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Integrated Microring Spectrometer with In-Hardware
Compressed Sensing to Break the Resolution-Bandwidth
Limit for General Continuous Spectrum Analysis

Chunlei Sun,* Zequn Chen, Yuting Ye, Yang Weng, Kunhao Lei, Hui Ma, Maoliang Wei,

Chuyu Zhong, Hongtao Lin, and Lan Li*

Microspectrometers have numerous applications in mobile optical sensing
due to their dramatic advantages of compact size, light weight, and low power
consumption. Reconstructive spectrometers, based on computational
algorithms, have garnered considerable interest as they exhibit superior
resolution or spectral bandwidth. However, existing reconstructive
spectrometer designs face challenges in spectral applicability, algorithm
robustness, and the resolution-bandwidth limit. Here, a reconstructive
spectrometer that utilizes a microring resonator (MRR) is proposed to achieve
compressed sensing in hardware by decomposing an arbitrary continuous
spectrum into a series of simple comb spectra. Owing to the presparse
operation of the MRR, one needs to construct the comb spectra with a known
line shape, only leaving the amplitude to be solved. Consequent random
gratings measure the comb spectra, which are reconstructed with high
robustness. Thanks to the independent engineering of spectral resolution and
bandwidth, the approach breaks the traditional resolution-bandwidth limit. A
narrowband signal of a dual peak at 0.2 nm and a broadband spectrum with a
large spectral bandwidth of 60 nm and 300 spectral channels using only eight
physical channels is retrieved, achieving an ultrahigh reconstructive
compression ratio of 37.5. This work opens up the possibility of on-site
spectral spectroscopy applications for the lab-on-a-chip system.

1. Introduction

process monitoring. With the ever-
increasing demand for advanced applica-
tions in wearable and Internet-of-Things
(IoT) devices for healthcare and food
monitoring, the need for integration
and miniaturization of spectrometers to
realize on-site inspection increases.!!]
Future innovative spectrometers need
compact, high-resolution, large spectral
bandwidth, low power consumption,
and compatibility with large-scale man-
ufacturing. Inspired by conventional
benchtop spectrometers, a variety of
compact, portable spectrometers with
reduced footprint and weight have been
developed based on the principle of dis-
persive optics, narrowband filters, and
Fourier transforms interferometers.2-1¢!
Although many efforts have been in-
volved in microspectrometers, using
existing on-chip designs is challenging
to realize a high-resolution detection over
a broad spectral bandwidth for a general
unknown spectrum. Moreover, there is
an inherent dilemma of balancing power
consumption and device footprint.

In the past decade, a new type of spectrometer based on com-

Spectrometers are cornerstone instruments with applications
ranging from fundamental scientific research to industrial

putational spectral reconstruction has emerged,'”’=* since it
breaks through the design limitation of conventional spectrom-
eters. Unlike conventional spectrometers based on dispersive
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optics and narrowband filters by spectrum-to-space mapping
principle (one frequency mapped to one spatial position), re-
constructive spectrometers simultaneously address a full range
of spectral components at each detector, which has a robust
performance to fabrication imperfections.['3°] Diverse photonic
structures such as random scattering media,|'”®! evanescently
coupled multimode spiral,['*34 and linear coherent integrated
networks(?2!] were involved in designing an integrated re-
constructive microspectrometer. These structures utilize optical
transmission, reflection, scattering, interference, resonance, and
absorption effects to distinguish different wavelengths. Strong
light-matter interaction in nanophotonic structures can signif-
icantly increase the optical path length, making such spectrome-
ters have extreme spectral resolution with a compact size.*®! De-
veloping a measurement matrix consisting of a series of very dif-
ferent, ideally orthogonal, spectral responses is crucial.l**! Thus,
the speckle, the different spatial distribution of intensity at the de-
tectors, has a unique mapping relationship with the input spec-
trum. The spectrum can be reconstructed from the measured
speckle pattern usually via compressed sensing (CS) theory and
regression algorithm.

