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Double-Layer Cross-Coupled Silicon Nitride
Multi-Ring Resonator Systems

J. Pan, S. Zhai, J. Feng , M. Shi, L. Zhou , G. Cong, R. Akimoto , and H. Zeng

Abstract— We demonstrate a double-layer Si3N4 multi-ring
resonator system, where an S-bend waveguide is cross-coupled
with a ring cavity loaded with two sub-ring resonators. The device
performance is analyzed by using the transfer matrix method.
The alignment-error-induced device performance variations are
also discussed. The measured spectra coincide well with the
simulated results. The device has high tuning flexibility and more
design freedom with two sub-rings placed above the ring cavity.
The spectrum profile can also be tuned by changing the cross-
coupling coefficient. A heater placed above the resonator can
shift the resonant wavelength effectively.

Index Terms— Optical resonance, integrated optics, silicon
nitride.

I. INTRODUCTION

OPTICAL filters are a key component for dense
wavelength-division-multiplexing (DWDM), which is

widely used in optical communications and microwave pho-
tonics to increase the channel capacity [1], [2]. Optical filters
can be based on interferometers such as Michelson-Gires-
Tournois interferometers [3], Mach-Zehnder interferomet-ers
(MZIs) [4], Sagnac interferometers [5], micro-cavity res-
onators [6] and arrayed-waveguide gratings [7].

For various integrated optical filter platforms, silicon nitride
(Si3N4) is an ideal material as it has a wide transparency
window and negligible nonlinear (two-photon) absorption
losses [8]. The fabrication process of Si3N4 waveguides is
compatible with complementary metal-oxide-semiconductor
(CMOS) [9], which can also realize a three-dimensional (3D)
vertical integration [10]. The 3D integration can provide a
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high fabrication tolerance and a compact size. A 3D resonator
system with a bottom-layer microring cross-coupled to an S-
bend waveguide on the top layer has been demonstrated [11].
The output spectrum profile can be designed by varying the
coupling coefficient between the waveguide and the microring.
The principle is similar to the Sagnac effect of a self-coupled
device [2]. A planar cross-ring resonator MZI interleaver
was also reported [12], but the crossing waveguide could
cause additional insertion losses. For the self-coupled struc-
ture, the fabrication tolerance of the device can be improved
[13], [14]. A dual-layer cross-coupled Si3N4 resonator with
a sub-microring on the top layer has been proposed and
demonstrated [15]. The resonant wavelength can be tuned by a
micro-heater positioned above the feedback waveguide. It can
provide more design freedom and fine-tuning of the spectrum.

For such a complex 3D integrated resonator, alignment
errors may usually happen, which will cause the device perfor-
mance to change. The detailed influence has not been studied.
Besides, the dependence of the spectrum profile on the vertical
coupling coefficient still needs further investigations. Thus, an
alternative configuration of a 3D three-ring system is designed
here. An S-bend waveguide is coupled with a racetrack ring
cavity, which is loaded with two sub-ring resonators placed
symmetrically on both sides of the waveguide. The racetrack
ring is on the bottom layer. The S-bend and two sub-ring
resonators are on the top layer. More rings can increase
the design freedom and improve the spectrum tuning effect.
The lightwave could resonate between the top and bottom
layers multiple times and there are six waveguide coupling
coefficients can be used. The device performance such as the
extinction ratio and the passband can be tuned with varying
the coupling coefficients.

II. DEVICE DESIGN

Fig. 1(a) presents a schematic of the double layer self-
coupled multi-ring resonator filter, which comprises with an
S-bend waveguide cross-coupled racetrack resonator system,
with half of the resonator [cmp1 and cmp2 in Fig.1(a)]
replaced by U -bend cross-coupled structures as in [16].
Fig. 1(b) shows the microscope image of the fabricated device.
The waveguide has a height and width of 200 nm and 1.5 μm,
respectively. It is essentially also a dual-layer cross-coupled
structure with two sub-rings, where the racetrack resonator
is on the bottom layer (Green part) and the two sub-rings
together with the S-bend waveguide are on the top layer (Blue
part). Two heaters are placed above the structure (Yellow part).
The coupling length between the S-bend waveguide or the
sub-rings and the racetrack resonator is denoted as Lc1 or
Lc2, respectively. The input light can propagate in clock-
wise or counterclockwise direction. The first light pathway
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Fig. 1. (a) Schematic of a double-layer self-coupled multi-ring resonator
system. (b) A microscope image of the fabricated devices.

