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Abstract—High-speed and high-resolution interrogation of a
silicon photonic microdisk sensor based on microwave photonic
filtering and advanced signal processing is proposed and experi-
mentally demonstrated. An integrated microdisk resonator (MDR)
with a high Q factor is used as a sensor which is interrogated by
incorporating the MDR into a microwave photonic filter (MPF)
consisting of a laser source, a phase modulator (PM), the MDR,
and a photodetector (PD), with the central frequency of the MPF
being a function of the resonant wavelength of the MDR. A broad-
band linearly chirped microwave waveform (LCMW) is applied to
the input of the MPF to generate a filtered microwave waveform.
By measuring the temporal location of the filtered microwave
waveform, the sensing information is revealed. To increase the
signal-to-noise ratio (SNR) of the filtered microwave waveform, a
phase-only filter (POF) realized based on the LCMW is correlated
with the filtered microwave waveform, to generate a compressed
pulse, which is filtered using a Hamming window to remove
the noise and recorrelated with the POF to recover the filtered
microwave waveform. Since the SNR is significantly increased, the
interrogation accuracy is improved. The use of the proposed sensor
for temperature and refractive index (RI) sensing is performed.
The experimental results show that the sensor has a sensitivity of
76.8 pm/°C and a resolution of 0.234 °C as a temperature sensor,
and a sensitivity of 33.28 nm/RIU and a resolution of 1.32 x 1073
RIU as an RI sensor. The interrogation speed is as high as 100 kHz.

Index Terms—Microdisk resonator, microwave photonics, re-
fractive index sensing, sensors, silicon photonics.

1. INTRODUCTION

IBER optic sensors with advantageous features such as
F small size, low cost, immunity to electromagnetic inter-
ference (EMI), and high tolerance to harsh environment, have
been extensively investigated in the last few years [1]. Numerous
fiber-optic sensors based on a fiber Bragg grating (FBG) or an
FBG array [2], along period grating (LPG) [3], a nonlinear fiber
[4]-[6], or an optical interferometer [7], [8] have been proposed.
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These sensors are suitable for distributed strain and temperature
sensing. However, for refractive index (RI) sensing or biosens-
ing, optical fibers are too bulky to be sensitive to RI change
or additional fiber processing has to be employed to increase
the sensitivity [9]. On the other hand, thanks to the existing of
an evanescent field around a silicon waveguide which can be
altered with environmental changes, a sensor based on a sili-
con photonic waveguide has a high sensitivity to RI change. In
addition, thanks to the ultra-small footprint, hundreds or even
thousands of silicon photonic sensors can be integrated on a
single chip, which can find applications in point-of-care testing
(POCT) and other medical sensing [10], where multiple sensors
are needed.

Silicon photonic resonators, such as waveguide Bragg grat-
ings [11], phase-shifted Bragg gratings [12], microring res-
onators (MRRs) [13], and microdisk resonators (MDRs) [14],
have been proposed and developed for sensing applications.
Compared with a simple straight waveguide, the degree of inter-
action between the environment and the light field in a resonator
sensor is enhanced by the number of roundtrips of the light in-
side the cavity, resulting in an increased sensitivity. The number
of roundtrips is determined by the quality factor (Q factor) of
a resonator. Thus, to get a higher sensitivity, a higher Q factor
is needed [15]. On the other hand, a resonator with a higher Q
factor will have a smaller 3-dB bandwidth. If interrogated by
an optical spectrum analyzer (OSA), the interrogation speed is
limited, especially for high-resolution interrogation.