CS is a digital signal processing technique that allows fast
and efficient reconstruction of a signal by a set of sparse data
that is randomly sampled. It requires fewer measurements than
the Shannon-Nyquist sampling theorem and has the potential to
provide the spectral reconstruction of higher resolution over a
broader spectral bandwidth. Therefore, the reconstructive spec-
trometer is ideally suited for compressed sensing due to the
nearly random sampling of its measurement matrix.[’! For a K-
sparse unknown spectrum with the dimension N(K <<N), the
spectrum can be recovered by finding solutions to an underdeter-
mined linear system via M measurements (M > K).I*’] Typically,
the sparsity K is smaller, and the reconstructive compression ra-
tio, expressed as the spectral bandwidth A4 divided by the prod-
uct of the resolution 64 and M (A1/(6A%M)), is higher. Therefore,
CS is a powerful tool for recovering sparse signals to enhance the
spectral bandwidth and resolution using fewer measurements.
The key challenge to developing a set of basis functions to make
the compressible spectrum signals are well approximated by K-
sparse representations. As seen in previous studies,!1%2*28] by
just tens of sampling, hundreds of spectral channels can be re-
constructed with a compression ratio better than eight. Unfortu-
nately, the CS-based reconstruction algorithm suffers from this
dilemma: the input spectrum must be sparse in certain known
domains. Otherwise, the recovered spectrum may be damaged
for the under-sampling case (M < N). In most practical scenar-
ios, we cannot always find a unified domain to make it sparse
since the input spectrum is nonpriori. Thus, the CS-based recon-
struction algorithm is difficult to achieve high applicability and
robustness, limiting the applications for spectral reconstruction.

In this paper, we proposed an integrated general spectrom-
eter containing a tunable microring resonator (MRR) cascaded
with a set of random gratings. CS can be carried out in hard-
ware, in which the MRR makes the spectrum sparse, while the
random grating implements random sampling. A set of wave-
lengths of the incident light satisfying the resonance condition
of the tunable MRR will be transmitted to the drop port of the
MRR, generating a comb spectrum. The presparse operation
makes the unknown input continuous spectrum can be always
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K-sparse represented to decrease spectrum complexity. Then the
sparse spectrum was measured by a few random gratings and
reconstructed by the convex optimization method. By applying
the heating power (P;) to the MRR to tune the resonant wave-
length across the entire free spectral range (FSR), the retrieved
comb spectra at all the tuning states combined into the original
input spectrum. Therefore, any complex continuous spectrum
can be decomposed into a series of simple comb spectra, mak-
ing the microspectrometer applicable to the general continuous
spectrum. In addition, by optimizing the 3 dB bandwidth and
FSR of MRR, and sparsity of comb spectrum, we can break the
resolution-bandwidth limit to realize high-resolution and large-
bandwidth spectral analysis.

2. Results

2.1. Principle and Design

Figure 1a shows the schematic of the proposed microspectrom-
eter consisting of a thermally tunable MRR, a multistage Y-
junction splitter tree, and a series of specially designed random
gratings. The spectral analysis process includes four steps: pres-
parse, sampling, reconstruction, and combination, as shown in
Figure 1b. The incident broadband spectrum s(4) is coupled into
the input waveguide of the MRR and experiences a presparse op-
eration. Only the wavelengths satisfying the resonance condition
of the MRR will be transmitted to the drop port of the MRR, form-
ing an almost equally spaced comb spectrum s;(A) with a series
of resonant peaks. By activating the heater via an external heat-
ing power (P;), the resonance position of the MRR will gradually
shift. By tuning the resonant wavelength across the entire FSR,
the input spectrum s(4) can be recorded by a series of comb spec-
tra, which is mathematically written as

s (1) = B(;l)(Zg(i)),i: L,2..,0 1)

Q

where the letter Q refers to the total tunable states traversing
the entire FSR, and the factor B(4) is the wavelength-dependent
transmission factor of MRR. The multistage Y-junction splitter
tree splits the comb spectrum into multiple channels with equal
power. Here, a 1x2 multimode interferometry (MMI) serves as
the Y-junction splitter. The random gratings with diverse re-
sponse spectra sample each comb spectrum at each tuning state,
which is finally detected by the photodetectors sequentially after
each random grating. The letter j refers to the physical channel
number. The measured photocurrent I,(j) can be expressed as

