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The characteristics of ring resonators as building block of selective filters are discussed. The results of an
experimental research of various ring-based filters realised in SiON technology with ∆n=6% are presented.
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Introduction

Promising candidates for filtering, packing, separating and managing large numbers of channels in a
Dense Wavelength Division Multiplexing DWDM systems are the circuits based on ring resonators.
Rings with Free Spectral Range FSR ranging from few GHz [1] up to some THz [2] have been
demonstrated in various technologies, both passive and active. However, there are several
constraints in using ring resonators: losses, tolerances sensitivity, technological issues, tunability,
transfer function and so on. In this contribution we analyse the characteristics of a single ring, try to
find the limits of various known ring based circuits and present the results of an experimental
investigation on rings realised with SiON technology with an index contrast ∆n=6% [3, 4].

The Ring Resonator
The transfer function of a single ring resonator coupled to an input and an output waveguide is
identical to that one of a Fabry-Perot cavity. The FSR depends on the ring group optical length ngLr

(FSR=c/ngLr), the resonant frequencies f0M depend on the ring phase optical length neffLr

(f0M=cM/neffLr) and the bandwidth B is related to the coupling coefficients κ with the input/output
waveguides ( B FSR≈ −κ π κ/ 1 ). An important and characteristic parameter of the ring is the Q-
factor or finesse, defined as Q=FSR/B. Before discussing the properties of ring-based filters and
experimental results, we briefly investigate the characteristics of the single ring.
Technology: One of the main difficulty on ring design is the choice of the waveguide index contrast
∆n: the higher is ∆n, the lower is the minimum bending radius supported by the waveguide and the
higher is the selectivity and the maximum achievable FSR. In literature, rings with diameter of few
microns have been reported [2] but with waveguides dimensions and directional coupler gaps of
few hundreds of nanometer. Besides technological problems in controlling such small dimensions,
very high index contrast waveguides are often critical in terms of scattering losses and fiber-to-
waveguide coupling losses, and require additional technological steps to reduce them to acceptable
values. A good compromise between losses (scattering, radiation and coupling), minimum bending
radius and resolution of common actual technologies is found for a ∆n in the range 0.1 to 0.2 [5].
For glass or polymer technology (n≈1.5) this means an index contrast ∆n between 5% and 10%.
Losses: The attenuation of high index contrast waveguides is usually much larger then losses of
classical low contrast waveguides (0.1 dB/cm or less). If, on one side, this is not a problem because
the ring dimension is of the order of the millimetre or less, the losses can be strongly enhanced by
resonance. To better understand their impact, let’s consider the two simple cases shown in the inset
of Figs.1a) and b). Fig. 1a shows the insertion loss at the drop port of a single ring filter for different
values of Q versus the roundtrip ring attenuation. If more rings are cascaded, the insertion losses are
even higher. Even if, to a first order, the shape of the transfer function is not compromised, the



higher is the desired selectivity the smaller must be the
roundtrip attenuation (including the couplers losses). A
filter with Q=100 would require waveguide losses hard
to obtain with present technologies. The second
considered example is the phase shifter often employed
for dispersion compensation. The intensity transfer
function should be flat but at resonance the losses are
enhanced and the attenuation can become unacceptable.
The considered coupling coefficients are κ={0.77; 0.45;
0.27; 0.06; 0.03}, corresponding to Q={2;5;10;50;100}.
Tolerances sensitivity: A realistic analysis on the impact
of the fabrication tolerances is very complex and would
require considerations on waveguide structure, materials
employed and process flow, besides the circuit itself.
However, some general considerations on the sensitivity
of the frequency response on uncertainty of the circuit
parameters can be drawn. In general the sensitivity to the
coupling coefficients is rather low and a variation of
±10% can be accepted. The most influenced is the cross
talk (the through port in resonance and the drop port out
of resonance) but both the rejected and the transmission
bands remain practically unaffected. Highly selective
filters are more critical because the coupling coefficients
are very small and the absolute tolerance is tighter.
The ring length has the greatest sensitivity. A variation
of the ring optical length equal to one wavelength shifts
its frequency response by one FSR, as for every other
filter. The maximum allowed variation is related to Q. If     Fig. 1- Insertion losses of a single ring
a frequency shift equal to a fraction x of the bandwidth is       a) bandpass filter and b) allpass filter,
accepted, the optical ring length must be controlled within,  versus the roundtrip attenuation.
λ/xQ. Hence, from this point of view, the ring is similar to Mach-Zehnder and AWG .
Tunability: The thermal control of the ring optical length is an interesting way to tune and adjust the
filters transfer function. The frequency shift ∆f induced by a temperature variation ∆T is given by
∆f=∆TKf0M/neff, where K is the thermooptic coefficient. For SiON waveguides with ∆n=6% we have
measured K=1.0 ⋅10-5 °C-1, a value higher then that one of SiO2, and the frequency shift is therefore
equal to 1.33 GHz °C-1. As an example, in order to tune a ring over a full FSR, the heating ∆T must
be 75 °C for 100 GHz and 300 °C for 400 GHz, which seems the limit for this kind of control. Note
that a small tuning of the center frequency is always possible, even for very high FSR and Q, being
∆f independent on both.

