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A Silicon Photonic Interferometric Router Device
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Abstract—A novel wavelength routing device for optical on-chip
network applications is presented. It is based on the constructive
and destructive interferences that occur when two side-coupled in-
tegrated spaced sequences of resonators (SCISSORs) are coupled
in parallel to a single common waveguide. Its potential applica-
tion for coarse wavelength division multiplexing, i.e., band routing
functionalities, and its robustness against fabrication tolerances
and signal imbalances are analyzed. Design, simulation, fabrica-
tion, and experimental characterizations are described. We com-
pare measurements of the fabricated device with simulations for
the ideal and the actual device, where random variations in the ge-
ometrical parameters inherent in the fabrication process are con-
sidered. This allows demonstrating the concept of interferometric
SCISSOR routing and to discuss the limits and advantages of cou-
pled resonator-based design for routing.

Index Terms—TFiltering, microresonators, photonic switching
systems.

I. INTRODUCTION

F the increase of the number of processing cores would

follow the same pace of Moore’s law, an increasingly
large-bandwidth and low-power communication infrastruc-
ture becomes an unavoidable option. Optical networks on
chip (ONC) envisage core-to-core photonic interconnects
with large bandwidth, ultrafast switching, ultralow power
consumption, and support of optical wavelength division
multiplexing (WDM) methods [1], [2]. In particular, silicon
photonics has shown to be a viable interconnect technology
[3]-[5], [34]. Silicon-on-insulator (SOI) photonic structures
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offer compatible fabrication processes with CMOS technology.
Microdisk lasers, photodetectors, ring filters, and flip-flop
memory cells were demonstrated with promising performances
and a potential for ONC and all-optical signal processing
[6]-[8]. In this context, while the theory and implementation
of single microring resonators were extensively investigated
(e.g., [9]-[12], and references therein), practical realizations
of cascaded resonators (e.g., side-coupled integrated spaced
sequences of resonators (SCISSORs) and coupled resonator
optical waveguide [13]-[18]) were studied to a smaller extent
[19]-[22]. In this paper, we report about the design, fabrication,
and characterization of a wavelength router device based on the
coupling of two SCISSORs and on the interplay between the
phase of the optical signals. This photonic device is fabricated
with silicon photonics technology. Its potential could span
from coarse WDM (CWDM) to pipeline forwarding techniques
(optical node-to-node packet forwarding during predefined
time frames [23]).

II. CONCEPT LAYOUT

SCISSORs are based on a sequence of either ring or race-
track resonators that are coupled by two side waveguides. For
this reason, SCISSORSs are characterized by two different kinds
of resonances: the first due to the isolated resonators and the
second due to the coherent Bragg scattering of light from the
resonator sequence [21]. Both type of resonances contribute to
the SCISSOR spectrum. The particular SCISSOR geometry we
are going to consider is based on a sequence of racetrack res-
onators instead of the more often used ring resonators. Race-
tracks have a longer coupling section than rings which makes
more effective the coupling of light in TE-polarization. In fact,
TE modes are more confined in the waveguide than TM modes.
The long coupling section allows an easier tuning of the cou-
pling by simply varying the straight part of the racetrack instead
of controlling the waveguide-ring gap spacing. Moreover, the
simulation of racetrack-based SCISSOR turns out to be easier
than for ring-based SCISSOR since coupled mode theory of
the coupling constants between two straight waveguides is rel-
atively simpler than between a ring and a straight waveguide
where more complicated physical and analytical considerations
are involved [26].

In this paper, we propose to use the coherent overlap of
light resonant with two identical SCISSOR for interferometric
routing and switching. The proposed structure is depicted in
Fig. 1. It is composed of two input waveguides In; and In, that
are coupled to two SCISSOR devices. The two SCISSORs are
in turn coupled by a common central waveguide that identifies
the drop output port of the router. Depending on the wave-
lengths of the input signals and their relative phase difference,
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Fig. 1. SCISSOR router formed by two coupled eight racetrack SCISSOR.
Two input signals (In; and In) are inserted in the router from the left. If they
have a wavelength resonant with the racetrack resonances and a phase difference
A¢ = w, then light interferes destructively at the central common waveguide
and the signal D on the drop port is zero, whereas the signals are transmitted
to the through ports. If instead a phase difference A¢ = 0 is applied at the in-
puts, then light interferes constructively at the central common waveguide and
the signal exits on the drop port, consequently the signals (Th; and Thz in the
through ports vanish).