is through the waveguide directly, that is from the input-port
to the S-bend waveguide and then to the output-port. Another
pathway is the light coupling from the waveguide at the input-
port to the bottom resonator. Then the light in the resonator
propagates in clockwise direction and couples into the S-bend
waveguide, then the light passes through the waveguide and
into the resonator again and propagates in counterclockwise
direction. There is a fixed path difference between the two
pathways.

The device transmittance can be analyzed by using the
transfer matrix method. The transmission and cross-coupling
coefficients are t1, k1 or t2, k2 between the bottom resonator
and the S-bend waveguide or the sub-rings (k2

1 + t2
1 = 1,

k2
2 + t2

2 = 1 for lossless couplings). The transmittance t0 is for
the case without sub-rings, with the transmittance tAB for a
U -bend feedback-waveguide cross-coupled resonator, which is
similar to that in [15], as in Eqs. (1) and (2). The transmittance
of the left or right racetrack resonator system is indicated by
tcmp1 or tcmp2. The transmittance ts of the multi-ring resonator
can be obtained by substituting tcmp1 and tcmp2 with tAB in
Eq. (1).

t0 = e−iθ1

·
[

t2
1 + 2k2

1t2
1 − k4

1

1 + t2
1 tcmp1tcmp2

tcmp1tcmp2

+ 2k4
1 t2

1 (tcmp1tcmp2)
2

(1 + t2
1 tcmp1tcmp2)2

]
, (1)

tAB = k2
2e−iθ3 − t2

2 e−iθ4 + e−i(2θ3+θ4)

1 + k2
2e−i(θ3+θ4) − t2

2 e−i2θ3
e−i(θ5+θ6), (2)

ts = e−iθ1

·
[
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tAB tAB + 2k4
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1 (tABtAB )2

(1 + t2
1 tAB tAB )2

]
.

(3)

Here, θi (i = 1, 2, . . . , 6) represents the accumulated phase
shift in a waveguide with a length of L i.

Various spectral profiles can be realized with varying k1 as
shown in Fig. 2, with k1 = 0.25, 0.60, 0.95 and 1 while
k2 = 0.3 at the transverse electric (TE) polarization. The
device geometric parameters are L1 = 390 μm, L2 =
(532 + 100π) μm, L3 = 100πμm, L4 = (100 + 100π) μm,
L5 = 141 μm and L6 = 391 μm, as shown in Fig. 1(a).
The waveguide propagation loss is about 1.3 dB/cm, obtained
by the cutback method. The corresponding extinction ratios

Fig. 2. Modeled device transmission spectra with a varying k1 and a fixed k2.

are 7.2 dB, 13.2 dB, 31.49 dB and 70.3 dB near 1550-nm
wavelength, which increase with k1. The electromagnetically
induced transparency (EIT)-like [17], [18] resonance fea-
ture depends on k1. The EIT-like resonance is absent with
k1 = 1. The resonance dip splits into an EIT-like spectrum at
1549.8 nm, which becomes a new oscillation and disappears
with the increased k1. A quality (Q) factor of 2.0×104 is
obtained with k1 = 0.25 at a wavelength of 1549.8 nm, which
is calculated by the ratio of the resonant wavelength to the
half-width of the crest. For the split resonance dip, the Q-value
can be roughly obtained with a Lorentzian-fitting of the whole
dip. The Q-value is limited by the multi-coupling system
and the high waveguide propagation loss originated from the
material absorption and the microring bending loss due to a
thin waveguide layer. For the full-coupling case (k1 = 1),
the structure is turned into the case of having the two U -bend
waveguides coupled. Resonance features are similar to those in
Ref. [16], which have a free spectral range (FSR) of 2.13 nm.
Only one path exists for the device due to the unity coupling
coefficient.