Am;\x
L ()= /p(aj)s(A)dij=12 ..M )
where A_. and A__ are the minimum and maximum wave-

min max

length, respectively, and M is the physical channel number or
measurement number. p(4,j) is the response function at the
channel j from the light source to the photodetectors, in which
the fiber-to-chip coupling loss and the spectral responsivity of
the photodetectors have been included. p(4,j) can be accurately
measured during a precalibration process. In signal processing,
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Figure 1. a) Device structure consisting of a tunable MRR, a 1x8 Y-junction tree, and a random grating array. b) Operational principle of the microspec-
trometer consisting of presparse, sampling, reconstruction, and combination. c) Description of the random grating design with the design parameters

to control the spectral response of the random grating.

signal sampling is discrete. Thus Equation (2) can be rewritten
in a linear algebra formulation as

I Mxa = Puxw i, N 3)

Generally, the physical channel number is much smaller
than the dimension of the input spectrum (M < N). The
equation is typically underdetermined with infinite solutions.
Although the spectrum only has a few nonzero coefficients, the
inversion and standard linear regression methods (LRM) are
inefficient in solving the underdetermined problem due to the
measurement error and noise. Many regularization techniques
and constrained optimization methods, such as non-negative
least squares,®] Tikhonov regularization,?®®] and sparse
recovery-based algorithms,*¥3% have been used to overcome the
limitations and solve the underdetermined problem. However, a
high-compression-ratio and robust spectrum reconstruction are
difficult to achieve since many parameters, such as bandwidth,
amplitude, and the locations of nonzero coefficients, need to
be solved. Considering the spectrum after the MRR is naturally
sparse, each peak will be approximately ideal Lorentzian-shaped
if there is no backward propagating mode in the MRR with
excellent sidewall smoothness.[*)) Each resonant peak in the
wavelength constitutes the orthonormal Lorentz function basis.
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Hence, the comb spectrum is K-sparse in the Lorentz basis
space. The CS method can be utilized to enhance the spectrum
reconstruction. Since the central wavelength and bandwidth of
each peak can be obtained by precalibration, only the ampli-
tude of peaks needs to be solved. The comb spectrum can be
represented as a linear combination of Lorentz functions

$;, nx1 = Di, N B, kxa 4)

where t; ., is the KX1 column vector of weighting coefficients.
®; . is the basis matrix whose columns are all Lorentz func-
tions, which can be obtained by precalibration. By substituting
Equation (4) into Equation (3), I; ., can be written as

Ii, Mx1 = ®i,M><K b kx1 (5)

where 0, ., x = Pyxn Di nxx- BY the presparse operation and
the CS method, the dimension of the unknown signal to be
solved is compressed from N to K. The problem may appear well-
conditioned, provided that M > K. The t; ., can be obtained by
solving Equation (5) using the convex optimization method

Minimize ||I, - ©; - t;||> + « ||t}||> subjectto 0 <t <1 (6)

© 2023 Wiley-VCH GmbH

25UB017 SUOLUWIOD SAERIO 3 |ceddde ) Ag PAUBAOD 812 A1 YO 8N J0 S9N 0} AXRIGIT BUIIUO /B]IA UO (SUO1IPUOD-PUE-SULBYLI0D A3 | 1M Ae.q1 U IUO//STY) SUOIIPUOD PUE S | 84} 39S *[£202/80/62] U0 A%eiqiauliuo Ao|im s BAILN a1 AQ T6200£202"10d /200T 0T/10p/L00" A3 | 1M ARR.q1UIIUO// ST W01} POPEOIUMOQ ‘0 ‘6688E98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.lpr-journal.org