Recently, optical sensors interrogated based on microwave
photonics (MWP) techniques have been proposed [16]-[18].
By translating the wavelength shift in the optical domain to
a microwave frequency change in the electrical domain and
measuring the microwave frequency using a digital signal pro-
cessor (DSP), the interrogation speed and resolution can be sig-
nificantly increased [19]. An MRR-based sensor interrogated
based on an optoelectronic oscillator (OEQO) has recently been
proposed. A detection sensitivity of 7.7 GHz/°C and a measure-
ment resolution of 0.02 °C were achieved [20]. However, be-
cause of a large 3-dB bandwidth of the MRR, which is 1.75 GHz
as reported in [20], the OEO loop must be very short and the
gain in the loop must be precisely controlled to avoid mode
hopping, to ensure stable oscillation, to make the frequency
measurement accurate. In addition, an MRR-based sensor is
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not suitable for biosensing, since the bandwidth of the MRR
would be significantly broadened when the ring waveguide is
cladded by a solution such as water or blood. Then, stable and
single-frequency oscillation will be no longer maintained.

In this paper, an approach to achieve high speed and high res-
olution interrogation of a silicon photonic MDR sensor based
on microwave photonic filtering is proposed and experimentally
demonstrated. In the proposed system, the MDR is incorpo-
rated into a microwave photonic filter (MPF) consisting of a
laser source, a phase modulator (PM), the MDR, and a pho-
todetector (PD), with the central frequency of the MPF being a
function of the resonant wavelength of the MDR. A broadband
linearly chirped microwave waveform (LCMW) is applied to the
input of the MPF to generate a filtered microwave waveform.
By measuring the temporal location of the filtered microwave
waveform, the sensing information is revealed. The interroga-
tion resolution is determined by the bandwidth of the MDR.
In the design, to get a high Q factor, the MDR is designed
by adding a slab waveguide surrounding the disk and the bus
waveguide, then the interaction between the light field and the
sidewalls of the disk is weakened, thus the loss due to scatter-
ing resulted from sidewall roughness is suppressed and a higher
Q factor is archived [21], which leads to an improved sensing
sensitivity and interrogation resolution. The central frequency
of the MPF is a function of the resonant wavelength of the
MDR, which is sensitive to the change of the temperature or
the cladding RI. To improve the signal-to-noise ratio (SNR) of
the filtered microwave waveform, the microwave waveform is
first compressed by correlating it with a phase-only filter (POF)
built from the LCMW, which is a reference waveform. Then, a
Hamming window is applied to the compressed pulse to remove
the noise. By re-correlating the compressed waveform with the
POF, a noise-removed microwave waveform is obtained, which
is used to accurately estimate its temporal location. The use of
the proposed sensor and it interrogation system for temperature
and RI sensing is performed. The experimental results show
that the sensor has a sensitivity of 76.8 pm/°C and a resolu-
tion of 0.234 °C as a temperature sensor, and a sensitivity of
33.28 nm/RIU and a resolution of 1.32 x 1073 RIU as an RI
sensor. The interrogation speed is as high as 100 kHz.

II. PRINCIPLE

Fig. 1(a) shows the configuration of the proposed interro-
gation system for temperature and RI sensing using a silicon
photonic MDR sensor. It consists of a laser diode (LD), two
polarization controllers (PC1 and PC2), a PM, an MDR, and a
PD. A light wave generated by the LD is sent to the PM. The
polarization direction of the incident light wave is aligned with
the principle axis of the PM by PC1. The phase-modulated sig-
nal at the output of the PM is introduced to the on-chip MDR
via PC2, which is used to ensure only the TE mode is excited
in the waveguide. By filtering out one sideband of the phase-
modulated signal by the notch of the MDR, phase modulation
to intensity modulation (PM-IM) conversion is performed, and
a microwave signal is recovered at the PD [22]. The overall op-
eration is equivalent to an MPF with the center frequency of the
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Fig. 1. (a) The configuration of the proposed interrogation system; (b) An
MPF based on phase modulation to intensity modulation conversion. LD: laser
diode; PC: polarization controller; PM: phase modulator; PD: photo detector;
AWG: arbitrary waveform generator; DSP: digital signal processor.

passband equal to the wavelength difference between the optical
carrier and the resonant wavelength of the MDR, as shown in
Fig. 1(b). A broadband LCMW generated by an arbitrary wave-
form generator (AWG) is fed to the MPE. At the output of the
MPF, a filtered microwave waveform with the central frequency
determined by the passband of the MPF is obtained. The location
of the filtered microwave waveform is determined by the central
frequency of the MPF, thus by estimating the temporal location
of the filtered microwave waveform, the wavelength shift of the
MDR is obtained, which is an indicator of the temperature or
RI change.