Fig. 3(a) reveals the influence of k2 on the transmission
spectrum, where k1 is fixed at 0.25 with k2 = 0.25, 0.50,
0.75 and 1. The dense notch filtering performance can be
controlled, showing potential applications in DWDM sys-
tems. The extinction ratio slightly changes with k2 at new
resonance positions. It seems that k1 mainly determines the
filtering profile while small resonance shifts and extinction
ratio changes can be influenced by k2. This may be due to that
the main resonant filtering feature is caused by the interference
between clockwise and counterclockwise propagating light in
the resonator, which is determined by k1. Meanwhile, the per-
formance of the U -bend feedback-waveguide cross-coupled
resonator can be tuned by k2, which causes some fine-tuning
to the spectrum. However, for the case when k2 = 1 or 0,
the structure is reduced to a simple S-bend waveguide-coupled
ring resonator. The resonance characteristics are similar to
those in [11].

Compared with the film-thickness-induced coupling coef-
ficient variation, alignment errors usually happen during a
multi-layer device fabrication and may cause a moderate
performance change due to the waveguide displacement and
an asymmetry in the coupling coefficents between the bottom
resonator and the top sub-rings, which are denoted as k2−1,
k2−2, k2−3 and k2−4 instead of k2, as shown in Fig. 1(a).
The simulated results with k1 = 0.60 are shown in Fig. 3(b).
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Fig. 3. Modeled transmission spectra for the device with a varying k2 and a
fixed k1. (b) Modeled transmission spectra for the filter with an asymmetry in
the coupling coefficents between the bottom resonator and the top sub-rings.

Fig. 4. Modeled transmission spectrum evolution with an additional phase
shift (from 0 to 0.5π) is applied to the racetrack resonator with the coupling
coefficients of (a) k1 = 0.25, k2 = 0.30 and (b) k1 = 1, k2 = 0.30.

The cross-coupling coefficients k2−2 and k2−3 are chosen to be
0.3 while k2−1 and k2−4 are 0.2, 0.3 and 0.4. A slight resonant-
wavelength-shift of 0.03 nm happens, which can provide a
high fabrication tolerance for alignment errors. For varying
the sub-ring coupling coefficient with k2−1 = k2−2 = 0.3,
k2−3 and k2−4 are 0.3 or 0.6 for comparison. It can be seen
that the main profiles are similar but the resonance position
(around 1550 nm) changes with a wavelength shift of 0.08 nm.

Fig. 4(a) shows the spectrum change with phase θ4, cor-
responding to a phase shift applied to the bottom racetrack
resonator. The coupling coefficients are fixed at k1 = 0.25 and
k2 = 0.30. The phase tuning to θ4 can result in an effective
change of the resonant wavelength. A 0.075-nm resonant
wavelength shift is observed for a 0.1π phase change at the
resonant wavelength of 1549.5 nm. There are no resonant
wavelength shifts at a wavelength of 1550 nm, where the
EIT-like resonance profile happens. For k1 = 1, the resonant
wavelength has little shifts, as shown in Fig. 4(b). A phase-
shift only varies the extinction ratio of the resonance dip while
each resonance wavelength has a different behavior, since the

Fig. 5. Measured transmission spectra for the device with a coupling length
Lc1 of 0, 5, 10 and 15 μm, respectively.

Fig. 6. Active tuning of the device transmission spectrum by the heater
above the racetrack resonator for Lc1 = 0 and Lc2 = 0 μm. Inset: resonant
wavelength with the applied voltage.

corresponding group index and thus the static optical phase
are different. Moreover, additional phase shifts on the S-bend
waveguide do not change the spectrum profile, which is similar
to that shown in [11] and is not shown here for simplicity.

