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Computational spectrometers utilizing disordered structures have emerged as promising solutions for
meeting the imperative demand for integrated spectrometers, offering high performance and improved
resilience to fabrication variations and temperature fluctuations. However, the current computational
spectrometers are impractical because they rely on a brute-force random design approach for disordered
structures. This leads to an uncontrollable, non-reproducible, and suboptimal spectrometer performance.
In this study, we revolutionize the existing paradigm by introducing a novel inverse design approach for
computational spectrometers. By harnessing the power of inverse design, which has traditionally been
applied to optimize single devices with simple performance, we successfully adapted it to optimize a
complex system comprising multiple correlated components with intricate spectral responses. This
approach can be applied to a wide range of structures. We validated this by realizing a spectrometer uti-
lizing a new type of disordered structure based on interferometric effects that exhibits negligible loss and
high sensitivity. For a given structure, our approach yielded a remarkable 12-times improvement in the
spectral resolution and a four-fold reduction in the cross-correlation between the filters. The resulting
spectrometer demonstrated reliable and reproducible performance with the precise determination of
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structural parameters.
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1. Introduction

Integrated single-shot spectrometers offer the advantage of
quickly and accurately reconstructing unknown optical spectra,
making them suitable for integration into power-sensitive portable
devices for real-time monitoring and analysis [1,2]. Silicon photon-
ics, with its rich component library and successful sensing applica-
tions, is a promising platform for realizing spectrometers [3].
Conventional integrated single-shot spectrometers rely on narrow-
band components functioning at different wavelengths; therefore,
spectral elements can be spatially split and independently mea-
sured [4-6]. This principle is straightforward; however, its high
sensitivity to fabrication uncertainties, low spectral resolution,
limited bandwidth, and low dynamic range seriously hinder the
development of commercial products.
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Recently, computational single-shot spectrometers (CSSSs)
employing disordered photonic media have emerged as a promis-
ing solution to address these challenges [7-14]. The core elements,
that is disordered photonic structures (DPSs), aim to generate mul-
tiple stochastic samples of the incident spectra. Subsequently, the
spectra can be reconstructed by post-processing the sampling
results using advanced algorithms. Notably, instead of using multi-
ple disordered photonic media, a single disordered photonic med-
ium with multiple time-domain responses was demonstrated for
computational spectrometers [15,16]. Various DPS have been
showcased for CSSS, encompassing diverse designs, such as disor-
dered photonic slabs with randomly located etching holes [7,13],
quantum dots with random sizes [8,10], and random lasers [11].
Other examples include disordered photonic crystal cavities with
random layout [9], random pixelated gratings [17], disordered
stratified waveguides with random layers [12], disordered ring res-
onators of random sizes [18], and random reflectors [19]. Some
examples are illustrated in Figs. 1(a)-(c). However, it can be
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Fig. 1. (a-c) Examples of CSSSs utilizing disordered photonic chips with brute force and random selection of structural parameters; (d-g) spectrum reconstruction by four

randomly designed spectrometers (S1-S4).

observed that these DPS are all randomly designed via brute force,
with little or no optimization of structural parameters. This signif-
icantly limits the development of reliable devices because the
brute-force random-design approach inevitably leads to uncontrol-
lable, non-reproducible, and suboptimal performance in spectrom-
eters. Additionally, these DPS designs are associated with several
critical detrimental effects, including bandwidth limitations, sig-
nificant losses, strong back reflections, and a lack of capability for
monolithic integration.

In this study, we addressed these critical problems by introduc-
ing a reliable design method for a novel type of DPS that can be uti-
lized as a CSSS. The design method uses a bio-inspired inverse
algorithm called particle swarm optimization (PSO), which is
specifically tailored for computational spectrometers. The novel
DPS is fully integrated into a silicon photonics platform, demon-
strating its potential for cost-effective mass fabrication. Techni-
cally, it relies on interferometric effects rather than scattering or
absorption effects and comprises pure waveguide elements with
minimal loss. Our design method yielded a remarkable 12-times
improvement in spectral resolution and a four-fold reduction in
the cross-correlations (CCs) of the DPS spectral responses com-
pared to brute-force random-design methods. Although PSO has
been extensively applied to optimize integrated photonic compo-
nents, it is limited to single devices with simple spectral responses
such as waveguide bends [20], splitters [21], grating couplers [22],
tapers [23], Bragg gratings [24], and notch filters [25]. To the best
of our knowledge, there are no prior reports on its application in
systems involving multiple correlated devices with complex spec-
tral responses. This study represents a significant advancement,
propelling the readiness of integrated spectrometers for practical
applications.