The resonant wavelength of an MDR can be expressed as [23]

2R
res — Tneff (1)

where R is the disk radius, m is the mode order and n.s; is
the effective index of the guided mode in the waveguide. When
the environmental temperature changes, the effective index will
change due to the thermos-optic effect, and the radius will also
change due to the thermal expansion effect. So, the overall
wavelength shift is given by [24]
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where n, is the group index of the guided mode, AT is the
temperature change, a; is the thermal expansion coefficient
and On, ¢ /OT is the thermos-optic coefficient.

When the RI of the cladding (n.;,4) changes, the effective
index of the guided mode will also change, leading to a resonant
wavelength shift, which is given by [25]

() o
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where An,;,q is the cladding RI change.

Assuming the wavelength of the optical carrier is A., the
central frequency of the MPF is given by

c
Jupr = ( ) X
Nauvg

where c is the velocity of light in vacuum, n,., is the average

refractive index for the optical path consisting of fibers and

the silicon waveguides. When the resonate wavelength of the

MBDR shifts, the central frequency of the MPF will change. The
frequency change can be expressed as

Afypr = KAl s )

“4)

where K =c/(nA?) and Al,.., is the wavelength shift
(A)"Temp and A)»R[).

Mathematically, for a LCMW, the instantaneous frequency of
the waveform is given by

f@)=rfo+Ct (6)

where C is the chirp rate, fj is the initial frequency, and ¢ is the
time. When a LCMW is fed to an MPF, the temporal location
of the output waveform is calculated by t = (farpr — f0)/C.
The relationship between the wavelength shift of the MDR and
the temporal location is given by

K
c
When the temporal location is measured, using (7) with
(2) or (3), the temperature or the RI change can be calculated.
The interrogation resolution is limited by the 3-dB bandwidth
of the MPF, which determines the spectral width of the filtered
microwave waveform. To reduce the bandwidth of the MPF, the
Q factor of the MDR should be increased. To do so, we add a
slab waveguide surrounding the disk and the bus waveguide, to
reduce the loss due to sidewall roughness [21]. The 3D view
and the cross-sectional view of the MDR are shown in Fig. 2(a).
The radius of the microdisk is 3.7 pum, and the width of the bus
waveguide is 520 nm. A slab waveguide with a height of 60 nm is
added surrounding the disk and the bus waveguides. To increase
the sensitivity, a direct contact between the MDR sensor and a
solution for which its RI is to be measured is needed [26]. To do
80, the silica cladding is removed. Fig. 2(b) shows the simulated
fundamental mode profile in a conventional MDR, and Fig. 2(c)
shows the fundamental mode profile in the proposed MDR.
Comparing the two mode profiles, it can be clearly seen that
the interaction between the light field and the sidewalls of the
proposed MDR is weakened. Thus, the scattering due to sidewall
roughness is reduced and a higher Q factor is ensured.

