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We propose and experimentally demonstrate compact on-chip 1 x 2 wavelength selective switches (WSSs) based
on silicon microring resonators (MRRs) with nested pairs of subrings (NPSs). Owing to the resonance splitting
induced by the inner NPSs, the proposed devices are capable of performing selective channel routing at certain
resonance wavelengths of the outer MRRs. System demonstration of dynamic channel routing using fabricated
devices with one and two NPSs is carried out for 10 Gb/s non-return-to-zero signal. The experimental results
verify the effectiveness of the fabricated devices as compact on-chip WSSs. © 2014 Chinese Laser Press
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1. INTRODUCTION

Ever-increasing network capacity and efficiency are driving
the demand for high-performance channel management tech-
nologies in wavelength division multiplexing (WDM) optical
communication networks. Reconfigurable optical add-drop
multiplexers (ROADMs), which enable flexible management
and reconfigurable provisioning of wavelength channels,
are key building blocks for next-generation WDM networks
[1,2]. Wavelength selective switches (WSSs) are core compo-
nents in ROADMs [1-5]. By controlling the transmission of
each individual channel, a WSS serves as a reconfigurable
node to interchange wavelength channels amongst various
routes.

A number of schemes have been proposed to implement
WSSs based on microelectromechanical systems (MEMS)
[6,7], liquid crystal (LC) [8,9], silica-based planar lightwave
circuits (PLCs) [10,11], and silicon photonic wire waveguides
(PWWs) [12-14]. Among them, WSSs based on silicon
PWWs can offer a competitive edge in the deployment of
cost-effective on-chip ROADM systems due to the capability
for large-scale integration leveraging from well-developed
silicon-based fabrication technologies. Moreover, the high
refractive-index contrast and strong light confinement of sil-
icon PWWs fabricated on a silicon-on-insulator (SOI) platform
also allow for photonic devices with reduced sizes. Since sil-
icon microring resonators (MRRs) are compact comb filters
employed for optical networks-on-chip (NoCs) [15,16], it
would be desired to implement an integrated WSS by selec-
tively routing certain resonance channels of a MRR. However,
it has been proved to be difficult to control certain resonances
of a single MRR without affecting the others [17].
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In this paper, a scheme to implement compact on-chip 1 x 2
WSSs based on silicon MRRs with nested pairs of subrings
(NPSs) is proposed and experimentally demonstrated. Due
to the resonance splitting caused by the inner NPSs, the
proposed devices can be used to selectively route certain res-
onance channels of the outer MRRs without affecting the
unrouted channels. Compared to on-chip silicon WSSs imple-
mented by Mach-Zehnder interferometers (MZIs) [13] or cas-
caded MRRs [14], the proposed devices based on embedded
ring resonators [18-21] possess more compact footprints due
to an effective utilization of the area inside the resonant
cavities. Moreover, the selective manipulation of equally
spaced resonance notches/peaks of the same MRR also avoids
precise tuning of wavelength channels from different MRRs.
System demonstration of dynamic channel routing for
10 Gb/s non-return-to-zero (NRZ) signal is performed using
fabricated devices with one and two NPSs. The experimental
results validate the feasibility of the proposed scheme as a sol-
ution to implement compact on-chip WSSs.

2. DEVICE CONFIGURATION AND
OPERATION PRINCIPLE

Figure 1(a) illustrates the schematic configuration of the pro-
posed MRR with one NPS. A pair of mutually coupled subrings
is nested inside the outer MRR, which excites a mode circu-
lating in a direction opposite to that of the intrinsic mode
in the outer MRR. Owing to mutual coupling between the
two degenerated modes circulating in opposite directions
[22-24], there are split resonances in the transmission
spectra from port IN to ports OUT1 and OUTZ2, as shown in
Figs. 2(a) and 2(b), respectively. The transmission spectra are
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Fig. 1. (a) Schematic configuration of the proposed MRR with one

NPS. (b) Zoom-in view of NPS marked with dashed box in (a).
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Fig. 2. (a) Normalized transmission spectrum from IN to OUTI.
(b) Normalized transmission spectrum from IN to OUT2. (¢) Zoom-
in view of (a) and (b) in the wavelength range of 1551.8-1555.8 nm.

calculated by using the scattering matrix method [25,26].
The transfer functions from IN to OUT1 and OUT2 can be
expressed as
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where Mr and Mp denote the transfer functions for
the through and drop ports of the NPS shown in Fig. 1(b),
respectively, which can be given by
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In Egs. (1)-(4), r; and «; (¢ = 1,2) are the transmission and
crosscoupling coefficients of the two kinds of directional cou-
plers with straight coupling lengths of L; (7 = 1,2), respec-
tively. A and a are the transmission factors along the outer
ring and one of the inner subrings, respectively. ® and ¢
are the phase shifts along the outer ring and one of the inner
subrings, respectively.