a c e
1.0 . .
——RG1——RG2 RG3 1.0 —— RG1—— RG2 RG3 1.0 —— RG2——RG3 RG4
RG4 RG5 RG6 \ RG4 RG5 RG6 RG5 RG6 RG7
c RG7 —— RG8 —— RGY c 0.8H| RG7—— RG8—— RG9 c0.8F RG8——RGI——RG10
2 ——RG10 o \ ——RG10 L8
< [] N
= B 061 \ ©0.6 \/ \
a 0.5F g \ § X
S L|) 04+ \ u") 04}/
= -‘g \\ \//’ 8
< o2t V/AvS Go.2f
\
0.0 = L 0.0 . L L - 0.0 :
1500 1550 1600 0 20 40 60 80 100 0 20
Wavelength (nm) Lag (nm)
d f
1.0 —  _RG1——RG2 RG3 1.0 —— RG1——RG2 RG3 1.0 —— RG2——RG3 RG4
RG4 RG5 RG6 RG4 RG5 RG6 RG5 RG6 RG7
c RG7 RG8 RGY - 08 RG7—— RG8—— RG9 08} RG8—— RG9—— RG10
i) ——RG10 S ——RG10 S
@ S o6 206}
2 osh| VL DTN 8 04 304
£ \/, \ AR ‘g | /\/\ ’ﬂ @ \//\ //\
N ] \\ <o2r V 6 X / / S 0.2 | AN e\
VIARORC NOSA ) 5,/[\‘ \\/,’/ CAI 2
0.0 : 0.0 L VUMV VRGN 0.0 VAN RSN |
1500 1550 1600 0 20 40 60 80 100 0 20 40 60 80 100
Wavelength (nm) Lag (nm) Lag (nm)

Figure 2. Simulated transmission spectra of ten a) CDGFs and b) PDGFs. Autocorrelation of the response spectra of the ten ¢) CDGFs and d) PDGFs.
The wavelength lag between the response spectra refers to a translation operation mathematically. Crosscorrelation between the first grating and the
other gratings for e) CDGFs and f) PDGFs. The legend RG1 refers to the first random grating.

where the weight coefficient a is estimated from a crossvalidation
analysis.[*!l Thus, the comb spectrum s; at each tunable state can
be attained by Equation (4). Finally, the original input spectrum
is recovered by combining all the retrieved comb spectra by Equa-
tion (1).

Obviously, it can retrieve the comb spectrum simply by us-
ing more random gratings or physical channels. However, fewer
channels keep a small footprint and a high signal-noise ra-
tio of the spectrometer. It is possible to recover K-sparse spec-
tra using almost as many channels (M = K) if the rank of
O, \ixx is as large enough.*”! Usually, the matrix p,, is inco-
herent with @; y, . Therefore, the rank of matrix p,, needs
to be as large as possible, in other words, the rows of py.y
[P1xn (1), Pixn(2)s -+ 5 Picn (M)] have to be orthogonal. Intuitively,
the key to achieving a response matrix p,, with a high rank is
to make random gratings very different. A crosscorrelation func-
tion can characterize the similarity between each pair of the ran-
dom grating response spectra at different wavelengths. A value
smaller than 0.5 indicates a moderate or weak correlation be-
tween different random gratings. The minimum distinguished
wavelength interval can be estimated by the full-width half max-
imum (FWHM) of the autocorrelation of the random grating re-
sponse spectra,l!! which illustrates fast and random features. It
is difficult to achieve a response matrix p,, y with small autocor-
relation and crosscorrelation simultaneously. In addition to pres-
parse operation, the MRR can achieve high resolution due to its
deep sub-nanometer bandwidth. Thus, the design of the random
gratings is relieved, and the FWHM of the autocorrelation only
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needs to be smaller than the FSR of the MRR. Therefore, the res-
olution is dramatically boosted by the MRR while maintaining a
large spectral bandwidth.

