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Highly Integrated Optical 4 4 Crossbar in
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Abstract—In this paper, we present the design, fabrication,
and characterization of a highly integrated optical 4 4 crossbar
based on microring resonator add-drop filters. The designed
crossbar structure, as small as 50 m
50 m, has been fabricated in CMOS compatible silicon on insulator technology.
Finally, experimental results proving the proper operation of the
fabricated crossbar structures are discussed.
Index Terms—Add-drop filters, optical crossbar, optical microring resonators optical on chip interconnections.

Fig. 1. Schematic of 4

2 4 optical network on chip.

I. INTRODUCTION

T

HE technology for fabricating integrated circuits (ICs) has
improved to such a level that fabricating chips with more
than one billion transistors has become feasible. It is predicted
that in the near future electrical intra- or interchip communication between such large numbers of transistors will constitute a
major bottleneck of further IC performance development [1]. In
the case of intrachip communication, the expected constraints
are expressed in terms of power consumption and latency [2]
while in the case of interchip interconnections the bandwidth is
the limiting factor [3]. Optical on-chip communication is one of
the solutions currently being investigated for addressing these
problems [4]. The proposed design of an optical crossbar enables high-bandwidth and low-contention data routing through
wavelength multiplexing.
II. OPTICAL CROSSBAR BASICS
The optical crossbar concept was proposed by O’Connor
[5]. An optical crossbar is a passive waveguiding structure
that enables bidirectional optical communication between a
certain number of input and output ports. In the case of on-chip
interconnects these ports should be connected to major IP
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Fig. 2. Black-box representation of the optical add-drop filter in the crossbar.

blocks (e.g., processor cores, memory blocks, functional units,
etc.) of an IC to provide an optical link between these blocks. A
simplified schematic of the proposed communication scheme,
called an optical network on chip (ONoC), is shown in Fig. 1.
The and symbols correspond to masters and targets (we
suppose the IP blocks are equipped with optoelectronics transceivers, outside of the scope of this paper). The IP blocks are
connected to the optical crossbar: a fully passive, wavelengthrouted optical network constituting the core of the ONoC. As
the crossbar is designed for on-chip communication it has to be
bidirectional. The crossbar is composed of wideband waveguide
structures and four rows of wavelength selective components
(add-drop filters). In the present example, a 4 4 crossbar is
shown, though it can be expanded to other configurations, e.g.,
16 16, by the simple addition of more add-drop filters rows.
In order to provide wavelength routing from each master to all
targets and from each target to all masters, a specific design for
the add-drop filters is required, where the nonresonant signal
propagates in diagonal direction, whereas the resonant one is
dropped forward in straight direction. A black-box representation of such filter is shown in Fig. 2.
The use of a line of such configured add-drop filters enables
optical signal routing from one input port to numerous out ports.
When they are configured in a network (e.g., like in Fig. 1), it
permits communication between each of the masters to each
of the targets and vice versa. The operation of the network is
depicted in Table I.
From the table one can see that with a set of four wavelengths
(corresponding to the resonant wavelengths of the add-drop filters in the network) it is possible to establish a communication
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TABLE I
OPERATION TRUTH TABLE OF THE4

2 4 OPTICAL CROSSBAR

Fig. 4. 3-D FDTD simulation of the electromagnetic field distribution in the
add-drop filter.

signal losses and crosstalk. It is however unavoidable in order
to achieve the requested signal routing [13], but, if needed, the
crosstalk can be reduced by introducing an improved waveguide
crossing layout [14].
Alternative techniques, such as arrayed waveguide grating
routers (AWG), [15] typically have a much larger footprint than
the device discussed here, and are therefore not as attractive for
densely packed on-chip optical interconnects.
Fig. 3. Principles of the optical add-drop filter based on waveguide
intersections.