two ideally equal intensity input signals (In, = In) are either
transmitted to the through output ports Th; and Thy or to
the drop port D. When the two input signals are out of phase
(A¢ = =), as shown in Fig. 1, they interfere destructively in
the common waveguide, no signal is transmitted to the drop
port, and the signals are transmitted to the through output ports.
If their phase relation is such that constructive interference
occurs in the central waveguide (A¢ = 0, Fig. 1), the two
signals add coherently and a signal is transmitted to the drop
output port. Due to power conservation, in an ideal lossless
system, this constructive interference produces a signal whose
intensity is given by the sum of the two input intensities.

In Fig. 1, two parallel eight racetrack SCISSORs are shown.
It is clear that the same interferometric routing can be achieved
by using a lower number of resonators, e.g., a single resonator
pair. However, there are several reasons why SCISSOR is ad-
vantageous over single resonator geometries. For example, let
us consider a situation where strong imbalances between the
inputs are present. Fig. 2 illustrates a transfer matrix simula-
tion of the balanced and imbalanced cases (solid and dashed
lines, respectively). Propagation and bending losses of 3 dB/cm
and 0.025 dB/90°, respectively, are considered in the simulation
[27]). In the balanced case (In; = Iny = 1), it is observed that
the drop signal is almost 2 for A¢ = 0, while it decreases to
zero increasing A¢ to 7. Concurrently, the through signals are
zero for A¢ = 0 and increase to almost 1 for A¢p — «. Note
that both D # 2 or Thy # 1 and Ths # 1 due to the finite prop-
agation losses are assumed. The slight asymmetry between the
Th; and Ths signals is caused by the small differences in their
resonant band gap [e.g., see later in Fig. 8(left)]. If Iny and Ins
are different in intensities while resonant with the SCISSOR,
the D signal decreases significantly for A¢ = 0: the effect of
the input imbalance starts to be sizeable for a 50% imbalance.
Fig. 2 shows the D, Th;, and Th, signals for an imbalance of
75% (In; = 1;Ing = 0.25). It is noted that the D signal does
not vanish when In; and Ins signals are out of balance, while
the two Th; and Ths signals are still equal. This is because in
an eight pair SCISSOR router, the signals that resonate with the
first pair of resonators provide less imbalanced inputs into the
following pair, and so on. At the end of the resonator chain, the
balance between the two signals is restored and their intensities
sum up to the sum of the two inputs. Fig. 3 shows how the imbal-
ance affects the maximum of the Th; or Thy signals (at A¢ = 0)
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Fig. 2. SCISSOR router phase response with no inputs imbalance (solid lines)
and 75% inputs imbalance (dashed lines). The input signal intensities are labeled
In; and In;, the output signals are the two through signals Th; (red line), Th,
(blue line), and the drop signal D (black line).
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Fig. 3. Through port intensity (at A¢ = () of the SCISSOR router as a func-
tion of the input imbalance. Only the intensity of one through signal is reported
since the SCISSOR router response is symmetric with respect to the through
exit ports.

by varying the imbalance of the inputs. This is particularly inter-
esting because it demonstrates that this kind of router recovers
possible intensity difference in its inputs. Such an effect is not
achievable by using a router formed by only two resonators.

Another reason to use many side-coupled resonators instead
of few is to achieve a better coupling of the input signals with
the central waveguide for A¢ = 0. This leads to a sharper dif-
ference in the drop signal as a function of the phase. Moreover,
as we will demonstrate in the next sections, lithographic fabrica-
tion imperfections tend to be averaged out with a high number of
resonators which yields a more robust design. Finally, the full-
width at half-maximum of the SCISSOR resonances is larger
for an increased number of resonators that is needed for band
routing functionalities. When the resonator spacing (dg is the
distance between two nearby resonators) is chosen so that the
resonator modes and the Bragg modes overlap (dg = 7R,
where R is the radius of the curved part of the racetrack), then
also a larger free spectral range is obtained ([13]-[18], [24]).
These facts are shown in Fig. 4(a) where 1, 2, 4, and 8 res-
onator SCISSORs are compared (the geometrical parameters of
the structure will be given in Section III).

