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A reconfigurable non-blocking four-port optical router with the least optical switches is demonstrated. The device is
based onmicroring resonators tuned through thermo-optic effect. The optical signal-to-noise ratio of the device at its
nine routing states is about 15 dB. A 25 Gbps data transmission has been performed on its whole 12 optical links, and
8-channel wavelength divisionmultiplexing data transmission has been implemented to expand its communication
capacity. The energy efficiency of the device is 23 fJ/bit, and the response time of the device is about 25 μs. © 2015
Optical Society of America
OCIS codes: (200.4650) Optical interconnects; (130.3120) Integrated optics devices; (130.4815) Optical switching

devices; (250.5300) Photonic integrated circuits; (230.5750) Resonators.
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Networks-on-chip (NoCs) for high-performance multi-
core processors have attracted substantial interest in
recent years [1,2]. However, traditional metallic-
interconnect-based NoC gradually becomes a bottleneck
for improving the performance of a multi-core processor
because of its high power consumption, limited
bandwidth, and long latency [3]. Photonic NoC is one
alternative interconnection technology that promises
high-speed data transmission, low latency, and power
consumption [4]. An optical router is an essential compo-
nent for photonic NoC, which is responsible for switch-
ing the data from one optical link to another [5–8].
Several strict non-blocking four-port optical routers

based on microring resonators (MRs) have been demon-
strated [9–12]. A universal method for constructing a
strict non-blocking N -port optical router based on MRs
or Mach–Zehnder (MZ) interferometers has also been
reported [13,14]. These optical routers have the same
characteristic that for a specific input–output optical link
in all routing states, the routing path is certain and
unique. This characteristic makes their routing algo-
rithms quite simple, while they occupy N × �N − 2�
switch elements to establish all possible optical links,
where N is the number of port. For example, all reported
strict non-blocking four-port optical routers have eight
switching elements [9–12]. Reconfigurable non-blocking
routing offers the optical router with a prominent char-
acteristic that, for a specific input–output optical link in
all routing states, possibly different routing paths can be
selected to establish it. An absolutely reconfigurable non-
blocking optical router makes full use of the optical links
of a 2 × 2 optical switch and combination of routing paths
and, thus, is a hopeful way to compact the structure of
optical router. Fewer switch elements mean more effi-
ciency in footprint, power consumption, and latency.
A partly reconfigurable non-blocking four-port optical
router composed of six switch elements has been re-
ported [15]. In this Letter, a reconfigurable non-blocking
four-port optical router with the least MR optical
switches is fabricated and characterized. 8 × 25
Gbps wavelength division multiplexing (WDM) data

transmission has been implemented through each optical
link of the optical router.

The schematic of the four-port optical router is shown
in Fig. 1, where four MRs are used as 2 × 2 optical
switches and four waveguide crossings are included.
We denote the optical link from input port i to output
port j as Ii → Oj. A four-port optical router has 12 optical
links, among which four optical links including I1 → O2,
I2 → O1, I3 → O4, and I4 → O3 can be established
passively since the four MR optical switches are off-
resonance at the working wavelengths. If the four MR op-
tical switches are removed, the four optical links still can
be established. In other words, the four optical links are
established with four optical waveguides directly. Thus,
there are eight optical links left to be manipulated with
on-resonance MR optical switches. Each MR optical
switch can, at most, manipulate two optical links simul-
taneously, so at least four MR optical switches are
needed to construct the remaining eight optical links.
This is the fewest MR optical switches for a reconfigur-
able non-blocking four-port optical router.

Table 1 shows the routing table of the four-port optical
router. “ON” or “OFF” in the routing table indicate that
the corresponding MR optical switch is on- or off-
resonance at the working wavelengths. Blocking only
occurs when one MR optical switch is on-resonance at
the working wavelengths in one optical link while being
off-resonance at the working wavelengths in another
optical link, while the two optical links should be
established simultaneously in a specific routing state.

Fig. 1. Schematic of the reconfigurable non-blocking four-port
optical router.
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From the routing table, blocking does not occur in the
nine routing states and, therefore, the optical router is
non-blocking.
The device is fabricated on an 8 in. (0.2 m) silicon-

on-insulator wafer with a 220 nm thick top silicon layer
and a 2 μm thick buried silicon dioxide layer. 180 nm
deep ultra-violet photolithography is used to define the
pattern, and an inductively coupled plasma etching proc-
ess is employed to etch the top silicon layer. A rib wave-
guide with 400 nm in width, 220 nm in height, and 70 nm
in slab thickness is employed and the four MRs are
covered with titanium nitride micro-heaters to modulate
their resonance wavelengths. The micrograph of the
device is shown in Fig. 2.
The four MR optical switches are designed with iden-

tical physical parameters so that they have same reso-
nance wavelengths. Since the MR optical switch has a
periodic filtering spectrum, it can manipulate the WDM
optical signals with channel spacing equal to the MR’s
free spectral range (FSR). Therefore, the aggregate band-
width of the optical router based on MR optical switches
can be expanded through WDM. Principally, increasing
the radius of the MR optical switch can increase the ag-
gregate bandwidth while its footprint increases simulta-
neously. As a trade-off between aggregate bandwidth and
footprint, the radii of the MRs are chosen to be 20 μm.
An amplified spontaneous emission source and an op-

tical spectrum analyzer are employed to measure the
static spectral response of the device. To characterize
the static spectral response of each MR optical switch
and determine the working wavelengths, we choose
two special optical links, I1 → O2 and I2 → O1, which suit-
ably cover four MR optical switches. Figure 3 shows the
transmission spectra of the four MR optical switches in
the optical links, I1 → O2 and I2 → O1. The MR with the

radius of 20 μm has a FSR of about 5 nm, which means
that, in the wavelength range from 1525 to 1565 nm, it can
manipulate eight-wavelength optical signals with the in-
terval equal to the FSR. The inset shows the magnified
spectral response of the four MR optical switches near
1550 nm. Four MR optical switches have somewhat dif-
ferent resonance wavelengths because of the inevitable
fabrication error, which can be compensated by thermo-
optic tuning with extra power consumption. Based on the
resonance wavelengths of the four MR optical switches,
we choose 1552.31 nm as the working wavelength in the
FSR near 1550 nm, which is labeled by the dashed line
with arrow. The measured Q factors for the four MRs
are 4851, 4566, 5174, and 5007 and the corresponding
coupling coefficients are 0.384, 0.428, 0.409, and 0.421.