These desired response spectra of random gratings are
achieved by introducing randomness in the constraint parame-
ters space, as shown in Figure 1c. Compared to the completely
disordered grating filters (CDGFs) in which each pitch is dif
ferent, our proposed partially disordered grating filters (PDGFs)
consist of multiple subgroups. Each subgroup consists of a small
number of repeated pitches to increase the selectivity of the spec-
trum without apparent loss. The PDGFs mainly work in the
Bragg reflection region rather than subwavelength or radiation
regions, which makes the spectra vary fast, and decrease trans-
mission loss. To clarify the advantage of our proposed PDGFs, a
full comparison between CDGFs and PDGFs is given in Figure 2.
For the devices working around 1550 nm, the parameters w and
g vary between 190 and 240 nm, while d varies between 350 and
500 nm. Both the CDGF and PDGF contain a total of about 60
pitches. The design parameters w, g, and d are random integers
with a step of 2 nm. For the CDGFs, n is equal to 1, while nis a
random even number ranging from 2 to 8 for the PDGFs. The let-
ter n refers to the number of repeated pitches in a subgroup of the
partially disordered gratings. The detailed structural parameters
of PDGFs are given in Note S1 in the Supporting Information.
The response spectra of the ten CDGFs and ten PDGFs are shown
in Figure 2a,b, respectively. The PDGFs have faster, more ran-
dom, and lower loss response spectra than those of the CDGFs.
Figure 2c,d demonstrate the autocorrelation of the response
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Figure 3. a) Microscope image of the entire microspectrometer. b) Zoom-in view of the tunable MRR. SEM images of ¢) MRR, d) grating coupler,
and e) random grating. f) Transmission spectra of the MRR with different driving power. g) Lorentz fit of the resonant peak of the MRR. h) Resonant
wavelength (red circle) and 3 dB bandwidth (blue square) of the resonant peak versus the driving power. The solid red curve shows the linear fit of
resonant wavelength versus the driving power. The error bars indicate standard deviations of resonant wavelength and 3 dB bandwidth. i) Normalized
response matrix pyxn- j) Autocorrelation of the measured spectrum of a single channel. k) Crosscorrelation between the measured spectrum spectra of

the first channel and other channels.

spectra of the CDGFs and PDGFs, respectively. The FWHM of au-
tocorrelation of the CDGFs is about 10-20 nm, while the FWHM
of PDGFs is smaller than 10 nm. This autocorrelation provides
an estimate of the spectral resolution of the random gratings.
We calculated the crosscorrelation between the first grating and
the other gratings for the CDGFs and PDGFs. For the CDGFs,
the crosscorrelation is higher than 0.5 in Figure 2e, verifying
the similarity of the response spectra. While for the PDGFs, the
crosscorrelation in the entire working band is lower than 0.5,
as shown in Figure 2f. On the other hand, we also utilized the
singular value decomposition to valuate the matrix orthogonality
of the response matrix of CDGFs and PDGFs, which has been
widely applied in solving ill-posed inverse problems.3*#243] The
SV curve of our proposed PDGFs is smoother and has a slower
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decay than that of CDGFs, and the kink is not clearly visible (Note
S1, Supporting Information), which agrees well with the results
in Figure 2. Therefore, we can achieve high-performance ran-
dom filters with fast and different response spectra by adopting
PDGFs.

