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Abstract
In this paper, a small size on-chip temperature sensor based on microring resonator (MRR) is introduced. The sensor consists of a
small microring waveguide with a radius of 3.1 μm and a runway waveguide with the same bending radius. To a certain extent,
it solves the problem that high sensitivity and small size cannot coexist in the current on-chip temperature sensor, and provides a
reference scheme for the design of on-chip temperature sensor. The experimental results show that the sensitivity of the sensor is
100pm/ , which breaks through the limit of 83pm/ for single microring. The free spectral range (FSR) is 39.25nm, and the
resolution ratio is 0.47 , the temperature measurement range is improved, and a better resolution ratio is obtained. The microring
temperature sensor designed in this paper has high sensitivity and small size structure (only 360µm2), which is suitable for
temperature measurement of Very Large Scale Integration (VLSI). It has great research value and application potential in the field
of System-on-Chip (SoC) temperature detection.

Keywords Microring resonator . On chip sensor . Temperature sensor . Thermooptic effect

1 Introduction

In recent years, with the rapid development of integrated cir-
cuit industry, the technology progress and the reduction of
characteristic size make the interconnection line spacing
smaller and smaller and the integration degree higher and
higher, which makes the power density more difficult to man-
age, and the temperature has become an important problem of
chip optimization [1]. At present, many optical sensors are
used in on-chip temperature detection. Compared with tradi-
tional electrical sensors, optical sensors have the advantages
of strong anti-electromagnetic interference ability, high reso-
lution, small size and easy integration [2, 3], and have been
widely used in sensor detection. In optical sensing, there are
many choices of sensing structure, including photonic crystal

[4, 5], Bragg grating [6], Slot waveguide [7], Mach-Zehnder
interferometer [8], MRR [9], etc. The micro ring resonator has
a compact structure, high sensitivity and selectivity, and the
micro ring resonator sensor based on photonic crystal has also
attracted the attention of researchers because of its high sens-
ing performance. However, the optical interconnection be-
tween the photonic crystal sensor and other devices is very
difficult when the sensor is integrated into the chip, The fab-
rication of photonic crystal devices is also inconvenient. The
traditional waveguide microring resonator is easy to be real-
ized by using the existing SOI technology, and it is more
convenient to integrate with other devices. It is suitable for
on-chip sensing and detection, and is favored by many re-
searchers. Among them, the MRR has compact structure de-
sign, high sensitivity and selectivity, can be realized by using
the existing Silicon-On-Insulator (SOI) technology, and is
more suitable for on-chip system sensing detection, which
has attracted much attention of researchers. Ding et al. [10]
used a dual-polarization siliconMRR to simultaneously detect
humidity and temperature on-chip. The RH and temperature
response sensitivities of TE and TM polarization were
97.9pm/% RH, 325.1pm/% RH, 69.0pm/°C and 30.6pm/°C,
respectively. However, the sensitivity was relatively low,
which could not be fully applied to the detection of SoC.
Wan et al. [11] studied an on-chip high sensitivity temperature
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sensor based on a dye-doped solid-state polymer microring
laser. The sensor achieved a high sensing sensitivity of
228pm. At the same time, the sensor size was large, and the
radius of the microring resonator reached 115.4 μm. Singha
et al. [12] designed an electronic circuit microring based on
chip temperature sensor is designed. It consists of several
MRR connected in parallel fashion and investigated the wave-
length shift of a MRR (due to thermo-optic and thermal ex-
pansion effects) with respect to an isolated MRR. They ob-
tained a large sensing range (∼40nm) and wavelength shift of
0.2nm/°C over a temperature range of 25 to 70 °C. Although
this kind of microring sensor achieves high sensitivity, it uses
multiple microrings cascaded at different positions of the cir-
cuit, which takes up a large chip system area in the design of
the sensor.

It can be seen from the above examples and the microring
resonator sensor reported at present that the microring resona-
tor sensor will bring larger structure size while obtaining
higher sensitivity, The sensitivity and structure size cannot
be taken into account at the same time. Generally, the temper-
ature sensing sensitivity of a single MRR is limited to 83pm/
[13, 14]. Many researchers improve the sensitivity of temper-
ature sensors by cascading multiple microrings [15] or other
special structures [16]. In this paper, a small-size on-chip tem-
perature sensor is proposed based on the cascade mode of
microring resonator waveguide and runway waveguide,
which can achieve high sensitivity and reduce the size of the
sensor.