At = A)‘-'res (7
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Fig. 2. (a) 3-D view and cross-sectional view of the proposed MDR;

(b) simulated fundamental TE profile of a conventional MDR; (c) simulated
fundamental TE profile of the proposed MDR.
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Fig. 3. Signal processing to improve the SNR of the filtered microwave
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The detection accuracy is affected by the noise of the filtered
microwave waveform [15]. Due to a high insertion loss of the
system, the filtered microwave waveform is weak with a poor
SNR. To increase the SNR to ensure an accurate measurement of
the time shift, the filtered microwave waveform is filtered using a
DSP. The signal processing procedure is shown in Fig. 3. A POF
based on the reference LCMW is built which is correlated with
the filtered microwave waveform, thus the microwave waveform
is compressed. On the other hand, since the noise is not corre-
lated with the LCMW, its distribution after phase-only filtering
is not changed. Thus, by applying a windowing function to select
the compressed pulse, the noise is significantly suppressed. Fi-
nally, by re-correlating the noise-suppressed compressed pulse
with the POF, a microwave waveform with an increased SNR is
obtained.

Mathematically, the filtered microwave waveform at the out-
put of the PD can be expressed as

z(t)=s(t) +n(t) ®

where s(t) is the filtered microwave waveform and n(t) is the
noise.
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We use the LCMW, denoted as r(¢), generated by the AWG,
as a reference to build a POF. Considering the spectrum of the

reference R(jw), the spectrum response of the POF is ‘ggig‘.
The compressed pulse is given by
oy B (W)
Yi(t) = F!' X (jw) x ==L
i R (jw)|
= F {8 () + N (jw)] x e0r )}
— ! "S(jw”emuw) w e~Jor(jw)
+ [N (W) el n (,iw)e*jtzﬁ(jW)] 9)

where R*(jw) is the complex conjugate of R(jw), X (jw),
S(jw) and N (jw) are the Fourier transforms of x(¢), s(t) and
n(t), respectively, and ¢;(jw), ¢, (jw) and ¢p(jw) are the
phase terms of S(jw), N(jw) and R(jw), respectively.
Because the filtered microwave waveform is from the refer-
ence LCMW and the MPF has a linear phase response, we have
¢s(jw) = ¢r(jw). Thus, (9) is simplified to be
Yi(t) = F7H{[S (jw)| + N (jw)| el U eon U=l (10)
From (10), we can see that the filtered microwave waveform
is compressed. On the other hand, since the phase term of the
noise is randomly distributed, it is not cancelled by the phase
term of the POF during the correlation process, thus the noise
is still uniformly distributed and no compression is imposed
to the noise. By applying a windowing function to select the
compressed pulse, the noise would be significantly suppressed.
Then, by re-correlating the compressed pulse with the POF,

the microwave waveform is recovered, but with a significantly
increased SNR.

Y (t) = F71 [(18 ()] + [N (joo) /9 U emrom ) )

R’ (jw)
“IR (jw}]

_F! [|S’(jw)\e‘j"“(j“)

+ |N (jw)|ej¢n (jw) g=i20r (jw) (11)
where N'(w)is the spectrum of the noise after windowing.

From (11), it can be seen that the microwave waveform after
signal processing is a time reversed version of the microwave
waveform at the output of the PD, but the noise is significantly
suppressed. Thus, the filtered microwave waveform is rebuilt
with an improved SNR.

The bandwidth of the filtered microwave waveform is deter-
mined by the bandwidth of the MDR, given by

)\'7'65
Q

where Q is the quality factor and K = ¢/(nA2).

B=K

(12)

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 36, NO. 19, OCTOBER 1, 2018

0
&° |'|L | 2
3 %—2 = |
= 24 S 8
A FSR =30.05 nm| S 2
E £6 E 2 )
S w S w
Z 5.8 Z g
= =_3
H.]o = 9 pm
1520 1570 1620 1551.65 1551.7 1551.75
Wavelength (nm) Wavelength (nm)
(b) (©
Fig. 4. (a) SEM micrographs of the fabricated MDR (with the left picture

taken vertically, the middle taken with a tilted angle of 45°, and the right
showing the zoom-in view of the gap); (b) normalized transmission spectrum
of the fabricated MDR with air cladding; (c) zoom-in view of the TE; mode
resonance of the fabricated MDR with air cladding.