The structural parameters are chosen as follows: the gap
size in the coupling regions is 0.18 pm, and the straight cou-
pling lengths are L; =4 pm and Ly, = 2 pm. The radius of
each subring is R = 10 pm, and the circumference of the outer
ring is four times as large as that of each subring. For silicon
PWWs with a cross section of 500 nm x 220 nm, the calcu-
lated transmission coefficients of the directional couplers us-
ing Lumerical finite-difference time-domain (FDTD) solutions
are r; = 0.9192 and r, = 0.9700. We also assume that the
waveguide group index of the transverse electric (TE) mode
is n,; = 4.3350 and the waveguide transmission loss factor is
a = 4.3 dB/cm, which are based on experimental measure-
ments of our previously fabricated devices with the same fab-
rication process [26]. In Figs. 2(a) and 2(b), one can see that
there is a split resonance in a period of ~8 nm wavelength
range that covers four free spectral ranges (F'SRs) of the outer
MRR. The power transmissions at the central wavelengths of
the split resonances are ~18 dB lower than those of the un-
split resonances in Fig. 2(a), whereas the power transmissions
at the central wavelengths of the split resonances are ~20 dB
higher than those of the unsplit resonances in Fig. 2(b); i.e.,
the extinction ratios at OUT1 and OUT2 are ~18 and ~20 dB,
respectively. The difference in power transmissions between
the split and unsplit resonances can be used to route certain
resonance wavelength channels of the outer MRR from
OUT1 to OUT2. The intrinsic insertion losses at OUT1 and
OUT2 caused by the counter-traveling mode are ~0.9 and
~1.1 dB, respectively. Due to the additional insertion losses,
the power consumption is relatively higher than the WSSs
based on MZIs [13] and cascaded MRRs [14]. Stronger cou-
pling between the NPS and the outer MRR, as well as lower
loss, would lead to higher extinction ratios between the split
and unsplit resonances. The 3 dB bandwidth of the central
transmission peak in Fig. 2(c) is ~0.282 nm, i.e., ~35 GHz,
which is defined as the processing bandwidth. A larger
processing bandwidth could be achieved by increasing the
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coupling strength between the outer ring and the straight
waveguides. An increase in the ratio of the circumference
of the outer ring to that of the inner subring would result
in a period covering more FSRs, thus leading to an increased
number of available wavelength channels that can be handled
by a MRR with one NPS. By introducing more NPSs in the
outer MRR, the proposed device can be used to selectively
route more wavelength channels within the avalaible chan-
nels. A 1 x N WSS can be further implemented by cascading
N-1 MRRs with NPS.

3. DEVICE FABRICATION AND MEASURED
SPECTRA

The designed devices based on the above principle were fab-
ricated on an 8 in. SOI wafer with a 220-nm-thick top silicon
layer and a 2-pm-thick buried dioxide layer. The micrographs
of the fabricated devices with one and two NPSs are shown in
Figs. 3(a) and 3(b), respectively. The device footprints are
~140 pm x 40 pm and ~240 pm x 40 pm  accordingly. The
same design parameters were used for the two devices, ex-
cept that the circumference of the outer ring for the device
with two NPSs was six times as large as that of each subring.
248-nm deep ultraviolet (DUV) photolithography was utilized
to define the layout, and an inductively coupled plasma (ICP)

(b)

Fig. 3. Micrograph of the fabricated devices with (a) one and (b) two
NPSs.
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etching process was used to etch the top silicon layer.
Thermo-optic microheaters (TO-MHs) were fabricated along
the NPS to tune the central wavelengths of the split resonan-
ces without shifting the resonance wavelengths of the outer
MRR. Grating couplers for TE polarization were employed
at the ends to couple light into and out of the devices with
single-mode fibers.