2.2. Device Characterization

Figure 3a shows the microscope image of the microspectrometer
based on the eight-channel random filter array with a footprint
of 310 pmx215 pm. “In1”, “T1” and “Ad1” represent the input,
through, and add ports of the MRR. The zoom-in image of the
tunable MRR is exhibited in Figure 3b. Figure 3c—e shows the
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scanning electron microscope (SEM) images of the MRR, grat-
ing coupler, and random filter. Before performing the spectrum
reconstruction, @; . x and py,y need to be precalibrated. The
experimental setup for precalibration is illustrated in Note S1 in
the Supporting Information. To overcome the influence of the
undesired environment temperature (about 21 °C) variation, we
characterized the device with a fixed temperature of 25 °C using a
commercial thermoelectric cooler. The experimental comb spec-
tra of the MRR from Ad1 to T1 port are shown in Figure 3f. To
attain a moderate FSR, the designed radius of MRR is 15 pm,
and the coupling gaps at the In1 and Ad1 ports are 200 nm. The
FSR of the MRR was measured to be about 6.3 nm at the wave-
length of 1553.11 nm. For fitting a resonant peak of MRR, the
Lorentz function is a preferred model, achieving a high R-Square
0f0.999, as shown in Figure 3g. The 3 dB bandwidth of the MRR
is fitted to be 0.1 nm at 1553.11 nm. The applied heating power
on the heater was increased from 0 to 33.23 mW. The resonant
wavelengths are almost perfectly linearly with the heating power,
as shown in Figure 3h. The R-square coefficient of the linear re-
gression fitting method, which determines the fitting degree, is
>0.99995. The tuning efficiency is 0.186 nm mW~!. Thus, the
basis matrix @, ., at the ith tuning state can be obtained by
the Lorentz function of the resonant peaks. Thanks to the al-
most perfect fitting, the comb spectra can be presented with a
low error by the linear combinations of the Lorentz functions.
The extinction ratio of the MRR is about 29 dB in the range of
1520-1560 nm.

Figure 3i shows the measured response matrix p,. with a
wavelength sampling interval of 0.01 nm. The response matrix
Puxy is normalized by subtracting the loss of grating couplers.
The insertion loss of each channel is about 12-14.5 dB. Con-
sidering the intrinsic loss of the three-level Y-junction tree as
the power splitter is 9 dB, the excess loss is 3-5.5 dB, which
can be mainly attributed to the scattering loss of cascaded 1 x 2
MMIs and random gratings. The precalibration process of pyx
is shown in Note S1 in the Supporting Information. The power
imbalance of the eight channels, defined by the difference in
maximum transmittance of each channel, is smaller than 3 dB.
The power imbalance plays an important role in the reconstruc-
tion error. Generally, the power imbalance is larger, and the re-
construction error is higher.?®] Figure 3j demonstrates the au-
tocorrelation of the response spectra of the eight physical chan-
nels. The formula of the correlation function is given in ref. .
The FWHM of autocorrelation is <6 nm, which is smaller than
the FSR but much larger than the 3 dB bandwidth of the MRR.
We also calculate the crosscorrelation between the first grating
and the other gratings. The crosscorrelation in the entire work-
ing band is lower than 0.4, as shown in Figure 3k.

To test the performance of the fabricated microspectrometer,
we first constructed the comb spectra. By using the signal pro-
cessing procedure described in Equations (3)—(6), the comb spec-
tra for heating power of 0 mW and 18.49 mW were reconstructed.
To evaluate the accuracy of the reconstruction, the relative recon-
struction error can be calculated as follows

1/2

_[Eh -9
<Zil 5‘02)1/2
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where S denotes the reconstructed spectrum, S, is the origi-
nal spectrum, and N represents the total number of wavelength
channels. The normalized retrieved and reference comb spectra
with a sparsity of K = 6 are shown in Figure 4a,b, which are in
good agreement with each other.

The precalibrated response matrix p,,,y and comb spectra at
all the tuning states were used for spectrum reconstruction. We
utilized an amplified spontaneous emission (ASE) source com-
bining one or two tunable filters (WLPhotonics) to obtain the
single-peak or dual-peak spectra. The dual-peak spectrum exhib-
ited a 3 dB bandwidth of 0.15 nm and a separation of 0.2 nm.
The edges of the single-peak and dual-peak spectra reached as
high as 90 dB nm~!. The reconstructed and original spectra are
depicted in Figure 4c,d, respectively. A broadening phenomenon
can be observed, which can be attributed to the fact that the band-
width and spacing of the single/dual peaks are comparable to
the 3 dB bandwidth of MRR, approaching the resolution limit.
Additionally, with the tunable filter possessing very sharp edges,
its highest frequency component extended significantly beyond
the 3 dB bandwidth of MRR.*J An MRR with a narrower 3 dB
bandwidth can effectively weaken the broadening phenomenon.
Next, we test the capability to reconstruct broadband spectra. A
spectrum containing a narrow, deep dip with an extinction ratio
of 30 dB on a smooth broadband background was retrieved, as
shown in Figure 4e. We also used a commercial arrayed waveg-
uide grating to generate a Gaussian-like spectrum as the input
signal. The experimental setup for spectra construction is illus-
trated in Note S1 in the Supporting Information. All the detected
input comb spectra were retrieved and are then combined to pro-
duce the original input spectrum. The retrieved spectrum and
input broadband source are shown in Figure 4f. The total sam-
pling time and energy consumed by MRR for Q scans are 0.63 s
and 20.9 m] for a scan speed of 400 Hz, which can be reduced to
25.2 ms and 0.84 m] when the scan speed increases to 10 kHz.
The calculations are presented in Note S5 in the Supporting In-
formation.