The time bandwidth product (TBWP) of the filtered mi-
crowave waveform is

K2 )“12“65
Q*C

At the output of the first POF, the temporal duration of the
filtered microwave waveform is compressed by TBWP times.
Since the noise after the POF is still uniformly distributed, if a
Hamming window with a 3-dB bandwidth equal to the width of
the compressed waveform is applied, the microwave waveform
is not affected, but the noise is significantly reduced by TBWP
times. Thus, the SNR of the filtered microwave waveform is
increased by 10log,,(T'BW P) dB. For example, if the TBWP
is 1,000, the SNR is increased by 30 dB.

TBWP =

13)

III. EXPERIMENT

An experiment based on the setup shown in Fig. 1(a) is per-
formed. A CW light from a tunable laser source (TLS) (Anritsu,
MG9638A) is sent to the PM (Thorlabs, 40 GHz) via PC1, where
it is phase modulated by a broadband LCMW, generated by an
AWG (Keysight M8195A). Then, the modulated light wave is
introduced to the MDR, where the 1st order sideband is elimi-
nated and PM-IM conversion is performed. At the output of the
MDR, the optical carrier and the other Ist order sideband are
sent to the PD (Newport, model 1014, 45 GHz). A filtered mi-
crowave waveform is generated at the output of the PD, which
is sent to a DSP for signal processing.

The key device in the system is the silicon photonic MDR,
which is fabricated using CMOS-compatible technology with
193-nm optical projection lithography [21]. Fig. 4(a) shows
the SEM micrographs of the fabricated MDR. An optical vec-
tor analyzer (OVA, LUNA OVA 5000) is used to evaluate the
optical performance. Fig. 4(b) shows the spectral response of
the MDR, and Fig. 4(c) gives a zoom-in view of a TEO mode
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Fig. 6. Broadband LCMW generated by an AWG. Two inserts show the

temporal waveforms at the lower and higher frequency regions.

resonance. As can be seen, the free spectral range (FSR) of the
MDR is 30.05 nm, and the 3-dB bandwidth is around 9 pm (or
1.125 GHz). The Q factor of the fabricated MDR is calculated
to be 172,400, which is much greater than a conventional MDR
[14], thus an improved interrogation resolution is ensured.
Firstly, the resonant wavelength shift with the temperature
change is investigated. The schematic of the setup for thermal
control is shown in Fig. 5. A temperature controller (ILX Light-
wave, LDT-5910B) with a thermoelectric module and a ther-
mistor is used to control the temperature of the chip, which can
provide a temperature resolution of +0.1 °C. The wavelength
of the optical carrier is set at 1552.27 nm, and an LCMW with
a temporal duration of 10 us and a chirp rate of 3.2 GHz/us is
generated by the AWG as the modulation signal, which is shown
in Fig. 6. Fig. 7(a) and (b) shows two filtered microwave wave-
forms at two different temperature levels at the output of the PD.
As can be seen, the filtered microwave waveforms are separated
in the time domain, with the temporal separation corresponding
to the wavelength change of the MDR. The temporal width of
a filtered microwave waveform is around 700 ns. Since the mi-
crowave waveforms are very noisy, an accurate estimation of the
temporal locations of the filtered microwave waveforms is diffi-
cult. A solution is to filter out the noise, which can be performed
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Fig. 7. (a) Generated filtered microwave waveform at 22.82 °C; (b) generated
filtered microwave waveform at 23.03 °C; (c) the normalized cross-correlation
result. The red dash line in the zoom-in insert shows the applied Hamming
window; (d) the recovered microwave waveforms corresponding to the filtered
microwave waveforms at 22.82 °C shown in (a); (e) the recovered microwave
waveform corresponding to the filtered microwave waveform at 23.03 °C
shown in (b).

by phase-only filtering to compress the waveforms, followed by
windowing to remove the noise, and then a second, but identical
phase-only filtering to recover the filtered microwave waveform,
all are done in a DSP. Fig. 7(c) shows a compressed microwave
pulse which is obtained by correlating the filtered microwave
waveform with a POF built from the LCMW. Thanks to the
large TBWP of the filtered microwave waveform, the width of
the compressed pulse after the POF is only around 0.4 ns, with
a compression ratio of around 1,758. By applying a Hamming
window to the compressed pulse with a width of 0.7 ns to remove
the noise and feeding the noise-removed compressed pulse to
the POF again, the microwave waveform is recovered and the
noise is significantly attenuated.
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MDR with water cladding.