Experimental Results
According to the considerations expressed in the previous section, the ring resonator seems to be a
promising candidate for DWDM systems with channel spacing in the range 10 to 100 GHz. The
major potentiality is the periodicity of the transfer function, its selectivity and the small dimensions
whereas the ratio FSR/B should be kept small to reduce losses, tolerance sensitivity and avoid
critical technologies. Curvature radii of few hundreds microns are thus required, and a good choice
is a waveguide with an index contrast ∆n≈6%. Among the existing passive technologies, SiON is
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nowadays the most promising material to realise such an index contrast [3] (active technologies are
even more interesting but more complex).
A large number of ring based filters have been designed and tested (the realization was carried out
at LioniX BV, [4]). The realized SiON waveguides have a rib-shaped core 1.8µm high and 2.5µm
wide. The choice of a rib-shaped core has many advantages respect to the buried. First of all the
form birefringence can compensate the material birefringence, in order to have polarization
independent devices. Scattering losses due to surface roughness are lower and the coupling with
optical fibers is more efficient. Moreover, the directional couplers may have wider gaps respect to
the buried case and hence are less critical from the technological point of view. In the considered
case, the gaps are 1.2µm wide and can be realized and controlled with common technologies. The
measured attenuation of the straight waveguides at 1550nm is equal to 2.5dB/cm without annealing
and 0.35dB/cm after annealing.
In Fig. 2 the spectral response of a single resonant ring with a nominal FSR=100GHz over 25 FSRs
from 1545nm to 1565nm is shown. Both the drop and through port response are shown. The ring
has a constant bending radius of 303µm with two classical straight directional couplers. In this
wavelength range the average FSR is 96.13 GHz with a variance of only 0.10GHz, corresponding to
the measurement system accuracy. This excellent uniformity is a fundamental property and SiON
ring based filters can work on almost the whole S, C or L band.
The experimental response is in excellent agreement with theoretical simulations and shows a
bandwidth B=13.3GHz at -3dB and an extinction ratio of 13.5dB, corresponding to κ=0.36. At the
resonances, the fiber-to-fiber insertion loss is equal to 4.4dB for the drop port and 2.1dB for the
through port. These include the filter losses, the fiber-to-waveguide coupling losses, estimated
around 0.8dB/facet in the experimental set-up used, and 0.5dB for the input and output waveguides.
At the through port the insertion losses are very small and correspond to the input/output waveguide
losses and coupling because there is not resonance enhancement. The insertion loss of the ring is
2.3dB, the lowest value never reported in literature for ring resonators. A careful analysis indicates
that the ring looses 0.75dB per turn,
as confirmed by Fig.1. We estimate
that the couplers contribute with
0.2dB each, the material absorption
contributes with 0.07dB and that
radiation and scattering losses
contribute with 0.045 dB/rad.
Waveguides have been butt-coupled
with a small core fiber through an
index matching oil. The coupling
losses are mainly due to a mode
mismatch between fiber and
waveguide and they can be reduced
down to 0.3 dB with a suitable mode
adapter.
In Fig. 3a the photograph of a double
ring filter is shown. The nominal FSR
is 50 GHz and the bandwidth at -1dB
is 8GHz. The coupling coefficients
κi={0.66;0.24;0.66} shape a Butterworth     Fig. 2- Experimental spectral response of a single ring
response and are realised with classical filter with FSR=96.13 GHz.
straight directional couplers. The overall dimensions of the filter are 1.4x2.3 mm2, the constant
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curvature bending radius being 570µm. The fiber-to-
fiber experimental spectral response measured at the
drop port is shown in Fig. 3b) for both the TE and TM
polarizations. The extinction ratio of 15 dB is very close
to the expected one and the polarization dependence is
very weak. The uniformity over a range of 4nm,
corresponding to 22 channels of a 25 GHz
spaced DWDM system, is excellent. The
measured FSR is 47.6GHz, indicating a ratio
ng/neff=1.0504 and in the wavelength range
between 1540nm and 1580nm, corresponding
to 105 FSRs, no appreciable variations of the
FSR are observed. Fig. 3b) refers to a chip
without annealing.
The filter shown in Fig. 4a) is a balanced Mach-
Zehnder with a ring coupled to one arm. This
solution is particularly interesting because the
coupling coefficient of the ring is always very
high and therefore the ring losses do not affect
the total transfer function (see Fig.1b). Fig. 4b
shows a nice fiber-to-fiber spectral behaviour of
the through port while the drop port is visible Fig. 3- a) Photograph and b) fiber-to-fiber spectral
distorted. The asymmetry comes from the ring     response of a double ring filter. FSR=47.6 GHz.
coupler that is slightly lossy and produces a
phase shift between the two output ports of the
coupler itself.
In conclusion, the measured performance are
encouraging in terms of bandwidth, out-of-
band rejection, operating wavelength range and
polarization independence. We firmly believe
that ring-based passive filters are promising
candidates for the management of the closely
spaced channels in DWDM systems.
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