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Abstract. We demonstrate a Vernier microring sensor consisting of a traditional cascaded dual microring resonator
and an additional measurement range unit. The sensor’s performance is simulated for different concentrations of
aqueous solutions of ethylene glycol (C2 H6 O2 ). The theoretical sensitivity of our system is as high as 7386 nm/RIU,
an order of magnitude much larger than that of the traditional cascaded dual microring sensor (562 nm/RIU), 13.1
times more than the traditional cascaded dual microring sensor. At the same time, the measurement range can reach
as high as 2.49 × 10−2 RIU.
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1. Introduction
The integrated optical waveguide has been proved to
possess good sensing performance. A large number
of innovative sensors have been put forward, such as
microring resonator [1,2], waveguide Bragg grating
[3,4] and Mach–Zehnder (M–Z) interferometer (MZI)
[5,6]. The microring sensor is favoured by researchers
due to its unique features such as compact geometry,
low power consumption and large-scale integration. The
microring sensor was proposed and explored first by
Chao and Guo [7], who showed that the change in
effective refractive index can be transformed into the frequency shift or amplitude variation of the transmission
spectrum of the transducer. A high sensitivity features
a large resonance wavelength shift for a given index
change, but it is more difficult to detect a small refractive
index change. On the contrary, Fano resonance improves
the detection limit but reduces the resonance wavelength
shift. Different optimisation techniques have been proposed in order to achieve a good sensing performance
of the optical microring resonators [8–11].
The Vernier effect can enhance the sensing
performance of a microring. Jiang et al first proposed
the theoretical analysis and experimental investigation

on the Vernier effect of cascaded microring resonators
[12], then achieved a highly sensitive MZI sensor and
a cascaded MZI-ring sensor. In order to improve the
measurement range, a high-Q embedded dual microring
resonator was proposed by Naznin and Sohel [9]. Chen
et al designed a label-free optical embedded dual microring biosensor based on the lithium niobate-on-insulator
technology [10]. Other research groups investigated
microring resonators with external feedback couple [13–
16]. Wang and Dai [13] theoretically analysed a high-Q
MZI-coupled microring with high sensitivity and a large
measurement range, then demonstrated experimentally
in an aqueous solution of NaCl [14]. Ren and Zou
reported a novel intensity detection method [16]. In
[17,18], Boeck et al designed a contradirectional grating coupled racetrack resonator with Vernier effect. The
aforementioned systems usually eliminate free spectral
range of the microring resonators.
In this paper, we propose a high-sensitivity Vernier
microring sensor based on cascaded dual microring
resonators and a measurement unit. The system can
maintain a high sensitivity of 7386 nm/RIU; at the
same time, our system has significantly increased the
detection range performance compared to the traditional
cascaded dual microring resonators.
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2. Theoretical analysis
A schematic diagram illustrates the Vernier microring
resonators, as shown in figure 1. The microrings R2 , R3
and R4 are exposed to the analyte in the sensing window
and the microring R1 is covered by an upper cladding
layer.
The sensor is divided into two independent parts based
on its performance. The measurement channel Output
1 is made up of microrings R1 and R2 . R1 and R2 are
cascaded as the traditional microring resonators, which
contribute to the high sensitivity. The lengths of the cascaded dual microring resonators are slightly different.
The reference ring R1 can be the outside micrometer of
the Vernier caliper, and the sensing ring R2 can be the
inside micrometer of the Vernier caliper. The measurement channel Output 2 consists of microrings R3 and
R4 . R3 and R4 are cascaded as the measurement range
units, which contribute to the large detection range. The
lengths of the cascaded dual microring resonators are
slightly different.

The peak envelope shift of Output 1 due to the
refractive index change of the analyte is amplified
by [1]
A=

FSR Ri
,
δFSR R

(2.1)

where
FSR Ri is the

 free spectral range of Ri . δFSR R =
FSR R − FSR R  is the free spectral range difference
i
j
and i, j = 1 − 4, j > i. When FSR R3 = FSR R4 , we
have A → ∞. In fact, the closer FSR R1 and FSR R2
are, the flatter the envelope of the microring resonator
is. The peak shift of a flat envelope is difficult to be
distinguished.
When the effective refractive index changes in the
sensing window, the frequency shift of the transmission
spectrum of the microring R2 is small. According to
eq. (2.1), the transmission spectrum of Output 1 can
achieve a large frequency shift, and then the microring
sensor can obtain a high sensitivity. However, crosstalk
happens between the adjacent resonance peaks. The
detection range is limited.