To characterize the optical crosstalk and signal-
to-noise ratio (SNR) of the four-port optical router in
all routing states, four tunable voltage sources are em-
ployed to adjust four MR states. Figure 4 shows the spec-
tral response of the optical router in its nine routing
states. In routing state 1, four MR optical switches are
off-resonance at the working wavelengths, and four op-
tical links, I1 → O2, I2 → O1, I3 → O4, and I4 → O3, are es-
tablished. In Fig. 4(a), the red line shows the spectral
response of the optical link I2 → O1 in routing state 1,
and the other three lines show the spectral responses
of the optical links I1 → O1, I3 → O1, and I4 → O1. Note
that these three optical links are not established in rout-
ing state 1, and therefore are the noise to the optical link
I2 → O1. The SNRs are 13.0–20.1 dB for all 36 optical links
of the nine routing states. Relatively low optical SNRs are
mainly caused by the relatively low extinction ratios of
the MRs. High-order MRs [16,17] can be utilized to
improve this performance.

To verify the functionality of the optical router, high-
speed data transmissions are implemented for all 12 op-
tical links. An MZ intensity modulator is used to exter-
nally modulate the continuous light at the wavelength
of 1552.31 nm generated by a tunable laser. 25 Gbps 231 −
1 pseudo-random bit sequence is generated by a pulse
pattern generator. The output optical signal is sent to
a digital communication analyzer for eye diagram obser-
vation. The eye diagrams are shown in Fig. 5. Note that all
eye diagrams are taken with a single channel propagat-
ing. Clear and open eye diagrams verify the signal

Table 1. Routing Tables of Four-Port Optical Routera

State Optical Links MR1 MR2 MR3 MR4

1 I1 → O2, I2 → O1, I3 → O4, I4 → O3 OFF OFF OFF OFF
2 I1 → O4, I2 → O1, I3 → O2, I4 → O3 ON OFF OFF OFF
3 I1 → O2, I2 → O4, I3 → O1, I4 → O3 OFF ON OFF OFF
4 I1 → O3, I2 → O1, I3 → O4, I4 → O2 OFF OFF ON OFF
5 I1 → O2, I2 → O3, I3 → O4, I4 → O1 OFF OFF OFF ON
6 I1 → O4, I2 → O3, I3 → O2, I4 → O1 ON OFF OFF ON
7 I1 → O3, I2 → O4, I3 → O1, I4 → O2 OFF ON ON OFF
8 I1 → O4, I2 → O3, I3 → O1, I4 → O2 ON ON ON OFF
9 I1 → O3, I2 → O4, I3 → O2, I4 → O1 OFF ON ON ON
aON: on-resonance at the working wavelengths; OFF, off-resonance at
the working wavelengths.

Fig. 2. Micrograph of the fabricated four-port optical router.

Fig. 3. Response spectra of the four MR optical switches of the
device.
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integrity of 25 Gbps data transmission through the optical
router.
As aforementioned, the MR has a periodic spectral re-

sponse. Therefore, the aggregate bandwidth of the four-
port optical router based on MRs can be expanded by
WDM technology [18,19]. To verify the property, WDM
data transmission is performed for the device. For sim-
plicity, only the results on two representative optical
links, I1 → O2 and I1 → O3, which include the “ON”
and “OFF” states of the MR optical switches, respec-
tively, are shown in Figs. 6(a) and 6(b). In the wavelength
range of 1525–1565 nm, eight optical signals at different
wavelengths with the interval equal to FSR can be multi-
plexed. The clear and open eye diagrams verify the WDM
property of the device.

We also create a statistic on the power consumption of
the device at the speed of 25 Gbps in its nine routing
states. The average energy efficiency is 23 fJ/Bit. As
the MRRs are modulated with thermo-optic effect, a
10 KHz square wave is used to manipulate their switching
states and measure their response times. The average ris-
ing time is 13.3 μs and the average falling time is 12.9 μs.

In conclusion, a reconfigurable non-blocking four-port
optical router with the least MR optical switches has
been demonstrated. By thermo-optic tuning, the optical
SNR of each optical link is characterized. 25 Gbps data
transmission has been demonstrated on its whole 12
optical links, and eight-channel WDM data transmission
has been implemented to expand its communication
capacity. In the future, electro-optic tuning can be

Fig. 4. Optical SNR of the four-port optical router at its nine routing states. Each row shows one routing state, and each column has
the same output port. The working wavelength is 1552.31 nm, which is labeled by the dashed line with arrow. Notation P in each row
represents total switching power of each routing state.
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adopted to increase its switching speed and decrease its
power consumption [15]. Some athermalizing technolo-
gies can be adopted to improve the temperature stabili-
zation of the device [20].
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Fig. 5. 25 Gbps eye diagrams for the 12 possible input–output
optical links of the four-port non-blocking optical router (data
are taken at the working wavelength of 1552.31 nm).

Fig. 6. WDM data transmission through two optical links of
the device (a) I1 → O2 and (b) I1 → O3.
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