2 Sensor Structure and Principle

Microring temperature sensor is based on the measurement of
resonance wavelength shift or intensity change caused by tem-
perature change at a fixed wavelength. Most microring reso-
nator sensors use optical instruments to measure the resonance
wavelength offset to obtain the change of monitoring quantity.
The structure of the sensor designed in this paper is shown in

Fig. 1(a), including a ring resonator and a racetrack resonator
[2]. It is placed on the test circuit to sense the change of the
environment temperature by measuring the shift of the output
spectrum of light after resonance in the microring silicon
waveguide, and calculate the temperature of the integrated
circuit environment based on the amount of change. When
the temperature in the circuit increases, the refractive index
of the silicon-based microring waveguide changes because of
the thermo optic effect of the waveguide material, which
makes the spectrum of the output end of the microring sensor
shift in different degrees at different temperatures. In addition
to the thermo optic effect, the thermal expansion effect will
also affect the shift of the output spectrum of the microring
sensor, and the perimeter of the microring waveguide structure
will change due to the thermal expansion.

Due to the tight confinement of SOI nanowaveguides to
photons, two-photon absorption and free carrier absorption
will be induced under picosecond high-intensity optical
pulses, and heat will be generated in the absorption process,
resulting in thermal optical effect [3]. The thermal nonlinearity
of free carriers generated by two-photon absorption converts
the optical power into phase shift, which can induce the
change of refractive index in the microring resonator. The
effect of these carriers is much faster than the thermal effect.
Two-photon absorption is excited only in a small region
where the light intensity reaches a specific threshold. In a
microring resonator, the threshold intensity can be expressed
as

I th ¼�
�

.
ð1Þ

� and � are linear and quadratic absorption coefficients,0.01
m− 1 and 8 × 10− 12mW−1, respectively. When the
average intensity in the resonator is I res < I th, because silicon
has very low thermal contact resistance and very low linear
attenuation coefficient, the effect of two-photon absorption on
the sensor can be ignored. When the average intensity in the
resonator is I res > I th, the temperature rise generated by two-

Fig. 1 Structure of temperature
sensor based on MRR
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photon absorption can be expressed by the Eq.

ΔT ¼ τthαTPA

ρSiCSi
Ires ð2Þ

ΔT is the temperature change value, aTPA is the two-photon

absorption loss,ρSi ¼ 2:3� 10�3kg=m3 is the mass density of
silicon, CSi=705J/(kg/K) is the specific heat capacity of
silicon and tth ¼ 1μs is the heat dissipation time. It can be
seen from the formula that the two-photon absorption gener-
ation will generate a certain amount of heat, but it’s much less
heat than an integrated circuit, it has little influence on the
temperature test of the integrated circuit [17, 18].

The cross section of the waveguide material of the silicon-
based MRR temperature sensor is shown in Fig. 1(b). The
effective refractive index of the silicon-based microring mate-
rial under the thermo optic effect can be calculated by the
following Eq:

neff ¼ nðλ; TÞ 1þ C1ðT � T0Þ½ � ð3Þ

Where nðλ; TÞ is the refractive index of the waveguide at
room temperature, C1 ¼ 1

nðλ;T0Þ
@n
@T is the thermo-optic coeffi-

cient of silicon-based waveguide, T is the monitoring temper-
ature,T0 is normal temperature. In this paper, the thermo-optic

coefficient of silicon is 1:86� 10�4 /°J [11, 12, 14].
The thermo optic effect will change the refractive index of

the waveguide according to the change of temperature, which
will shift the output spectrum of the sensor. The thermal ex-
pansion effect will change the length of the waveguide, which
will also affect the output spectrum of the sensor. The rela-
tionship between waveguide length and temperature in differ-
ent environments can be expressed as follows:

L ¼ e�TþC0 ð4Þ

Where a ¼ 1
L

dL
dT ¼ 2:63� 10�6=k is the coefficient of

thermal expansion, C0 ¼ InL0 � 2:63� 10�6T0 , L0 is the
length of the waveguide at room temperature. Because the
thermal expansion coefficient is two orders of magnitude
smaller than the thermo-optic coefficient, and the waveguide
structure is very small, the effect of the thermal expansion
coefficient on the resonant spectral shift is very small and
can be ignored.

In general, the output spectrum drift is mainly caused by
the change of waveguide length and refractive index. The
equation is as follows:

Δλ
λ

¼ Δn
n

þ ΔL
L

ð5Þ

Δλ ¼ Δλn þΔλL ¼
@neff
@T þ neff @L

@T

� �
1
L

� �
ng

" #
ð6Þ

Where Δλ is the drift of the output spectrum of the sensor,
ΔL is the change of the waveguide length of the microring
resonator, △ n is the change of the waveguide refractive index,

