 3 dB. Then, we fabricated the optimized
12 x 12 WR switch on the SOI wafer. The measured total IL in
average is 13.03 dB, with a standard deviation of 0.78 dB and a
fluctuation of 2.39 dB. It may offer great prospects for appli-
cations on compact optical switches in optical communication
networks and data centers.
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