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Four-Port Silicon Multi-Wavelength Optical Router
for Photonic Networks-on-Chip

Ting Hu, Haifeng Shao, Longzhi Yang, Chao Xu, Mei Yang, Hui Yu, Xiaoqing Jiang, and Jianyi Yang

Abstract— We design and fabricate a four-port wavelength-
selective optical router on silicon-on-insulator wafer for photonic
networks-on-chip. The router consists of four basic operation
blocks. Each is constructed by one microring resonator (MRR)
based add-drop filter rather than the traditional two microrings
based 2 x 2 optical crossbar. It can provide multiwavelength
routing for each path to increase the aggregate data transmission
bandwidth. The possible 12 I/O routing paths are experimentally
observed in the transmission spectra and each of them has
the ability to route four group wavelengths simultaneously in
the measured spectral range. The device has a small footprint
(~78 x 100 umz) and low power consumption (6.58 mW).

Index Terms— Optical router, microring resonator, photonic
networks-on-chip.

I. INTRODUCTION

NTEGRATING a set of cores in the central processing

unit, which is known as chip multiprocessors (CMPs), to
realize high performance computing system is becoming the
mainstream technology. As the feature size of the semiconduc-
tor manufacturing industry scales down, the metal line-based
electrical interconnects between these cores face significant
challenges to meet the CMPs’ communication requirement
due to their limited bandwidth, long time delay and high
power consumption [1]. Compared with the traditional elec-
trical interconnects, optical interconnects have the inherent
advantages of higher bandwidth, lower latency and less power
consumption [2], [3]. Hence, the photonic networks-on-chip
(PNoC) used to improve the communication performance of
the CMPs has attracted much research interests in recent years.
Because the fabrication process is compatible with the com-
plementary metal-oxide-semiconductor (CMOS) technology,
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silicon photonics is the most promising candidate to build the
PNoC.

The optical routers, which are responsible for selecting the
destinations for the input optical signals, play very important
roles in PNoC. Silicon optical routers based on Mach-Zehnder
interferometers (MZIs) and microring resonators (MRRs) have
been demonstrated by previous works [4]-[11]. These routers
can be divided to two types. One is constructed by active
switches [4]-[8], which are controlled by electrical signals to
establish the optical link paths before optical signal transmis-
sion. In these routers, the operating wavelength is uniform in
all optical paths. The drawback is that they need additional
switching time and power consumption for the optical path
pre-configuring. The other one consists of passive add-drop
ring filters [9]-[11]. All the paths between input and output
ports are fixed and optical signals transmit with assigned wave-
lengths. Without regards to the rings’ resonance shift induced
by fabrication errors, these routers don’t consume power to
establish paths, but need multiple operating wavelengths. For-
tunately, the recently reported work on silicon-based optical
frequency comb source may be a promising solution to provide
multiple working wavelengths simultaneously [12].

In this letter, we design and fabricate a four-port pas-
sive wavelength-selective optical router with the silicon-on-
insulator (SOI) platform. Only four MRRs are used to imple-
ment the routers. Possible 12 I/O optical routing paths that
can realize multi-wavelength routing are characterized by
measuring the transmission spectra of them. Unlike the optical
crossbar in [10] and [11], only three operating wavelengths are
needed to realize communications among the four ports in our
device and no paths exist for signals to enter and exit from the
same port (U-turn). Compared to the router demonstrated in
our previous work [9], this new design offers desirable optical
spectra for multi-wavelength routing. Four group wavelengths
(in the measured spectral range) with spacing equal to the
MRRs’ free spectral range (FSR) can be routed simultaneously
to increase the aggregate bandwidth of the router, and the
number of MRRs of this simple configuration is reduced
by half, which leads to a smaller footprint and less power
consumption.

II. BASIC OPERATION ELEMENTS

The microring resonator (MRR) based add-drop filter, built
by two bus waveguides coupled to one ring waveguide, as
shown in Fig.1 (a), is a natural 2 x 2 passive wavelength-
selective optical crossbar (OCB). The input light signals
launched to port I; (I;) are coupled to port Op (O) if the
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input signals’ wavelength 4 matches one of the resonance
wavelengths of the MRR. This state is usually called as cross
state. In other condition, the input signals fed to port I (I2)
will simply transmit to port O, (O7), which is the bar state
Therefore, the destinations are different for the input signals
with distinct wavelengths after they pass the OCB.