Practically, the resolution in the lithography used to produce
the router causes fabrication errors. These affect all SCISSOR
devices [21] since they cause random statistical variations of the
SCISSOR parameters (racetrack geometrical parameters, race-
track to waveguide gap, relative positions of racetracks with re-
spect to the common waveguide, etc.) at the nanometer scale.
These variations affect also the relative phase of the signals
since their optical paths might differ. A comparison of the drop
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Fig. 4. Spectral response of a single SCISSOR formed by a different number
of racetrack resonators: blue line for one single resonator, green line for two
resonators, magenta line for four resonators, and red line for eight resonators.
(a) Ideal spectrum. (b) Example of spectral impairment caused by random fab-
rication imperfections.

signal spectrum of an ideal SCISSOR [see Fig. 4(a)] and of a
SCISSOR with 5 nm random variation in the geometrical pa-
rameters [see Fig. 4(b)] shows the appearance of noisy dips
within the resonance band. These dips are evidence of disorder-
induced optical mode localization as discussed in [21]. Their
presence limits the range of wavelengths that can be properly
routed by SCISSOR.

III. MODELING, MASK DESIGN, AND FABRICATION

The modeling and simulation of the router were performed
via three steps: waveguide parameter estimation, circuit re-
sponse modeling, and silicon device component simulation.
Parameter estimation was carried out with a full-vectorial
finite-difference mode solver [28]. For instance, we had to de-
termine the wavelength-dependent racetrack coupling section
lengths and the coupling constants. From these parameters,
we obtain the proper gap spacings. Results are published in
[24]. With these parameters, we perform the simulations of the
spectral response of the single SCISSOR and their combination
as in the proposed geometry to analyze the drop and through
port signals as a function of the phase difference of the input
signals. This was done by using a transfer matrix method
applied to each block of the coupled SCISSOR structure
[25]. Finally, we simulate the other photonic components in
the router like waveguide crossings, multimode interference
(MMI) splitters, and tapers. These were designed with a com-
mercial finite-difference time domain package. All simulations
assumed TE-polarization and SOI waveguides.

Fig. 5 reports the layout of the router. The input ports have
been separated by a distance that allows the simultaneous use
of two tapered fibers to input the signals. Reference waveguides
are used to monitor the input signals that reach the SCISSOR. To
this end, an MMI splits the input signal in two waveguides: the
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Fig. 5. Layout of the SCISSOR interferometric switch in Fig. 1. Codirection-
ality between input and output is achieved by bending the Thy and Ths signals
on the right device side.

reference waveguide and the real SCISSOR input waveguide
(it is the signal in these waveguides that we have used in the
previous calculation and called In; and Iny). It is also desirable
to have all the inputs on one side and the outputs on the other
side. For this reason, the waveguide after the SCISSOR is bent
to take the through signals on the right device side. This forced
us to insert two waveguide crosses.

This design was then transferred to a mask and processed
on SOI wafers by using the processing facilities of CEA-LETL
The wafers were 200 mm SOI wafers with a 220 nm thick sil-
icon and 2 pm thick buried oxide. The pattern definition was
achieved by using state of the art deep ultraviolet 193 nm lithog-
raphy. Different exposure doses were used to change few crit-
ical feature sizes, such as the gaps. The silicon waveguide and
the other photonic components were then covered by a 0.75
pm thick SiOs layer that acts as a waveguide cladding layer
as well as a protective layer. The waveguides were designed
with a width of 0.5 pm; the waveguide-racetrack gaps were
200 nm; the racetracks have a radius of R = 3.25 pm and
a straight section of L = 10 pm. For this radius, the process
yields a measured bending losses of about 0.025 dB/90° (mea-
surements done on a series of 100 bends) [27]. It is customary
to define the distance dp as the distance between the centers
of the half circumference of two facing racetracks. In our case
dr = 10.21 pm. To decrease the coupling losses, tapering of
each input and output waveguides was used. A 500 ym long
adiabatic taper reduced the waveguide width from 2 ym down
to 0.5 pm. The crossings and MMI splitters were processed by
using a double etch processes in which a 70 nm shallow etch is
followed by a 150 nm deep etch. This double etch scheme was
based on the low insertion losses cross design of [29]. Measure-
ments on a chain of cascaded crosses show 0.35 dB loss per
crossing with a crosstalk of about —27 dB and a back reflection
of 0.17% while the major contribution to losses (3.6%) comes
from scattering. The MMI design was the same as in [7] and
had about 0.4 dB insertion losses with, however, a strong im-
pairment between the two output channels possibly due to layer
misalignment during the fabrication process. This impairment
made very difficult the use of the reference signals for intensity
normalization.