The measured transmission spectra from IN to OUT2 and
OUT1 of the fabricated device with one NPS are shown in
Figs. 4(a) and 4(c), respectively. The on-chip insertion losses
at OUT1 and OUT2 are ~10.5 and ~11.0 dB, respectively. The
insertion losses are mainly attributed to the fiber-to-chip cou-
pling loss of ~4.5 dB/facet induced by the vertical coupling
system. The zoom-in spectrum around one of the split reso-
nances at 4; in Fig. 4(a) is fitted by the dashed curve calcu-
lated from Egs. (1) and (2), as shown in Fig. 4(b). The 3 dB
bandwidth of the central transmission peak is ~0.238 nm,
which corresponds to a processing bandwidth of ~30 GHz.
By further increasing the coupling length in the coupling
regions, a larger processing bandwidth could be obtained.
It can be seen that the measured curve fits well with the
simulated one. The fitting parameters are 7;~0.9208,
r120.9712, a ~ 4.6 dB/cm, and n, =~ 4.3310, which are consis-
tent with our expectations before fabrication. In Fig. 4(a), 41,
A9, 43, and 44 denote the central wavelengths of four adjacent
resonances of the outer MRR in a ~6.0 nm wavelength range.
The resonance at 1; = 1544.816 nm is split, whereas the
resonances at 4, = 1546.815 nm, A3 = 1548.814 nm, and 4, =
1550.813 nm are not. The extinction ratios at OUT1 and
OUT2 are ~18 and ~19 dB, respectively, which are compa-
rable with the WSSs based on cascaded MRRs in Ref. [14]
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Fig. 4. (a) Measured transmission spectrum from IN to OUT2 of the
fabricated device with one NPS. (b) Zoom-in spectrum around one
split resonance at 4, in (a) fitted by the dashed curve calculated from
Egs. (1) and (2). (¢)—(f) Measured transmission spectra from IN to
OUT1 when the power applied to the microheater is 0.0, 5.8, 11.1,
and 16.1 mW, respectively.
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Fig. 5. Measured transmission spectra from IN to OUT1 of the fab-
ricated device with two NPSs when the power applied to the micro-
heater along one of the two NPSs is (a) 0.0, (b) 4.5, (¢) 8.8, (d) 13.0,
(e) 17.0, and (f) 20.7 mW, respectively.

and slightly lower than the WSSs based on MZIs in Ref. [13].
Increased extinction ratios can be achieved by further opti-
mizing the waveguide transmission loss and the coupling
between the NPS and the outer MRR.

By applying a direct-current (DC) voltage to the TO-MH
along the NPS, one can selectively block any wavelength
channel at OUT1 and route it to OUT2 within a period. When
the power applied to the TO-MH is 5.8, 11.1, and 16.1 mW, the
measured transmission spectra from IN to OUT1 are shown in
Figs. 4(d), 4(e), and 4(f), respectively. There are split resonan-
ces at Ay, 43, and 44 in Figs. 4(d), 4(e), and 4(f), respectively,
thus leading to selective channel routing at 15, 13, and 44 from
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OUT1 to OUT2 accordingly. In our experiment, it takes ~10 s
for the split resonances tuning over one FSR of the outer ring
to reach a steady state. During the tuning process, the reso-
nance wavelengths of the outer MRR are almost fixed, with a
redshift smaller than ~0.1 nm. The wavelength redshifts are
mainly induced by heating crosstalk, which can be compen-
sated by adaptively tuning the resonance wavelengths of
the outer ring resonator in a blueshift direction. By electrically
tuning the NPS through carrier injection [27], the wavelength
redshift can be further reduced.

The measured transmission spectrum from IN to OUT1 of
the fabricated device with two NPSs is shown in Fig. 5(a),
where 1}-4; denote six adjacent resonance wavelengths of
the outer MRR in a ~6.6 nm wavelength range. There are iden-
tical split resonances induced by the two NPSs, thus resulting
in channel blocking at 4} with an increased extinction ratio.
When the power applied to the TO-MH along one of the
two NPSs is 4.5, 8.8, 13.0, 17.0, and 20.7 mW, the measured
transmission spectra from IN to OUT1 are shown in Figs. 5(b),
5(c), 5(d), 5(e), and 5(f), respectively. There are split resonan-
ces at Ay, 45, 4, 45, and 4;; in Figs. 5(b), 5(c), 5(d), 5(e), and 5(f),
respectively, allowing for selective channel routing from
OUT1 to OUT2 at these wavelengths. The processing band-
width of the fabricated device with two NPSs is ~26 GHz,
and the extinction ratios at OUT1 and OUT2 are ~17.5 and
~18.0 dB, respectively.

4. SYSTEM DEMONSTRATION OF
DYNAMIC CHANNEL ROUTING

We use the experimental setup shown in Fig. 6 to test the per-
formance of the fabricated devices as on-chip 1 x 2 WSSs. A
Mach-Zehnder modulator (MZM) driven by a 10 Gb/s electri-
cal pseudo random bit sequence (PRBS) signal from a pulse
pattern generator (PPG) is used to modulate the continuous-
wave (CW) light from a tunable laser. The MZM is biased at the
quadrature point of the transmission curve to generate NRZ
signal. The generated NRZ signal is amplified by an erbium-
doped fiber amplifier (EDFA) followed by a tunable band-pass
filter (BPF) to suppress the amplified spontaneous emission
(ASE) noise. A polarization controller (PC) is inserted before
the device under test (DUT) to make sure that the input signal

One NPS Two NPSs

Tunable Laser MZM

EDFA BPF

Fig. 6. Experimental setup for system demonstration of dynamic channel routing using the fabricated device. VOA, variable optical

attenuator.