Figure 1. (a) Schematic configuration of microring resonators and (b) three-dimensional view of microring resonate system
in the FDTD solution window.
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Figure 2. The transmission spectrum of single microring R1 or microring R4 (the solid curve), single microring R2 or
microring R3 (the dashed curve) and cascaded dual microring resonators (the dotted–dashed curve).
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For a single-microring resonator, the resonant
wavelength shift with the effective refractive index
change is given by [4]
dλ
dn eff
=
,
λ
ng

(2.2)

where dλ is the resonant wavelength shift of the microring resonator, n eff and n g are the effective refractive
index and group index of the waveguide, respectively.
The peak shift of the transmission spectrum equals
the resonant wavelength shift of the microring R3 . The
peak shift is still distinguishable if it is greater than one
FSR R2 . The peak shift is almost indistinguishable if it
is larger than the FSR of the microring resonator.
According to eq. (2.2), when the effective refractive index of the solution in the sensing window
changes significantly, the transmission spectrum of Output 1 corresponding to n eff shifts beyond one ‘FSR’.
Here, the ‘FSR’ is the total transmission spectrum
of cascaded microrings R1 and R2 . The frequency
shift of the transmission spectrum of Output 1 goes
beyond its detection range, while the frequency shift of
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transmission spectrum of Output 2 is still within its
detection range. As shown in figure 2, when the frequency shift of the transmission spectrum of Output 2
reaches its detection range, the frequency shift of the
transmission spectrum of Output 1 attains a new quasiFSR. Thus, the measurement range of Output 1 breaks
the limitation of the FSR in the sensing ring. That is to
say, our microring resonator can achieve high sensitivity and large detection range simultaneously. As shown
in figure 3, the transmission spectrum of the microring
resonator is a comb-like spectrum with a periodically
and slowly changing envelope.

3. Numerical calculations
Based on [2,12], the radii of microring resonators are
taken to be R1 = R4 = 128 μm and R2 = R3 =
138 μm. n eff is the change in effective refractive index.
We numerically calculate the transmission spectrum of
Output 1 and Output 2 based on the transfer matrix
method.

Figure 3. A typical transmission spectrum of Output 1.

Figure 4. (a) Schematic diagram of the cross-section for cascaded dual microrings based on the SOI structure and (b) the
cross-section and the simulated mode profile for the fundamental quasi-TE mode in the MODE solution.
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Figure 4a shows the cross-section of the proposed
ring resonator geometry. The silicon photonic device
is compatible with the standard complementary metal–
oxide–semiconductor fabrication process and can be
fabricated by the planar light wave technology. The
proposed device is fabricated on silicon on insulator
(SOI) wafer of 220 nm: top Si layer (n si = 3.48) and
3 μm buried SiO2 layer (n sio2 = 1.445). The SiO2
layer is required to effectively prevent leakage loss.
Electron beam lithography is used to define the device
pattern. An inductively coupled plasma etching process

is used to etch the top silicon layer. After the waveguide
has been etched down to the desired depth, a 540 nm
cladding layer is deposited onto the silicon core layer
by plasma-enhanced chemical vapour deposition. An
optical source-detection module consisting of a tunable
laser and a power meter was used for measuring spectrum shift. The grating couplers fabricated on the chip
were used to couple the light in and out of the photonic sensor chip through single-mode (SMF-28) optical
fibres. Single-mode condition is ensured for the design
at an operating wavelength of 1.55 μm. The behavior of

Figure 5. The transmission spectra of the coupling coefficient are k = 0.25 (the solid curve), k = 0.45 (the dashed curve)
and k = 0.05 (the dotted–dashed curve).
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Figure 6. The transmission spectra of Output 1 change with n eff from 0 (the blue solid curve) to 0.0009 (a), 0.0018 (b),
0.0027 (c) (the red dashed curve).
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Figure 7. The transmission spectra of Output 2 change with n eff from 0 (the blue solid curve) to 0.0009 (a), 0.0018 (b),
0.0027 (c) (the red dashed curve).

the waveguide model is investigated by the eigensolver
analysis of MODE solutions software and the transverse electric (TE) polarisation is considered because
it has shown better confinement of the optical field. As
the TE mode has a large overlap with the sidewalls, we
adopt a high-aspect ratio waveguide to reduce the scattering loss. We consider that the width is greater than the
height. Therefore, the structure can also help to reduce
the absorption loss. The fundamental TE mode power
profile for the sensor design geometry is displayed in
figure 4b, where the effective refractive index (RI) is
found to be n eff = 2.810529. The transmission spectrum of the microring resonant system is measured when
it is immersed in ethylene glycol solution with different
concentrations.
The resonance mode of a single microring
corresponds to the atomic energy level in an electromagnetically-induced transparency (EIT) medium. When
the two microrings are close to each other, there are
some interactions between the modes of the waveguides
which result in the electrical field and magnetic field
exchange. The coupling between microrings R1 and R2
leads to a split of the resonance modes. So, if we gave out
an appropriate coupling strength by tuning the distance
between the two microrings, the split will be weakened.
As shown in figure 5, the transmission spectrum of the