IV. EXPERIMENTAL CHARACTERIZATION AND RESULTS

The setup used to test the router is shown in Fig. 6. It is a
standard setup for waveguide measurements apart the input sec-
tion. In fact, we need two input signals that are coherently con-
trolled in phase. To achieve this, the output of a single contin-
uous-wave tunable laser is connected via a fiber splitter to two
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Fig. 6. Experimental setup used to test the router (VOA: variable optical attenuator, EMC: electromechanical, SMPM: single mode polarization maintaining, and

DUT: device under test).

polarization maintaining fibers. Each fiber is then connected to a
polarization selector and a variable optical attenuator (VOA) in
order to independently tune the polarization and intensity of the
signal in each fiber. One of the VOA (named electromechanical
(EMC)-VOA) can be controlled electromechanically in order to
have an attenuation sweep linear in time. Due to the fact that at-
tenuation in the VOA is achieved by moving apart the input and
output VOA fibers, an attenuation change leads also to a dif-
ferent optical path in the VOA which, in turn, translates into a
phase change of the optical signal. Note that the phase is much
more sensitive to the distance than the intensity so the phase
changes more rapidly than the intensity. Therefore, during the
attenuation sweep, we achieve a phase shift of the signal in a
fiber with respect to the one in the other which causes the oscil-
latory behavior of the signals in Fig. 9. The two fibers are then
connected to two polarization maintaining tapered fibers that are
mounted on a special holder with two V-groove separated by
250 pm. The signals are then coupled into the device under test
(DUT) by butt coupling where the fiber to waveguide alignment
is controlled by a nanometer piezoelectric positioning system.
This experimental setup allows to get the DUT response either
to a wavelength scan of one of the two input signals or to a rela-
tive phase scan of the two input signals with a fixed wavelength.

The five output signals (Ref, Refy, Thy, Thy, and D) are then
measured either independently and in sequence with an optical
zoom coupled to a Ge detector or simultaneously by imaging
the whole output facet of the DUT into an IR charged-coupled
device camera. Then, by an image processing software, the in-
tensity of each spots corresponding to each output is obtained
as a function of the input signals. The setup allows also imaging
the scattered light on the DUT surface into another IR camera
and by image processing select specific router area to measure
the intensity of the scattered light as a function of the input sig-
nals.

The first measurement performed is the spectral response of
the router. We scan a resonator resonance and not a Bragg res-
onance. In fact for a Bragg resonance neither the drop nor the
through signals go to zero in resonance [21]. Our experimental
setup does not allow to perform a wavelength scan for a con-
trolled and fixed phase difference between the two inputs. For
this reason, we could only make a wavelength scan for a single
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Fig. 7. Through and drop port spectra (black, blue, and red lines, respectively)
measured for the eight racetrack SCISSOR router when a single signal In, is
input. The intensity at the through port 2 (Thz, blue line) gives the crosstalk.
The thick continuous line represents the theoretical expected response.

input. For a single input, the drop and two through spectra are
reported in Fig. 7. We observe a wide passband that extends for
almost 6 nm. Here, the signal instead of being transmitted to the
through ports is resonantly coupled with the central waveguide
(drop signal, black line). Due to the limit in the processing, few
dips appear in the center of the passband. The dips in the pass-
bands limit the available spectral range to the two lateral side-
bands. Because of the power splitting imbalance in the MMI,
the measured spectrum is asymmetric with respect to the reso-
nance as would be expected in the ideal structure. Despite these
experimental limitations, the agreement between the measured
and simulated spectra is satisfactory. It is interesting to note the
large crosstalk from channel 1 to channel 2 as measured by the
signal at the output through port 2 (blue line). When the signal
wavelength is within the passband, the signal leaks to the other
output through port.

