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The spectral responses of series-coupled racetrack resonators exhibiting the Vernier effect have many attractive
features as compared to the spectral responses of identical series-coupled racetrack resonators, such as free spectral
range (FSR) extension and enhanced wavelength tunability. Here we present experimental results of a thermally
tunable quadruple series-coupled silicon racetrack resonator exhibiting the Vernier effect. We thermally tune two of
the four racetrack resonators to enable discrete switching of the major peak by 15.54 nm. Also, our device has an
interstitial peak suppression of 35.4 dB, a 3 dB bandwidth of 0.45 nm, and an extended FSR of 37.66 nm. © 2013
Optical Society of America
OCIS codes: (230.4555) Coupled resonators; (130.7408) Wavelength filtering devices; (250.5300) Photonic integrated

circuits.
http://dx.doi.org/10.1364/OL.38.002440

Identical series-coupled ring resonators [1,2] have been
fabricated in which each resonator has been thermally
tuned. Thermal tuning is desirable because its effect on
the effective index is large [3] and there is no excess loss
versus current [4]. An increase in temperature tends
to shift the resonant wavelength by approximately
0.07 nm∕°C; therefore, to tune the resonant wavelength
by the span of the C band (35.09 nm) would require a
temperature change of several hundred degrees Celsius.
Fortunately, the Vernier effect enables one to significantly
enhance the resonantwavelength switching range as com-
pared to the range available when using identical ring res-
onators [5]. Thermally tunable series [6,7] and cascaded
[5,8] coupled ring resonator filters exhibiting the Vernier
effect have been achieved previously. However, these
devices show unacceptable spectral characteristics for
typical dense wavelength-division multiplexing applica-
tions, such as low interstitial peak suppression (IPS)
[5,6], small extension of the free spectral range (FSR)
[6,7], and no extension of the FSR in the through port [5,8],
and many do not use the silicon-on-insulator (SOI) plat-
form [7,8]. Our previous results using double-racetrack
resonators showed an IPSof 25.5 dB and a 3 dBbandwidth
(BW) of 0.09 nm [9]; however, it is desirable to have larger
IPSs and BWs. Previously, it has been theoretically shown
that more than two serially coupled ring resonators are
needed to achieve sufficient IPS [10–13]whilemaintaining
a large enough BW. Here we experimentally demonstrate
the first thermally tunable quadruple series-coupled Ver-
nier racetrack resonator using SOI strip waveguides. We
shift themajor peak by 15.54 nmby heating two of the four
racetrack resonators [resonators c and d in Fig. 1(a)].
For the modeling and analysis of our quadruple Vernier

racetrack resonator, we have used SOI strip waveguides
with heights of 220 nm and widths of 502 nm, as well as a
top SiO2 cladding. The Si refractive index is wavelength
dependent and can be fitted to experimental data by
using a Lorentz model [14]. Since the wavelength depend-
ency of the refractive index of SiO2 is minimal, we have
assumed a constant refractive index of 1.4435. Also, we
have used 2.4 dB∕cm propagation loss in our modeling.

This is consistent with the value of 2.35� 0.33 dB∕cm
recently reported by [15] for SOI strip waveguides
with top SiO2 claddings. The schematic of the quadruple
Vernier racetrack resonator is shown in Fig. 1(a), which
has an asymmetric arrangement of resonators as de-
scribed in [10–12,16]. The fabricated device is shown
in Fig. 1(b).

La;b;c;d are the total lengths of the racetrack resonators,
κ1 and κ5 are the symmetric (real) point field coupling fac-
tors to thebuswaveguides, κ2;3;4 are the inter-ring symmet-
ric (real) point field coupling factors, and t1;2;3;4;5 are the
respective (real) point field transmission factors. The der-
ivations of the transfer functions can be found in [13,16].
The following simulations assume that La � Lb � 2πr�
2Lx (where r � 5 μm and Lx � 7 μm), Lc � Ld �
�4∕3�La � 2πr � 2Lx � 2L (where L � 7.569 μm), κ1 �
κ5, κ2 � κ4, t1 � t5, and t2 � t4. The effective index and
field coupling and transmission factors arewavelength de-
pendent andwere determinedusingMODESolutions soft-
ware by Lumerical Solutions, Inc. The field coupling and
transmission factors were calculated by determining the
even and odd effective indices. At the major resonance
wavelength (1545.96 nm), the effective index for a single
waveguide is 2.4509, and its slope is −0.0011 nm−1. The
gap distances g1, g2, g3, g4, and g5 were chosen to be