3. Discussions

Improving spectral channels defined as the quotient of spectral
bandwidth and resolution is a perpetual pursuit for microspec-
trometers. It needs to optimize the resolution and bandwidth, as
shown by the strategies in Figure 5. The utilization of an MRR
with a higher quality factor can enhance spectral resolution to
a level of a picometer without diminishing the FSR.[***] To in-
crease the spectral bandwidth, the most straightforward method
is to employ an MRR with a larger FSR. In this regard, we
have used an MRR with a 9.4 um radius to increase the FSR
to 10.13 nm, which led to a spectral bandwidth of about 60 nm
(Supplementary Note 2). The received optical power is not sig-
nificantly reduced, as the sparsity and physical channel number
remain unchanged. By implementing thermal isolation trenches
around the MRR,[™ the tuning range can be expanded up to
30 nm with low power consumption. Another method is to ana-
lyze the comb spectrum with more peaks at once. However, there
is a trade-off between the number of peaks and the reconstruc-
tion error, and the reconstruction error also increases with the
increased sparsity of the comb spectrum (Note S3, Supporting In-
formation). When the crosscorrelation of the response spectrum

© 2023 Wiley-VCH GmbH
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Spectrometer Spectral Spectral Spectral Physical Reconstructive Passive or active Footprint Applicability of
resolution bandwidth channels channels compression spectral analysis
ratio

Disordered photonic chip!"’] 0.75 nm 25 nm 33 25 13 Passive 50%25 pm? Sparse

Disordered photonic chipl'®! 0.25 nm 30 nm 120 8 15 Passive 30x12.8 um? Sparse

Multimode spiral waveguidel'] 0.01 nm 2nm 200 40 5 Passive 500x500 pm? Sparse

Coherent network!2°] 0.02 nm 12 nm 600 64 9.4 Passive 520%220 pm? Sparse

Stratified waveguide filters(?®] 0.45 nm 180 nm 400 32 12.5 Passive 35x260 pm? Sparse

Cascaded nanobeam cavities!?°] 0.32 nm 16 nm 50 3 16.7 Active 18%250 um? Sparse

Cascaded MRRI3! 0.177 nm 12 nm 70 3 23 Passive - Sparse

Dual MRRI[32] 0.04 100 2501 1 2501 Active 60X60 pum? Sparse

2D disordered microring 0.015 nm 40 nm 2667 4096 0.65 Passive 1000x1000 pm? -
latticel33]

Multimode spiral 0.016 nm 2nm 125 12 10.4 Active 1600%2100 pm? Sparse
Waveguidel*4]

MRR + random gratings (this 0.2nm 60 nm 300 8 375 Active 310x215 pm? General

work)

of the random grating is nearly orthogonal, the sparsity limit ap-
proaches the number of random gratings M. It can always attain
alarger spectral bandwidth consisting of more resonant peaks by
simply using more random gratings, which does not increase the
reconstruction error (Figure S4d in Note S3, Supporting Informa-
tion). Therefore, to effectively increase spectral channels, we can
independently enhance the spectral resolution (using a higher
quality-factor MRR) and the spectral bandwidth (via a larger FSR,
tuning range, and sparsity).