The simulated spectrum with a signal only in the In; (the con-
tinuous lines in Fig. 7) is shown also in Fig. 8(left) to compare it
with the case where both inputs are injected with an equal inten-
sity and are in phase (see Fig. 8(right), the red and blue curves
overlap). In this way, we can evaluate the crosstalk and the re-
sponse under strongly imbalanced inputs. We note that for the
former case [see Fig. 8(left)], the drop signal shows an intensity
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Fig. 9. Drop (black line), through 1 (red line), through 2 (blue line), and Ret,
(orange line) signals as a function of the amplitude sweep of one of the two
input (Inz ) of the eight SCISSOR router in Fig. 5. (Inset) Phase response of the
device when the two input signals have the same intensity (red box region in the
main graph).

that is only half the one of the input. The Th;y signal is com-
plementary to the D signal with two remarkable features: out of
the passband its intensity reaches almost 1 and in the passband it
does not go to zero. This is due to the crosstalk between the two
SCISSORs which causes a nonzero signal intensity also at the
Ths output in the wavelength range of the passband. To decrease
the crosstalk, one has to balance the intensity of the input signals
and increase the number of resonators in the SCISSOR. This is
shown in Fig. 8(right), where the simulations are performed for
the same structure but with two input signals of same intensity
and phase. Now the spectral response is the one expected with
two equal output through signals and zero through signal in the
passband.

The phase dependence of the outputs from the router when
the signal wavelength is within the drop passband is shown in
Fig. 9. A signal wavelength of 1534.95 nm was used. The phase
change was obtained by sweeping in time the attenuation of the
EMC-VOA (Iny intensity sweep). We then correlate the time
with the phase shift by using the 2 7 periodicity of the oscilla-
tions of the output signals. The response of the router when the
two input signals have equal intensity can be found when the D
signal vanishes (red box in the figure, blow up in the insert).

The black, red, and blue lines represent the D, Th;, and Thy
signals, respectively. The orange line represents the Refs signal
(reference for Iny). It is observed that the phase difference be-
tween the inputs affects significantly the drop signal only when
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the two input channels are increasingly balanced. In fact, the os-
cillations on the D signal are large only when Ref, increases.
In addition, the same behavior in the Thy and Ths signals is ob-
served. A detail of the phase response of the router when the
inputs are balanced is shown in the inset of Fig. 9. Clear oscil-
lations due to constructive and destructive interference on the
central waveguide are observed both in the drop and through
signals. This proves that the routing is controlled both by the
phase and by the wavelength, i.e., the device is an interfero-
metric wavelength router. Where the input signal is routed de-
pends both on the signal wavelength and on the signal phase.
The observed profiles are not perfectly sinusoidal for an exper-
imental limitation that is related to the noisy mechanical sweep
of the EMC-VOA. Due to losses, mainly scattering losses, the
sum of the two out-of-phase through signals does not equal the
in-phase drop signal. This is also observed in the simulations
in Fig. 2. Note also how, in the balanced case, the two through
signals are almost equal, as expected from the simulations. This
correspondence is not always observed due to the slight asym-
metries of the through response.