Fig. 1. (a) Schematic of the quadruple Vernier racetrack
resonator and (b) the fabricated device.
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148, 348, 388, 348, and 148 nm, respectively. At the major
resonance wavelength, their respective field coupling
factors (and slopes) are 0.4392 (0.0016 nm−1), 0.0766
(0.0005 nm−1), 0.0542 (0.0003nm−1), 0.0766 (0.0005 nm−1),
and 0.4392 (0.0016 nm−1). We designed our device to have
an express channel isolation, ECi, greater than or equal to
25 dB [17] for a clear window of 0.1 nm at a center wave-
length of 1545.94 nm and a channel spacing of 0.8 nm,
as shown in Fig. 2(b), whereas our previous device had
anECi of 11.1 dB for a clearwindowof 0.048 nm [16]. Also,
minimal notches within the passband of the through port
and a large IPS are required, as shown in Fig. 2(a). The
3 dB BW, IPS (defined as difference between the major
peak intensity and the largest minor peak intensity),
FSR, and ECi are 0.34 nm, 41.0 dB, 36.93 nm, and 25.7 dB,
respectively.
The device fabricated consisted of multiple e-beam

lithography [18] and Cl2 etch steps (to define the strip
waveguides and shallow etch grating couplers), a 2 μm
oxide deposition, followed by a 300 nm deposition of Al
for the electrodes and metal heaters (5 μm wide) above
the waveguides. Figures 3(a) and 3(b) show the experi-
mental through port and drop port responses of the
device when no voltage is applied. The FSR (37.09 nm)
is larger than the span of the C band, the IPS is 26.6 dB,
and the 3 dB BW is 0.24 nm. It is also clear that the
through port response shows suppression of the resonan-
ces within the passband. The minimum insertion loss
(defined as the maximum transmission at the through
port) of the device is approximately 12 dB, which is due
mainly to the grating coupler loss (typically measured
to be 10–12 dB), whereas other loss mechanisms are
minimal, such as mode-mismatch loss at the interfaces
between straight sections and 90° bends of the racetrack
resonators, which, based on our simulation results, is
approximately 0.008 dB per interface. Also, one can

clearly see that the major peak is much lower than the
through port transmission and that the major notch
shows worse performance as compared to the theory,
which are likely due to fabrication variations and
coupling-induced frequency shifts, which can be cor-
rected for by finely tuning each ring resonator [1]. How-
ever, here we have focused on the discrete wavelength
tunability of our device (continuous tuning is possible as
described in [5]). We applied the same voltage to race-
track resonators c and d to enable the Vernier effect
switching mechanism. Figure 4(a) shows the theoretical
results when the temperature difference between
resonators c and d, as compared to the temperature of
resonators a and b, is increased from 0°C to 46°C
(dn∕dT � 1.86 × 10−4°C−1 [19]). We can clearly see the
discrete switching of the major peak across a wavelength
span of 12.70 nm, which corresponds to the FSR of a
single racetrack resonator with the dimensions of one
of our small resonators (i.e., resonator a or b). If we
changed the temperatures of all of the racetrack resona-
tors at the same time by 46°C, the major peak would shift
by only 3.17 nm. Thus, we can see one of the benefits
of using the Vernier effect to tune the resonant wave-
length. Figure 4(b) shows the experimental results in
which we varied the voltage applied to the heaters on
top of both racetrack resonators c and d from 0 to 10.5 V.
The major peak shifts discretely by 15.54 nm. When
10.5 V is applied, the major peak has an IPS of 33.9 dB,
a 3 dB BW of 0.45 nm, and an FSR of 37.66 nm. If we
define the IPS for a clear window of 0.1 and 0.8 nm chan-
nel spacing, the IPS is 35.4 dB. Except for a 2.84 nm
increase in the resonant shift, which is possibly due to
thermal cross talk between the racetrack resonators
[5] (resonators a and b are likely also being heated),
the experimental Vernier switching mechanism seen here
is in agreement with the theoretical results.
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Fig. 2. (a) Theoretical through port and drop port spectra
and (b) a major peak in the drop port response and a major
notch in the through port response.
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Fig. 3. (a) Experimental through port and drop port spectra
and (b) a major peak of the drop port response and a major
notch of the through port response.
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In summary, we have demonstrated a thermally tuna-
ble quadruple Vernier racetrack resonator. This device
has an IPS of 35.4 dB, a 3 dB BW of 0.45 nm, and
an extended FSR of 37.66 nm when 10.5 V is applied
to the heaters on top of the two larger racetrack resona-
tors. We were also able to shift the major peak by
15.54 nm.
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Fig. 4. (a) Theoretical drop port spectral responses for various
temperature changes applied to racetrack resonators c and d
and (b) experimental drop port spectral responses for various
changes in the voltage applied to the heaters on top of racetrack
resonators c and d.
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