Fig. 7(d) and (e) shows the processed waveforms cor-
responding to those waveforms shown in Fig. 7(a) and
(b), respectively. Since the noise is significantly suppressed,
the temporal locations of the microwave waveforms can
be accurately estimated. Fig. 8(a) shows estimated temporal
locations vs. temperature change. As can be seen the sensitiv-
ity for temperature measurement is 3.07 us/°C, or 76.8 pm/°C.
Because of the nonlinear optical phase response of the MDR
which would broaden the bandwidth of the MPF, the measured
3-dB bandwidth of the MPF is 2.25 GHz, which is larger than
the bandwidth of the MDR (9 pm or 1.125 GHz). The corre-
sponding sensing resolution is 0.234 °C.

Then, the resonant wavelength shift with the RI change is in-
vestigated. Setting a temperature at 23.4 °C and the wavelength
of the light carrier at 1558.35 nm, we change the cladding RI
by changing the RI of the NaCl solution. The RI of the NaCl
solution is measured by a refractometer. Fig. 8(b) shows the es-
timated temporal locations vs. the cladding RI change. From the
fitted line, it can be seen that the sensitivity for RI measurement
is 1.3 ms/RIU, or 33.28 nm/RIU.

Note that when the MDR is cladded with a NaCl solution, the
Q factor of the MDR is reduced and the bandwidth is broadened.
In the experiment, the measured 3-dB bandwidth of the MPF is
5.5 GHz, corresponding to a sensing resolution of 1.32 x 1073
RIU.

Note also that the change of the cladding RI of the cladding is
significant, the resonant wavelength has a large shift. As shown
in Fig. 9(a), when the MDR is cladded with water, the resonant
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wavelength is shifted to 1558.59 nm, a net shift of 6.99 nm.
From the zoom-in view shown in Fig. 9(b), it can be noticed
that the 3-dB bandwidth is increased to around 39 pm and the
Q factor is reduced to 40,000, which is due to the change in
coupling coefficient between the bus and the microdisk.

IV. CONCLUSION

High-speed and high-resolution interrogation of a silicon pho-
tonic MDR sensor based on microwave photonic filtering with
improved sensing resolution and speed was proposed and ex-
perimentally demonstrated. To get a high sensing resolution, a
high Q factor MDR by adding a slab waveguide surrounding
the waveguide bus and the microdisk was designed and fabri-
cated and its use for temperature and RI sensing was performed.
To increase interrogation speed, the wavelength change of the
MDR was converted to the temporal location change of a fil-
tered microwave waveform, which was generated by filtering a
broadband LCMW using an MPF. Since the interrogation can be
performed in the electrical domain using a DSP, the speed was
significantly increased. To increase the interrogation accuracy,
the noise of the filtered microwave waveform was removed by an
advanced signal processing approach in which two phase-only
filtering operations were performed. By using a Hamming win-
dow to select the compressed waveform after the first phase-only
filtering, the noise was significantly reduced. The interrogation
speed of this system was determined by the temporal duration
of the LCMW, which was 10 ps, corresponding an interrogation
speed of 100 kHz. The proposed sensor system was experi-
mentally demonstrated. As a temperature sensor, a sensitivity
of 76.8 pm/°C and a resolution of 0.234 °C were achieved. As
an RI sensor, a sensitivity of 33.28 nm/RIU and a resolution of
1.32 x 10~ RIU were achieved.
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