Signals that transmit from I, to O, need to pass the
waveguide crossings twice while those from I; to O; do not
pass any crossing. In order to reduce the insertion loss of the
optical path I, to O, usually one more MRR is added near the
crossing, as shown in Fig.1 (b). However there are some other
problems in this two MRRs based 2 x 2 wavelength-selective
OCB. For example, when optical signals are launched to I;
and match the MRRs’ resonance condition, most optical power
is dropped to port O; through the first ring, but the residual
optical power in the bus waveguide will form a feedback by
the second ring, which will disturb the resonant modes in the
first ring and lead the filter transmission spectra change. The
optical power of O and O, (normalized to I;) can be derived
by the transfer matrix method [13]. The calculated results of
the two 10-um radius MRRs based 2 x 2 OCB (with the
SOI platform) are plotted in Fig. 2 (a). As seen from it, the
transmission spectra present strong asymmetric property at
most resonances More seriously, in the transmission spectrum
of Oy, large optical power dips exist near most resonances. The
inset in Fig. 2 (a) shows the zoom-in spectra at the resonance
near 1513 nm. We can see a ~5 dB intra-band power dip
50 pm far away from the maximum power at Oj. Since silicon
is a temperature sensitive material with a large thermo-optic
coefficient at 1550 nm [14] the MRR’s resonance will shift
about 50 pm and lead to a 5 dB increase of the insertion loss
of the path I1-O; if the temperature fluctuates with 0.5 K
The depth of the intra-band dips increase as the coupling
between the ring and bus waveguides becomes stronger. This
makes the device unable to realize multi-wavelength routing
and not suitable to be used in PNoC. In the simulation, the
waveguide’s cross section and slab thickness are chosen to
be 450 x 220 nm? and 60 nm for calculating the effective
refractive index by using the finite element method. The elec-
tric amplitude coupling coefficient k and optical propagation
loss (OPL) in the ring waveguide are assumed to be 0.2579
and 3 dB/cm.
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Fig. 2. (a) Calculated optical transmission spectra of the two MRRs based
2 x 2 wavelength-selective OCB. Calculated (b) ER, (c) 3dB bandwidth and
(d) insertion loss of the one MRR based 2 x 2 wavelength-selective OCB
varying with k at different OPL.

According to the analysis above, we choose the structure
shown in Fig. 1 (a) as the basic operation block to build
the four-port optical router. Its extinction ratio (ER), 3 dB
bandwidth and insertion loss are plotted as a function of k in
Fig. 2 (b)-(d). As seen, a lager OPL degrades the device’s
performance. For a given k, the increasing OPL decreases
the ER and enlarges the 3 dB bandwidth and insertion loss.
In this design, k is chosen around 0.26 to obtain a tradeoff
among the ER of O; and O,, bandwidth and insertion loss.
The space between the ring and bus waveguides is determined
about 250 nm to achieve k = 0.26 by the three dimension
finite-difference time-domain (3D-FDTD) method.

III. DESIGN, FABRICATION AND MEASUREMENT
OF THE 4 x 4 SILICON OPTICAL
MULTI-WAVELENGTH ROUTER

The schematic structure of the proposed 4 x 4 optical router
is shown in Fig. 3 (a). The four ports are labeled as North (N),
South (S), East (E), and West (W). Two groups of two parallel
waveguides are used to connect N and S, W and E directly.
These groups of waveguides are designed intersecting verti-
cally so that only one ring adjacent to the crossing is needed
to establish the optical path between an input port and an
output port. For example, R; at the upper-left corner connects
N; and W,, while Rz at the bottom-left corner connects Nj and
E,. Table 1 illustrates the possible optical paths of the router.
As U-turn is not allowed, the diagonal entries in the table are
blank. The 12 possible physical paths are presented with the
assigned operating MRRs and wavelengths Some MRRs are
using by two paths simultaneously, such as Rz is both used
by paths N;-E, and W;-S,, but they will not lead the path to
blocking because the two beams will propagate respectively
though they interfere with each other in R3
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Fig. 3.
multi-wavelength optical router.

TABLE I

(a) Schematic structure and (b) micrograph of the 4 x 4

ROUTING PATHS OF THE 4 x 4 OPTICAL ROUTER

Input
N; E; Wi Si
5 | No - Ry (A3) R4 (M) None (A)
£ [E | Ri(n) - [ None(w) | Ri(n)
© | W | Ri(M) | None() - Ry (Aa)
S, | None (A;) Ri (M) Ri (A3) -

The router is fabricated on an 8-inch SOI wafer with
220-nm-thick top Si layer and 2- ym-thick buried dioxide layer.
The fabrication process is the same with that in [15], [16].
Rib waveguides with a cross section of 450 x 220 nm? and a
slab of 60-nm thick are adopted to only support fundamental
quasi-transverse-electric (quasi-TE) mode. Gaps between the
bus and ring waveguides are selected to be 250 nm according
to the simulation above. The radii of R; and R4, Ry and
R3 are chosen to be 10 um and 10.01 xm, respectively, to
obtain two different resonance wavelengths (11, 43) with the
spacing around 1.6nm (200 GHz), which matches International
Telecommunication Unit grid for WDM systems. TiN heaters
are made to compensate the MRRs’ resonance shift caused by
fabrication errors. Optimized ellipse-based waveguide cross-
ings, with the semi-major axis and semi-minor axis of 4
and 1 um, respectively, are utilized to reduce the OPL. The
insertion loss of the crossing waveguide is measured around
0.61 dB/crossing by the cut-off method. Grating couplers are
integrated to couple light into and out of the device. The top-
view optical micrograph of a typical fabricated device is shown
in Fig. 3 (b).