path between all master and target ports. For the communication from a particular port, three add-drop filter rows are acting
as switches and the wavelength corresponding to the remaining
filter acts as a nonresonant wavelength. When expanding the optical crossbar the table can be expanded analogously.
III. THE OPTICAL ADD-DROP FILTER
The use of microring resonators allows building compact
and efficient wavelength switching devices. Using silicon on
insulator (SOI) CMOS compatible technology, it is possible
to fabricate compact ring resonators structures with resonator
radii as small as 1.5 m [6]. In the classical form, this type
of filter is composed of two parallel bus waveguides coupled
by a microring. Unfortunately, this configuration reverses the
direction of the dropped signal, introducing the need for complicated waveguide topology or resonator pairs [7]. To avoid
these problems, we propose an add-drop filter configuration
based on a waveguide intersection [8]–[10] with a pair of small
size (radii as small as 2 m) side coupled microring resonators
as shown in Fig. 3.
The choice of this type of wavelength routing device, using
two ring resonators, was encouraged by the study of Little [11]
and Klein [12], who first fabricated optical 1 4 and 1 8 networks based on add-drop filters with a single ring resonator and
a waveguide intersection, of much larger dimensions however
(ring diameter of 100 m). The add-drop filter configuration
proposed in this paper has several important advantages:
— Central symmetry leading to exactly the same properties
independent of the injection port.
— Simple waveguide layout with a small occupied chip
area which is a substantial requirement for on-chip
communications.
The presence of a waveguide crossing may be seen as a
disadvantage of the chosen topology leading to additional

IV. ADD-DROP FILTERS DESIGN AND SIMULATION
In order to evaluate the concept of the proposed add-drop
filter, test structures were designed, fabricated, and characterized experimentally. The structures were designed for the
IMEC photonic wire technology in SOI substrate [16]. The
waveguide height is fixed to 220 nm and the width is 450 nm. In
the coupling sections the coupling between the bus waveguide
and the resonator is improved by reducing the waveguide
width to 350 nm. The coupling gap between resonators and
waveguides is set to 200 nm and four resonators radii, 1.8, 1.9,
respectively, are considered.
2.0, and 2.1
The designed filter structure has been validated using threedimensional finite-difference time domain (3-D FDTD) simulations. In Fig. 4, a 3-D FDTD simulation of the electromagnetic
field, at resonance, in the add-drop filter with a 2.1 m resonator
radius is shown.
The proper signal dropping is demonstrated, since the light
is almost completely dropped to port
injected to the port
. This is further confirmed by the transmission spectrum in
Fig. 5, showing that depending on the wavelength, light is either
or dropped to port
. The transmission
transmitted to port
(crosstalk) is as small as
dB. In the wavelength
to port
range 1500–1580 nm, resonant peaks are present at 1521.00 and
1568.05 nm, from which we derive a free spectral range (FSR)
of 47.05 nm. The resonant peaks are rather sharp with a quality
factor (Q) reaching 1000. Both the dropping efficiency and the
nonresonant efficiency are close to 80%.
V. CHARACTERIZATION OF ADD-DROP FILTERS
The fabricated structures were fabricated using deep UV
lithography on SOI substrates [16], with dimensions as described above. In Fig. 6, SEM micrograph of fabricated
add-drop filter structure is shown.
In order to increase the coupling efficiency without deteriorating the transmission properties of the waveguides, 30 angled
coupling waveguide sections, wrapping around the resonator,
were introduced. The test structures were equipped with surface

Authorized licensed use limited to: University of Gent. Downloaded on August 17, 2009 at 04:06 from IEEE Xplore. Restrictions apply.
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Fig. 5. 3-D FDTD simulation of of the add-drop filter transmission spectrum.
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Fig. 7. Wavelength transmission spectrum of the add-drop filter with the resonators radii of 1.9 m.

Fig. 8. Resonance peaks of filters with resonators radii of 2.1 m (A), 2.0 m
(B), 1.9 m (C), and 1.8 m (D).
Fig. 6. SEM micrograph of the fabricated add-drop filter test structure.

grating couplers at the inputs and outputs of the bus waveguides
setting the polarization state within the bus waveguides to TE
[17].
The fabricated structures were evaluated experimentally
by measuring the transmission of a broadband near infrared
response light source with an optical spectrum analyzer. The
obtained transmission spectra were normalized to the transmission spectrum of a straight waveguide of same optical path
length, therefore removing the wavelength-dependence of the
input grating insertion loss. The resulting spectrum is shown in
Fig. 7.
In the wavelength range 1515–1575 nm, two resonant peaks
are present, at 1521.76 and 1565.72 nm, yielding a FSR of
43.96 nm. The resonant peak at 1565.72 nm is sharp and high
with a quality factor of 1700 and a normalized dropped signal
level of 0.81, which is actually higher than the nonresonant
transmission level (0.70).
Similar measurements were conducted for filters with different resonator radii. The transmission spectra of the dropped
) are depicted in Fig. 8.
signals (at port
As expected, the shift of the resonators radii causes a shift
in the resonant frequency. A 100 nm increase in resonator radius shifts the resonant wavelength by a value between 2.28