ng ¼ neff � λres
@neff
@λres

� �
is the group refractive index of the

microring waveguide.
According to the coupled mode theory and the transfer

matrix method, the mathematical model of cascade tempera-
ture sensor with ring resonator and runway resonator is
established. As shown in Fig. 2, the sensor can be divided into
three parts: straight waveguide and ring waveguide coupling
(coupling region (a)), ring waveguide and runway waveguide
coupling (coupling region (b)) and straight waveguide and
straight waveguide coupling (coupling region (c)). The inci-
dent light enters the waveguide from the input port and is
coupled into the microring resonator. After resonating in the
microring, the light wave exits the waveguide sensor from the
output port, and the wavelength drift is monitored at the output
port. Because the distance between the two waveguides is
different, the coupling coefficient at different points of the
waveguide is also different. When we analyze the amplitude
coupling between ring waveguide and straight waveguide or
ring waveguide and ring waveguide, we divide the coupling
region of ring waveguide into many small segments. Because
the coupling region of the ringwaveguide is divided into small
coupling analysis segments, we set the distance between the
two ends of the coupling waveguide as a constant, so that the
bending coupling can be equivalent to the directional cou-
pling. Therefore, the coupled mode Eq of directional coupling
can be obtained:

dR zð Þ
dz

¼ j�R zð Þ � jK12S zð Þ ð7Þ

dS zð Þ
dz

¼ �j�S zð Þ � jK21R zð Þ ð8Þ

Fig. 2 Waveguide coupling region of microring temperature sensor
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Where � is the phase mismatch factor, 2� ¼ ½ �2 � �1ð Þ
þðM2 �M 1Þ�,M1, M2 is the self coupling coefficient of two
waveguides in the coupling region, K12, K21 is the coupling
coefficient between two waveguides, and there is K21 ¼ K*

12.
The waveguides of the sensor designed in this paper are all
made of silicon material, that is, the parameters of the two
waveguides in the coupling region are the same, and there is
�1 ¼ �2 ¼ � , M 1 ¼ M2 ¼ M , K12 ¼ K21 ¼ K , so � ¼ 0.
Then the coupled mode Eq of the i-th segment is:

dR zð Þ
dz

¼ �jKiS zð Þ ð9Þ

dS zð Þ
dz

¼ �jKiR zð Þ ð10Þ

The mode coupling matrix equations of the two wave-
guides can be obtained by deriving and calculating Eqs.
(9) and (10):

Ri

Si

� �
¼ cos

R z
�LK zð Þdz� 	 �jsin

R z
�LK zð Þdz� 	

�jsin
R z
�LK zð Þdz� 	

cos
R z
�LK zð Þdz� 	
 �

� Ri�1

Si�1

� �
ð11Þ

From this Eq, the coupling equation of waveguide can be
obtained as follows:

R Lð Þ
Sð�LÞ

� �
¼ t �jk

�jk t


 �
Rð�LÞ
Sð�LÞ

� �
ð12Þ

Where t ¼ cos
R L
�LK zð Þdz

h i
,k ¼ sin

R L
�LK zð Þdz

h i
, so k2

þt2 ¼ 1.
For the coupling region (a) of the sensor waveguide

structure in Fig. 2, the included Angle θ = 0 between
the optical signals transmitted in the waveguide, the cou-
pling coefficient of the waveguide coupling is K(z). For
the coupling region (b), the angle between the two optical
signals in the waveguide is the sum of the tilt angles of
the two optical signals, that is, θ ¼ θ1 þ θ2 6¼ 0 , from
which the waveguide coupling coefficient can be obtained
K(z)=K∥•cos(Θ1) •cos(Q2), where Kk is the parallel cou-
pling coefficient of the waveguide.

The coupling region (c) is the coupling between the straight
runway waveguide and the straight communication wave-
guide. Because the two waveguides are close to each other,
when the light wave in the runway waveguide changes, the
disturbance will occur in the straight communication wave-
guide, and the coupling between the two modes begins. The
coupling equation is

dA
dz

¼ �jKabBexp �j �b � �að Þz½ � � jMaA ð13Þ

dB
dz

¼ �jKbaAexp �j �a � �bð Þz½ � � jMbB ð14Þ

Where Kab , Kba is the coupling coefficient of two
waveguides, �a, �b is the propagation constant,Ma, Mb is:

Ma;b ¼ !�0
4

Z 1

�1
n2 xð Þ � n2a;b xð Þ
h i

Eða;bÞ
y

h i2
dx ð15Þ

3 Simulation and Analysis

According to the structure design in the previous chapter, this
paper carries out the experimental simulation on Lumerical
FDTD. In the experiment, the radius of the microring wave-
guide is 3.1 μm, the radius of the curved part of the runway
waveguide is 3.1 μm, and the length of the straight runway is
9.734 μm, the refractive index of Si material is 3.475, and
that of SiO2 material is 1.44 [12]. The parameters of the

Table 1 Waveguide parameters
Radius(µm) Width(µm) Height(µm) Separation(µm) Length(µm)