Fig. 10 shows the comparison between the phase response
for two routers: one based on one racetrack pair (see Fig. 10(a),
A = 1542.25 nm), and the second based on eight racetrack pairs
(see Fig. 10(b), A = 1534.95 nm). In addition, we show in
Fig. 10(c) the top scattering curves of the eight racetrack pair
router (A = 1528.6 nm). These are taken by numerically inte-
grating a given portion of the top IR image of the DUT: the area
of the central common waveguide for the black curve (the re-
sulting intensity is proportional to the drop signal) and that of
the eight pairs of racetracks for the orange curve (the resulting
intensity is proportional to the light intensity propagating in the
resonators). From these data, it emerges that both one and eight
pair routers follow the predicted behavior. In particular, the one
pair design shows an extinction in the drop channel of 9 dB and
the amplitudes of the through signals in destructive interference
state sum up to the value of the drop signal in constructive inter-
ference state. This means that this design has a good capacity of
redirecting the signals in the through ports without introducing
significant losses. It is, however, observed a shift between the
extreme of the drop and the two through signal maxima. This
is probably due to a nonperfect alignment of the center of the
racetracks which introduces a further uncontrolled phase shift
for the signal propagating in one or the other through waveg-
uides. On the other hand, the eight pair design shows a drop
extinction of 15 dB, thanks to the higher number of racetracks.
However, extra losses are observed and the through signals have
lower intensities than for the one pair resonator router. Fig. 10(c)
shows the origin of these extra losses. When the drop signal
shows a minimum in the scattered intensity, the interference is
destructive. In this case, we observe that the scattered intensity
in the SCISSOR is maximum. These observations show that,
when destructive interference occurs in the common waveguide,
the light signal couples back into the racetracks where it is par-
tially radiated by the scattering. This behavior is detrimental for
routing and needs to be improved for practical purposes.

Another effect that can be noted in Fig. 10(b) and (c) is the
phase offset between the drop and the two through signals. This
is a consequence of the random variations in the racetrack pa-
rameters, which randomize in turn the relative phase of the drop
and the two through signals. If the input signals In; and Iny are
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Fig. 10. (a) Phase response of a one pair SCISSOR router (A = 1542.25 nm)
and (b) of an eight SCISSOR router (A = 1534.95 nm). (c) Top scattering of
the eight SCISSOR router from the common waveguide area (D channel, black
line) and from the resonators area (orange line)(A = 1528.6 nm). All graphs
are normalized to the maximum amplitude of the D channel.

TABLE 1
COMPARISON OF THE PHASE (A® ) AND AMPLITUDE (A A, 5) DIFFERENCES
BETWEEN THE ONE PAIR (LEFT) AND EIGHT SCISSOR (RIGHT) ROUTERS

APy *og,
0.34 £0.12

AA +0a4,
0.440.17

Ads +ogg
0.02 +0.03

AAg o4,
0.24 +£0.15

in phase, they have, nevertheless, to go through two different
optical paths if the resonators differ. This leads to an offset of
the drop signal from the ideal expected extinction at phase dif-
ference AP = 0. To quantify this, we measured seven dif-
ferent but nominally equal one and eight SCISSOR routers. We
statistically quantify the influences of fabrication variations by
measuring the phase difference between the two through signals
(A®; and AP, for the one and eight SCISSOR router, respec-
tively), and their maximum amplitude difference

AA = |Thl — ThQ| .
(Thy + Ths)/2

Table I reports the average values for the one and eight
SCISSOR router (left and right, respectively). It is observed
that the eight SCISSOR router is much more robust with
respect to fabrication variations (smaller averages) than the one
pair router. This is a consequence of the collective behavior
of the SCISSOR which smoothes out statistical imperfections
with an increasing number of resonators. Therefore, there is a
tradeoff between the robustness and the losses when designing
the number of racetracks in the SCISSOR router.

V. CONCLUSION

We designed, fabricated, and characterized a novel photonic
interferometric wavelength routing device based on SCISSOR.
We show that the interferometric wavelength router has band
routing functionalities and is robust against fabrication imper-
fections and input signal imbalances. These are clear advan-
tage over more conventional Mach--Zehnder or single resonator
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routers. The experimental test furnished a first demonstration
of the viability of the concept: signal routing and switching are
controlled by the phase difference of two input signals as well as
by their wavelength. Current fabrication technologies limit the
usefulness of this router because of random variations of its ge-
ometrical parameters induced by processing limitations. Never-
theless, it is shown that the proposed device works as expected
and that its behavior is well understood. We believe that fur-
ther design optimizations and especially the upcoming of new
lithographic technologies will dramatically improve the device
performances. Next generation electron beam- or extreme ul-
traviolet lithography promise to lower fabrication errors by an
order of magnitude, making the proposed SCISSOR-routing and
interferometric-switching systems a valuable approach that can
complement other existing routing and switching technologies.
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