and 6.12 nm. This indicates a slight difference in radius between the designed and the fabricated resonators. Nonetheless,
it is still possible to produce four well-separated resonant peaks.
Note that the normalized dropped signal transmission is high,
reaching up to 81% in the best case and above 63% for all channels. It is also noticeable that in the case of peaks A (of 2.1 m
resonators radii device) and D (1.8 m radii) double resonant
peaks appear. The origin of these peaks seems to be different.
The peaks of larger resonator seems to be a zero and first radial
order modes (similarly to the one obtained in [8]), while the
double-peak of ring resonators with 1.8 m is probably originating from slight difference of resonators properties (e.g., radii)
of this filter. One can also observe that the quality factor of the
filter with ring resonators radii of 2.0 m is significantly lower
than for the other filters. This is probably due to random fabrication problems leading to high attenuation in the rings (e.g.,
problems with coupling section).
,
The obtained results in terms of resonant wavelength
FSR, resonance peak quality factor (Q), and normalized level of
dropped signal (D) are summarized in Table II.
VI. OPTICAL CROSSBAR DESIGN AND SIMULATION
The experimental characteristics of proposed add-drop filters
shown in the previous section were encouraging enough to design and fabricate an optical crossbar based on such add-drop
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TABLE II
COMPARISON OF THE EXPERIMENTAL RESULTS OBTAINED FOR ADD-DROP
FILTERS WITH DIFFERENT RESONATORS RADII (R)

Fig. 10. Simulated transmission spectrum of the optical 4
T1 to T4, with the light injected at the port M2.

Fig. 9. Topology of the 4

2 4 crossbar at ports

2 4 optical crossbar.

filters. With four add-drop filters of different resonators radii, it
is possible to design an optical 4 4 crossbar as shown in Fig. 9.
The crossbar is composed of four rows of add-drop filters
,
,
with different resonators radii, namely
, and
m. The proposed topology is very
compact as it occupies an area smaller than 50 50 m . The
parameters of the filters (e.g., waveguides height, width, etc.) are
the same as the previously evaluated stand-alone devices. The
operation of the crossbar was simulated using 2-D FDTD code.
The simulated transmission spectrum at ports – with light
injected to port
is shown in Fig. 10.
As expected from Table I, Fig. 10 shows three resonant peaks
( an integer mulcorresponding to light at , , and
and ,
tiple of the FSR) dropped respectively to ports ,
while the light at nonresonant wavelengths is transmitted to port
. The resonant peaks are reasonably well separated demonstrating the possibility to address all output ports by changing
the transmitter wavelength. The operational principle of the optical crossbar is therefore proved.
VII. CHARACTERIZATION OF THE OPTICAL CROSSBAR
The designed optical 4 4 crossbar has been fabricated using
the process described in Section V.

Fig. 11. SEM micrograph of the fabricated optical 4

2 4 crossbar structure.

The fabricated structure shown on the SEM micrograph of
Fig. 11 has the same composition as the simulated structure of
Fig. 9 and was characterized in a similar way as described in
Section V.
The transmission spectrum of the crossbar in Fig. 12 shows
two groups of resonant peaks around 1530 and 1570 nm,
reflecting the FSR of the filters which is about 40 nm. The
. The
transmitted normalized signal is relatively low
losses mainly originate from the waveguide crossings. In the
close-up of the transmission spectrum shown in logarithmic
scale in Fig. 13, we see that the crosstalk between the dropped
signals and nonresonant transmission is rather weak and do
dB, which corresponds to less than 6% of the
not exceed
normalized nonresonant transmission. However, the crosstalk
dB to the
between some dropped channels is larger (
at the first transmission peak), this inconvenience
channel
can be resolved by separating resonant peaks along the whole
FSR. Nonetheless, resonant peaks are well separated so that
addressing each output port is possible.
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KAŹMIERCZAK et al.: HIGHLY INTEGRATED OPTICAL 4

4 CROSSBAR IN SILICON-ON-INSULATOR TECHNOLOGY

TABLE III
OPERATION TRUTH TABLE OF THE OPTICAL4

Fig. 12. Measured transmission spectrum of the optical 4
T1 T4 with light injected at port M2.