The fabricated device is characterized by using an amplified
spontaneous emission (ASE) source and an optical spectrum
analyzer (OSA). The broadband light is coupled into each
input port (Nj, S;, Wi, E;j) and collected at each output port
(No, So, Wo, Eo), and then fed into the OSA. A total electric
power consumption of 6.58 mW is used to drive the TiN
heaters for resonances adjusting. Fig 4 shows the measured
TE-polarized (electric field parallel to the chip) transmission
spectra for the 12 I/O optical routing paths. The spectra
of the four U-turn paths are also presented in Fig. 4 for
completeness. We can see from the figure that when the signals
with the wavelengths of A;, 1> and A3 (wavelength interval
is equal to 0.8 nm) are injected into one of the four input
ports, they will be routed to the other three output ports.
For instance, if the signals with the wavelengths of 41, 4>
and A3 are launched into Ej, they will be guided to Sy, Wy
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Fig. 4. Measured optical transmission spectra at output ports of the 4 x 4
multi-wavelength router when broadband light is injected into port (a) N;,
(b) E;, (c) W; and (d) S;, respectively.

and N,, respectively. The common 3 dB bandwidth of these
resonances is around 0.48 nm, which is very narrow compared
to the MZIs-based optical routers [5], [8]. However, we can
utilize all the wavelengths whose interval is equal to the
MRRs’ FSR to realize the multi-wavelength routing, which
mitigates the limitation and increases the aggregate bandwidth
of the router. As seen in Fig. 4, four group wavelengths (11,
Ao, A3 A7, A2°, A3Ts A7, A2”, A3 A7, 4277, 4377) can
be used for each path routing during the measured spectral
range from 1528 nm to 1570 nm. Since the FSR is inversely
proportional to the MRR’ radius, more operating wavelengths
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TABLE II

EXPERIMENTAL CT OF THE ROUTER WITH OPERATING
WAVELENGTHS OF 1}, A5, AND 1
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such wavelength-selective routers can work with ultra low
power consumption in the practical system, which is only
used to compensate the resonance wavelength shift induced
by the environmental temperature fluctuation and eliminate
the misalignment between the light source and resonance
wavelengths. These advantages lead them potential to apply

PathsCT (dB) CTtoN, | CTtoE, | CTtoW, | CTto S,
Ni-Eo -25.98 - -11.31 -18.93
N;-W, -25.58 <-36.59 - -19.7
Ni-So -29.96 -12.69 -11.41 -
Ei-No -31.552 -18.6 <-34.66
Ei-W, -11.21 -23.93 - -11.17
Ei-So -27.15 <-35.97 -25.54 -
Wi-N, -20.63 <-38.23 | -28.643
Wi-E, -12.41 - -25.58 -10.54
Wi-S, <-37.72 -23.69 -36.5 -
Si-No - -10.07 -10.77 -22.1
Si-Eo -26.78 - <-37.24 -33.01
Si-W, -26.39 -11.42 - -36.81

can be utilized for each path and the bandwidth utilization
efficiency will be further increased by using MRRs with larger
radius. From the measured transmission spectra, the crosstalk
(CT) can be calculated as the difference between the power
at destination signal and that leaks to other output ports. The
CT of the second group operating wavelengths (11°, 42°, 13”)
is presented in Table 2. As seen, the optical paths working
with A, ie. Nj-So, Ei-W,, Wi-So and Si-N,, generate a
relative worse CT (from —10.07 to —12.69 dB). Adopting high
order MRR-based filter with box-like transmission spectra
can improve this performance [15]. In Fig. 4(a), the optical
spectrum of Nj-E, has a ripple at A3, A3°, A3”and 43”7,
which may deteriorate the CT to port Wy, is caused by the
interference of the crossing-induced CT and Rj-induced CT
at these wavelengths. Similar phenomena of E;-N,, W;-S,
and Si-E, are observed in Fig. 4(b)-(d), respectively. This
problem can be solved by utilizing the MMI-based crossing
with low CT [17]. All these further optimizations are under
consideration in our future works.

IV. CONCLUSION

In conclusion, we design and fabricate a four-port
wavelength-selective optical router on SOI platform by CMOS
compatible process. The device is constructed by only four
MRRs with the footprint around 78 x 100 zm? (not including
the pads). Possible 12 I/O optical paths that can imple-
ment multi-wavelength routing are observed in the measured
transmission spectra by utilizing 6.58 mW electric power
consumption to compensate the MRRs’ resonance wavelength
shift caused by fabrication errors. This multi-wavelength rout-
ing method has the ability to increase the aggregate data
transmission bandwith. The CT of the router can be improved
by further device optimizations. If the post trimming process
is employed to adjust the MRRs’ resonance wavelengths [18],

in PNoC.
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