Table 1 highlights state-of-the-art integrated reconstructive
spectrometers. The previously reported schemes can tackle a
lot of spectral channels. However, the spectrum must be sparse
in the known domain, and the sparsity should be smaller than
the physical channel number. A complex spectrum requires a
complex reconstruction model such as multifeature reconstruc-
tion via a modified regularization method with more weight
coefficients and more computation power.?8321 Moreover, the
reconstructive error of reconstructive spectrometers increases as
the spectrum’s complexity. Therefore, it is desired for the recon-
structive spectrometers to recover particular and simple spectra
by CS method in software. Otherwise, the number of physi-
cal channels required would be significantly greater than the
number of spectral channels, increasing system complexity and
power consumption.3*] Our scheme utilizes the MRR to achieve
CS in hardware by decomposing any complex continuous spec-
trum into a series of simple comb spectra. By precalibration of
the MRR and response matrix, the general input continuous
spectrum can be successfully retrieved. The proposed spectrome-
ter offers a remarkable combination of high resolution and large
spectral bandwidth, achieved with only a few physical channels
and a compact design suitable for general spectrum analysis.
Thus, a high spectral reconstructive compression ratio of 37.5,
defined as the quotient of spectral channels and physical chan-
nels, is achieved. Detailed comparison between the conventional
and our proposed reconstructive spectrometer is given in Note
S4 in the Supporting Information. The spectral resolution is
determined by the 3 dB bandwidth of the MRR. Compared to the
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previously reported MRR-based spectrum system whose spectral
bandwidth is limited by the FSR,?!l the spectral bandwidth of
our proposed scheme depends on both the sparsity of the comb
spectrum and the FSR of the MRR (about K*FSR). Despite the
existence of MRR-based spectrometers that can overcome the
limitation of FSR, such solutions often necessitate either signifi-
cant power consumption or quite a fine wavelength tuning./1432]
Integrating a single spectrometer with a reconfigurable optical
network can effectively enhance spectral bandwidth, but the
control of such a network is complex and significantly increases
the power consumption and size of the system.*] Notably,
in our scheme, the spectral resolution and bandwidth can be
independently engineered, breaking the traditional resolution-
bandwidth limit with low power consumption and small spatial
occupation.

4, Conclusion

In conclusion, an integrated microspectrometer, including a tun-
able MRR and a set of random gratings, was experimentally
demonstrated. Owing to the presparse operation of MRR, one
only needs to reconstruct the sparse comb spectra. By precalibra-
tion of the resonant wavelengths and 3 dB bandwidth, the un-
known parameter space to be solved is reduced to the amplitude
of each resonant peak. Any complex continuous spectrum can
be decomposed into a series of simple comb spectra and conse-
quently, be retrieved and combined. Therefore, this is a general
spectrometer powerful for various nonpriori continuous spectra.
We experimentally achieved a high resolution of 0.15 nm for a
single peak and 0.2 nm for a dual peak, and a large spectral band-
width of 60 nm. In addition, the resolution and spectral band-
width can be independently engineered, allowing for unprece-
dented control and breaking the traditional resolution-bandwidth
limit. Such microspectrometers may open up pathways toward
on-site spectral analytical applications such as on-chip chemical
and biological sensing and food monitoring.
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5. Experimental Section

The microspectrometer was fabricated on a 220 nm silicon-on-insulator
platform with the processes of electron beam lithography (Raith Voyager)
and subsequent inductively coupled plasma (Samco). The waveguides and
grating couplers were formed by fully etching with a depth of 220 nm.
Then a 600 nm thick silica film was then deposited by plasma-enhanced
chemical vapor deposition (PECVD) process, covering the whole device.
Titanium, chromium, and gold with different thickness combinations were
patterned by an ultraviolet lithography process and were deposited by the
E-beam evaporator process to realize the thermo-optical heater (100 nm
Ti/ 10 nm Au) and contact pads (5 nm Cr/100 nm Au). The width of the
titanium heater was 2.75 pm. Meanwhile, a 250 nm thick layer of SiN was
deposited by PECVD over the device to prevent the titanium heater from
further oxidization. Contact pad windows were opened for electrical probes
to connect with circuits for microheater driving.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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