cascaded dual microring resonators with the coupling
strength k is 0.05, 0.25 and 0.45. The coupling strength
k cannot be too high, which will appear as the double
peak of transmission spectrum obviously, or too low,
which will weaken the double peak of the transmission
spectrum, and the transmission spectrum becomes flat
and the maximum peak and minimum peak could not
be easily distinguished. Thus, the detection of the position of the resonant peak will not happen, and finally,
the sensing performance of the microring sensor will be
affected. In the following, we take the optimal coupling
strength to be k = 0.25.
We allowed different concentrations of the
aqueous solution of ethylene glycol (C2 H6 O2 ) [18] to
flow through the sensing window and observed the corresponding optical power output. Figure 6 shows that
the transmission spectrum of Output 1 changes due to
the variation in effective refractive index, when n eff
changes from 2.8100, 2.8109 to 2.8129 corresponding
to the changes in concentration of aqueous solution from
0, 1 to 2%.
As shown in figure 6b, the two transmission spectra
of Output 1 overlap one another. n eff = 0.0018
is still within its measurement range. In figure 6c,
n eff = 0.0027 has exceeded its measurement range.
Thus, the shift in transmission spectrum is similar
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Figure 8. The magnified transmission spectrum of Output 2 in figure 7.

Figure 10. The shift of the resonator wavelength as the temperatures changes.
Figure 9. Measured wavelength shift vs. n eff change of
aqueous solutions of C2 H6 O2 with different concentrations
in Output 1 (the black square) and Output 2 (the red dot).

to that in figure 6a although n eff changes are
different.
In order to enlarge the measurement range of Output
1, the microring R4 is cascaded with microring R3 to
make up the second measurement channel (Output 2).
As shown in figures 7a–7c, the transmission spectrum

of Output 2 gradually shifts towards right when n eff
changes from 0.0009, 0.0018 to 0.0027, respectively.
For a given n eff , we can see that the frequency shift of
Output 2 is smaller than that of Output 1. Figures 8a–8c
are the magnified spectra of Output 2 in figures 7a–7c.
It is noteworthy that the concentration of aqueous
solutions of C2 H6 O2 changes from 0 to 1%, the surrounding refractive index changes by 9 × 10−4 , the
peak of the envelope of the measured spectrum in
Output 1 shifts by 1556.1 − 1548.0 = 8.1 nm, while
the peak of the envelope of the measured spectrum in
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Table 1. Comparison of some features of the SOI-based
sensor.
Refractive index
sensor
Vernier effect dual
microring sensor [12]
Cascaded dual
microring sensor [2]
Our work

S (nm/RIU)

Limit of
detection (LOD)
(RIU)

7386

1.90 × 10−3

562

2.49 × 10−2

7386

2.49 × 10−2

Output 2 shifts by 1549.59 − 1549.00 = 0.59 nm. The
peak shifts of Output 1 and Output 2 are within their
measurement range. When the concentration of aqueous solutions of C2 H6 O2 changes from 0 to 3%, the
refractive index changes by 27 × 10−4 . The peak of the
envelope of the measured spectrum in Output 1 shifts
by 1556.42 − 1549.00 = 8.42 nm, while the peak of the
envelope of the measured spectrum in Output 2 shifts
by 1550.62 − 1549.00 = 1.62 nm, which is more than
one FSR R3 (0.9 nm). While the peak of the envelope
of the measured spectrum in Output 2 is still within
its measurement range, the peak of the envelope of the
measured spectrum in Output 1 has exceeded its measurement range. This proves that the measurement range
breaks the limitation of the FSR in the sensing ring.
For the effective refractive index sensor, the sensitivity formula is
∂λ
.
(3.1)
∂n eff
Figure 9 presents the measured wavelength shift as
a function of n eff using different concentrations of
C2 H6 O2 in Output 1 and Output 2.
The sensitivity in Output 1 is as high as 14/0.0019 =
7386 nm/RIU, which is more than an order of magnitude
higher than that of Output 2 (14/0.0249 = 562 nm/RIU).
The measurement range can reach as high as n eff corresponding to the wavelength shift equivalent to one
‘FSR’ of the transmission spectrum of Output 2. The
measurement range of Output 1 is 19 × 10−4 RIU. In
our case, the ‘FSR’ is 14 nm and the measurement range
of Output 2 is 24.9 × 10−3 RIU.
Because the thermo-optic effect [19] of Si is 1.86 ×
10−4 , we have n s ≈ 1.86 × 10−4 T , changes in
temperature T result in the variation of refractive
indices of the microring, causing a net change in the
effective index of the microring waveguide n eff . This
relationship is given by the linear equation n eff ≈
dn eff /dT × T and λ ≈ λn eff /n eff [20]. We can
measure the temperature-dependent shifts in resonant
wavelengths as shown in figure 10.
S=
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The sensitivity and detection range of different
microring sensors with the same structural parameters
is given in table 1. Our sensor is broadened by 13.1
times compared to that of the traditional cascaded dual
microring sensor. The proposed sensor achieves both
good sensitivity and large measuring range.

4. Conclusion
In order to achieve high sensitivity and wide detection
range, we propose a novel Vernier microring sensor.
The optical microring resonator when functioning as a
refractive index sensor is studied, and we measure low
concentrations of ethylene glycol (C2 H6 O2 ) solution.
Numerical results show that our system has a sensitivity
of 7386 nm/RIU and the detection range is broadened
13.1 times. Our system has many promising applications in the field of optical switching, high-sensitivity
biosensing and environmental monitoring.
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