2 4 crossbar at ports

Fig. 13. Close-up of the measured transmission spectrum of the optical 4
crossbar at ports T1 T4 with light injected at port M2.

24

The three resonant peaks at 1567.32, 1570.52, and
,
1581.40 nm correspond to light dropped to ports
and
by filters , , and , respectively. The measured
quality factors range between 590 and 720. One sees that the
and 1581.40 nm
are split in
peaks at 1570.52 nm
two. This is probably due to a slight difference in the radii of
the ring resonator pair of the corresponding add-drop filters
and
, respectively, for
and
). The dependence
(
of resonant wavelength on resonator geometry is given by
commonly known resonance condition
(1)
is an integer,
is a resonant wavelength,
is
where
the effective index of the mode and is the resonator length.
Therefore, the resonance shift caused by radius imperfection can
be written as
(2)
where is the resonator radius. The resonant wavelength shift
due to effective index change can be given as
(3)
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2 4 CROSSBAR TEST STRUCTURE

TABLE IV
EXPERIMENTAL CROSSTALK VALUES FOR THE SIGNAL INJECTED AT PORT M2

This leads to the conclusion that resonator radius and width
(as influencing effective index) fabrication precision, at least as
good as single nanometer, is required in order to provide the
resonant wavelength precision as good as 1 nm. For the practical application, it might be profitable to introduce integrated
heaters onto the ring resonators in order to compensate technological imperfections. This would be a further step in our research on development of these devices. A similar measurement
was performed for all input ports of the network. The results are
summarized in Table III.
This table demonstrates that communication between all
input and output ports of the network can be established.
Furthermore, choosing the proper wavelength allows each
output port to be addressed. Some slight differences between
filters of the same switching row causes appearance of more
than four resonant wavelengths in the table. This problem can
be minimized by technology improvement leading to higher
resonators uniformity.
As the characterized structure is the first prototype of such
interconnection network, the design was not fully optimized
yet (e.g., by equally spacing resonant peaks along the spectral
range). Thus, significant crosstalk level occurred. Example of
crosstalk calculations is shown in Table IV.
The table shows the experimental values of crosstalk for the
that corresponds to the spectrum
signal injected to port
shown in Fig. 13. The crosstalk was calculated as the difference between the power at the destination signal and power collected at other outputs. The calculation was made at resonant
wavelengths shown in Table III (for nonresonant transmission
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to port
for the wavelength of 1573.50 nm) with the realistic bandwidth of 0.8 nm that corresponds to the bandwidth of
DWDM systems. As one sees the crosstalk is usually smaller
dB. The exceptional case of crosstalk between ports
than
and
at the wavelength of 1567.32 nm is caused by the
overlapping of two neighboring resonant peaks as it is clearly
visible in the spectrum. This could be avoided with further optimization leading to use of the complete spectral range of the
photonic circuit.
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VIII. CONCLUSION
In this paper we presented the design, fabrication, and characterization of highly compact add-drop filters based on microring resonators and waveguides intersection. The designed
devices exploit submicrons waveguides and ring resonators with
radii as small as 1.8 m. The structures have been fabricated on
a SOI substrate using deep UV lithography. The experimental
transmission spectra have demonstrated the proper operation of
the add-drop filters and their suitability to be used in an optical
crossbar.
Consequently, we proposed the design, fabrication and
characterization of a highly integrated optical 4 4 crossbar.
Presented network exhibits fully bidirectional transmission
between four input and four output ports.
Furthermore, the optical crossbar occupies area as small as
m
m, which is the smallest reported value for this
type of networks.
The transmission spectra measurements demonstrate the
proper operation of the crossbar though signal losses are rather
high. Further development including waveguide crossing optimization and introduction of active adjustment of resonator
properties should allow improving the signal in terms of signal
losses, to obtain better resonator uniformity and to integrate
more channels (e.g., 12 12 or 16 16).
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