Ring waveguide 3.1 0.475 0.18 0.1

Racetrack waveguide 3.1 0.475 0.18 0.1 9.734

Straight waveguide 0.475 0.18 0.1 20

SiO2 substrate 4

Si substrate 40

Table 2 Waveguide material parameters

Si SiO2

Refractive index 3.48 1.44

Thermo-optic coefficient 1.86 × 10−4/°C 1.0 × 10−5/°C

Thermal expansion coefficient 2.5 × 10−6/°C 5.6 × 10−7/°C

5850 Silicon (2022) 14:5847–5854



simulation are shown in Tables 1 and 2. When the incident
light wavelength is 1.5 to 1.6 μm, the output spectrum of the
microring sensor under different temperature environment is
obtained through experimental simulation, as shown in Fig. 3.
In this band, two transmission regions can be seen clearly, and
many transmission peaks can be seen in each transmission
region. This is the transmission spectrum at 25 to 125 , in
which the temperature difference between each two transmis-
sion peaks is 5 , and there are some transmission peaks at the
wavelength of 1.5 μm. Figure 4 is an enlarged view of the
resonance wavelength of the transmission peak in the 1.52 to
1.55 μm band. From these two figures, it can be seen that the
transmission peak shifts with the increasing temperature. After
measurement and calculation, the transmission peak of

resonance wavelength shifts about 500pm every time the tem-
perature rises 5 , that is to say, the temperature sensor designed
in this paper has a sensitivity of 100pm/ in the SoC temper-
ature sensing. As shown in Fig. 5, the broken line diagram of
the resonant wavelength changing with temperature in the
1.52 to 1.55 μm waveband. From the broken line diagram of
the resonant wavelength changing in the diagram, it can be
seen that the wavelength changes almost linearly in the tem-
perature range of 25 to 125 , that is, the temperature sensor
has good linearity in this temperature range, and it can also be
seen that the microring resonator has obvious characteristics
in temperature sensing. Figure 6 shows the free spectrum
range of the microring resonator sensor. After calculation,
the free spectrum range of the microring resonator sensor

Fig. 3 The output spectrum of the
microring sensor at different
temperatures when the
wavelength is 1.5 to 1.6 μm

Fig. 4 Transmission spectra at
different temperatures from 1.52
to 1.55 μm
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can reach 39.25nm, according to the previously measured
100pm/ sensing sensitivity, the measurement range of the
sensor can reach 392.5 .The data comparison between the
microring sensor designed in this paper and the recently re-
ported MRR on-chip sensor is shown in Table 3. Compared
with sensors designed by other researchers in the table, the
sensitivity of our sensor is second only toWan’s [11] On-chip,
high-sensitivity temperature sensors based on dye-doped sol-
id-state polymer microring lasers. The sensitivity of the sensor
designed by them is 228.6pm/ , in addition, the size of their
MRR is relatively large, with a radius of 115.4 μm, which
does not include the size of the peripheral channel waveguide.
At present, integrated circuits are developing towards minia-
turization, high integration and high density, such a large size
is obviously not conducive to integration in SoC, which is not
in line with the current trend of miniaturization of integrated
circuit devices. In comparison, the sensor size designed by
Ding [10], Zhang [19] and Weituschat [17] is more in line
with the design trend of device miniaturization. Compared

with their design, our sensor radius is smaller, and the whole
sensor size is relatively small, which can better realize the
integration of SoC. Although the sensor size in the table is
only the radius of the microring, and there is no statistics on
the size of the whole sensor, the size of each sensor can be
roughly compared from the radius of the microring. In the
aspect of sensor resolution, the sensors designed by Ding Z
and Weituschat LM did not give specific resolution, while the
sensors designed by Li W and Zhang C achieved better reso-
lution, which were 0.35 and 0.25mk, respectively. The sensor
designed in this paper also has a resolution of 0.47 , which can
be normally monitored in the temperature monitoring of inte-
grated circuit system environment.

4 Conclusions

In this paper, a compact and easily integrated microring reso-
nator temperature sensor is introduced. The sensor is

Fig. 5 The shift of transmission
spectrum at different temperature

Fig. 6 Free spectral range (FSR)
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composed of a microring waveguide and a runway wave-
guide, the radius of the microring is only 3.1 μm, and the
area of the whole temperature sensor is only 360µm2. It is very
suitable for the application in integrated circuits. In this paper,
the coupling principle and temperature sensing principle of the
MRR sensor are analyzed theoretically, and the temperature in
the circuit environment is obtained by measuring the shift of
the transmission peak of the resonant wavelength. The simu-
lation results show that the temperature response of the sensor
is about 100pm/ , and it has good linearity, the FSR of
39.25nm is obtained, which widens the temperature measure-
ment range and can be applied to a variety of temperature
environments. Compared with other microring temperature
sensors, the temperature sensor has higher temperature sens-
ing sensitivity, compact structure, small volume, easy to inte-
grate with other optical systems, suitable for large-scale inte-
grated circuit temperature measurement. It has great research
value and application potential in the field of SoC temperature
detection.
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