Wu et al.

>
>
[
>
&

0.0 mW

5.8 mW

1.1 mW

16.1 mW

N

(a-l) OUT1

>
“-
>
Q_

0.0 mW

4.5 mW

8.8 mW

13.0 mW

17.0 mW

20.7 mW

~I
W.

(b-1) OUT1

<
<)

=)
o

13

Z,
o
—
~
=
@
=2
=
]
]
)
S
=
3t
-
o)
=
Q
=+
o
=1
=)
@
w»n

)

z

A;

0.0 mW

58 mwW

(]

11.1 mW
16.1 mW
(a-Il) OUT2
Ay Az Ay’ Ay As' Ag'
X 1T 1T 11T
OO0 ————
o0 —
—RXl—

o4 | pad [ |
— -""'- --=-

A~ e
a4 | | | AAS

(b-1l) OUT2

Fig. 7. Eye diagrams of 10 Gb/s NRZ signal output from (a-I) OUT1 and (a-II) OUT2 of the fabricated device with one NPS at wavelengths of 1,44
when the heating power is 0.0, 5.8, 11.1, and 16.1 mW, respectively. Eye diagrams of 10 Gb/s NRZ signal output from (b-I) OUT1 and (b-II) OUT2 of
the fabricated device with two NPSs at wavelengths of 1;-1; when the heating power is 0.0, 4.5, 8.8, 13.0, 17.0, and 20.7 mW, respectively.

is TE polarized, followed by an isolator to block the undesired
counter-traveling mode. A vertical coupling system is
employed to couple light into and out of the DUT. The signal
output from the DUT is split into two parts by a 90:10 fiber
splitter. One part is fed into an optical spectrum analyzer
(OSA), and the other is amplified by another EDFA and passes
through a second BPF to suppress the ASE noise before finally
being sent to an oscilloscope.

When the wavelength of the CW light is set to 1, 45, 43, and
A4 in Fig. 4(a), the eye diagrams of the signal output from
OUT1 are shown in Fig. 7(a-I) accordingly. The input NRZ
signal is blocked at 1; due to resonance splitting, and one
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cannot observe the opened eye diagram at this wavelength
channel. When the power applied to the TO-MH is 5.8, 11.1,
and 16.1 mW, the input NRZ signal is blocked at 15, 13, and
A4 with closed eye diagrams observed, respectively. On the
other hand, the eye diagrams of the signal output from
OUT2 when the wavelength of the CW light is set to 4, 4s,
A3, and A4 in Fig. 4(a) are shown in Fig. 7(a-II). The wavelength
channel at 4, is routed to OUT2 with an opened eye diagram,
whereas it is blocked at 4y, 43, and A4 with closed eye dia-
grams. By tuning the power applied to the TO-MH along
the NPS, the wavelength channels at 1,, 13, and 4, can be
routed to OUT2 with opened eye diagrams observed.
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Fig. 8. BER curves measured with the fabricated devices with (a) one and (b) two NPSs.
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Similarly, the eye diagrams of 10 Gb/s NRZ signal output from
OUT1 and OUT2 of the fabricated device with two NPSs are
shown in Figs. 7(b-I) and 7(b-II), respectively. By tuning the
power applied to the TO-MH along one of the two NPSs, the
wavelength channels at 45, 15, 43, 45, and 4; can be selectively
routed to OUT2. The wavelength channel at 4] remains blocked
at OUT1 since it is routed to OUT2 by the other NPS without
being thermally tuned. All four sets of experimental results in
Fig. 7 verify the effectiveness of the fabricated devices as on-
chip 1 x 2 WSSs routing up to six wavelength channels. The
BER curves measured with the fabricated devices with one
and two NPSs are shown in Figs. 8(a) and 8(b), respectively.
The power penalties are ~1.2/1.0 and ~1.2/1.1 dB at OUT1/
OUT2 of the fabricated devices with one and two NPSs,
respectively. Based on these experimental results, it can be
concluded that the proposed devices could be used to selec-
tively route multiple wavelength channels within a period.

5. CONCLUSION

In conclusion, we have proposed and experimentally demon-
strated compact on-chip 1 x 2 WSSs based on silicon MRRs
with NPSs. The proposed devices can be used to perform
selective channel routing at certain resonance wavelengths
of the outer MRRs without affecting the others. Extinction
ratios over 16 dB and processing bandwidths over 25 GHz
are experimentally measured with the fabricated devices.
The peformance of the fabricated devices with one and two
NPSs as effective WSSs has also been tested through a system
experiment with 10 Gb/s NRZ signal. The compact footprint,
CMOS compatibilty, and flexibility in controlling the reso-
nance attributes suggest that the proposed devices could
be functional components in future WDM optical communica-
tion networks.
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