III. PERFORMANCE AND DISCUSSION

The device fabrication is similar to that in [16]. The fabri-
cated device has a footprint of 1.2×0.3 mm2. The measure-
ment setup incorporates an amplified spontaneous emission
(ASE) source, a polarizer for adjusting the light polarization
state, an input objective lens, an output tapered fiber and an
optical spectrum analyzer (OSA). Fig. 5 shows the measured
transmission spectra of the device with coupling lengths Lc1 =
0 μm, 5 μm, 10 μm, 15 μm and Lc2 = 0 μm, which
are normalized with the maximum transmittance. The k1 is
calculated to be about 0.25, 0.60, 0.95 and 1, respectively.
The zero-coupling length means that there are no straight
coupling sections, but coupling still occurs due to the dual-
layer crossed waveguides. The k1 for Lc2 = 0 μm is about
0.30. At Lc1 = 0 μm, a Q factor of 2.0×104 can be realized.
The measured spectra agree well with the simulation results
as shown in Fig. 2, which have a similar spectral profile and a
similar filtering performance. The extinction ratios are about
3.2 dB, 5.6 dB, 21.3 dB and 17.3 dB near 1550 nm for different
coupling lengths. The resonance dip has a small blue-shift
near 1550 nm for the coupling length of 15 μm, which may
be caused by the slightly unbalanced coupling coefficients
between the top sub-ring or the waveguide and the bottom
resonator as in the simulation in Fig. 3(b).

Fig. 6 shows the spectrum tuning with a voltage applied to
the heater above the racetrack resonator, with both the coupling
lengths Lc1 and Lc2 of 0 μm. The resonant wavelength has
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Fig. 7. Resonant spectrum changes by the heater above the racetrack
resonator with Lc1 = 15 and Lc2 = 0 μm. Inset: spectrum change by the
heater above the S-bend waveguide.

Fig. 8. Comparison of transmission spectra of the single sub-ring and dual
sub-ring resonator systems with k1 = 0.6, k2 = 0.35.

a red-shift when the voltage increases. With an 8-V voltage
applied to the heater, a 0.12-nm shift can be obtained. Inset
of Fig. 6 shows the resonant wavelength change, which has
a quadratic relationship with the applied voltage (as the fitted
solid line) since the waveguide effective index changes almost
linearly with the generated heat. The thermal tuning efficiency
is not so high mainly due to the low thermal coefficient of
Si3N4 material, which is about 2.45×10−5 RIU/◦ [19]. The
large vertical coupling gap spacing and the thick cladding
layer between the heater and the waveguide also decrease the
thermal tuning efficiency.

Fig. 7 shows the transmission spectra when the voltage
is applied to the heater above the racetrack resonator with
Lc1 = 15 μm. The resonant wavelength is almost fixed
and only the extinction ratio varies. It is consistent with the
simulated results in Fig. 4(b). There are small oscillations
in the transmission spectra, which may be caused by light
multiple reflections between the waveguide input/output facets.
Inset of Fig. 7 shows the spectrum change when the voltage
is applied to the heater above the S-bend waveguide. There
are no obvious resonant wavelength shifts, since the reso-
nant wavelength is independent of the phase of the S-bend
waveguide. The slight difference in the spectrum may be due
to the cross-coupling coefficient change caused by the thermal
crosstalk.

Fig. 8 shows the simulated spectra for the single sub-ring
and dual sub-ring cases with the same coupling coefficients.
The dual sub-ring structure has a more complex filtering
spectrum. Every two main crests, there is one split crest and
then one tiny crest is followed by two crests for the single-
ring case. The spectral profile can be effectively tuned as
shown in Figs. 2 and 3(a). The multi-ring system can provide
a high sensitivity, a compact structure and a high fabrication
tolerance. Besides, the coupling coefficients between the top

sub-ring and the bottom resonator can be different, which gives
more design freedom to satisfy various filtering applications.

IV. CONCLUSION

To summarize, we demonstrated a 3D integrated system
consisting of a racetrack resonator coupled with an S-bend
waveguide and two sub-microrings. Different spectral pro-
files are obtained by varying the coupling coefficients. The
alignment-error-caused vertical asymmetric coupling coeffi-
cients between the resonator and the sub-rings cause the
resonance position changes. The 3D integrated device can
provide a compact footprint and a larger fabrication tolerance
compared with conventional planar structures. The multi-ring
system also shows a potential of building complex filter-
ing or multifunction systems, which is expected to have a wide
application prospect beyond optical communications.
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