2. Methods

2.1. Problem of disordered photonic media designed in completely
random manner

The principle of computational spectrometers using DPS is
detailed in Appendix A Section S1. The DPS aims to provide various
random spectral responses with low CC. This implies that stochas-
tic sampling of these random spectral responses is linearly inde-
pendent. The previously demonstrated disordered photonic
media for CSSSs were designed using random brute force. Conse-
quently, spectrometer performance is uncontrollable, non-
reproducible, and suboptimal. To illustrate this problem better,
we designed four spectrometers based on the structure introduced
in Ref. [12], which are denoted as S1, S2, S3, and S4, respectively.
Each spectrometer comprises 25 randomly designed disordered
stratified waveguides. S1 and S2 were designed using identical ran-
dom generators with Gaussian distributions. S3 was designed
using random generators with a uniform distribution. S4 was real-
ized using random generators with a von Mises distribution. These
spectrometers were used to reconstruct identical artificial spectra.
However, differences were present in terms of reconstruction qual-
ity (as shown in Figs. 1(d)-(g)), even for S1 and S2, which were
designed using identical random functions. Therefore, a reliable
and reproducible design method for disordered photonic chips
must be developed to fabricate a practical on-chip CSSS.

2.2. Novel architecture for disordered photonic chip

As previously mentioned, previous CSSS utilized DPS based on
effects such as scattering, absorption, and reflection. Thus, some
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detrimental effects are associated, including high insertion loss,
strong back reflections, limited bandwidth, considerable spectral
CC, and a lack of monolithic integration ability. We propose lever-
aging the interference effects to construct a DPS for computational
spectrometers. The structure depicted in Fig. 2(a), called the disor-
dered interferometer, can be considered a parallel waveguide con-
figuration with multiple coupling points between the input and
output. The output of the structure results from interference
among multiple pathways. Each coupling strength (x), as well as
delay lengths (L; and L,) in the upper and lower arms can be engi-
neered as design parameters to customize the transmission spec-
trum. A disordered interferometer with N coupling points
provides 3N design parameters, offering rich design freedom that
ensures sufficient randomness and distinction in the spectral
response. As a disordered interferometer consists of pure waveg-
uide structures, it exhibits negligible loss, no back reflections,
and no bandwidth limitations within a few hundred nanometers.
The spectrometer comprising an array of disordered interferome-
ters is shown in Fig. 2(b). A multi-stage Y-junction tree was imple-
mented as a 1 x N power splitter to achieve compact footprint,
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broad bandwidth, and low power imbalance. The Y-junction was
inversely designed according to the instructions reported in Ref.
[26]. The inversely-designed Y-junction has a compact footprint
of only 1.2 pm x 2.0 um, a broad bandwidth over 80 nm, and neg-
ligible power imbalance. The minimum feature size was greater
than 200 nm to ensure high fabrication accuracy using a common
fabrication technology. Even if the power-splitting tree introduces
a certain power imbalance among its ports, the spectrometer can
function normally if the imbalance is within 10 dB [12].

To ensure sufficient randomness, each disordered interferome-
ter requires an adequate number of coupling points. We set the
number of coupling points to nine, resulting in 27 design parame-
ters for a single device. The effect of the number of coupling points
on the performance of a disordered interferometer is illustrated in
Appendix A Fig. S1, and can be found in Appendix A Section S2 and
Section S3. Notably, each disordered interferometer should not be
designed independently because it is not a standalone device.
Instead, they should be designed in a coordinated manner to
achieve the desired system-level performance. As each disordered
interferometer involves 27 degrees of design freedom, designing
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Fig. 2. (a) Schematic of proposed broadband filter. (b) Conceptual layout of single-shot spectrometer comprising an array of broadband filters. (c) The convergence rates of
PSO with different numbers of particles. (d) Full-width-half-maximum (FWHM) of autocorrelations (ACs) of randomly and inversely designed filters. (e) CC of spectral
responses of randomly and inversely designed filters. (f) The contour plot of the simulated responses of 64 filters. Comparisons of inversely and randomly designed
spectrometers in terms of (g) narrow spectrum reconstruction and (h) broad spectrum reconstruction. FoM: figure of merit; Ai: wavelength resolution.
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system-level filters requires hundreds of degrees of freedom. The
inverse design method established in this study enables the effi-
cient optimization of these parameters across a large space.

2.3. Inverse design of broadband filters for computational
spectrometers

We propose utilizing PSO to perform inverse optimization of
this large number of parameters at the system level. PSO is a
population-based optimization algorithm inspired by the social
behavior of bird flocking or fish schooling [27]. In PSO, a population
of particles represents potential solutions to the optimization
problem and moves through the search space to search for the
optimal solution. In each iteration, each particle updates its posi-
tion and velocity based on its best position (personal best) and that
determined by the swarm (group best). The algorithm also retains
the ability to explore randomly to avoid becoming trapped in local
optima. The velocity and position are updated using Eqs. (1)-(3),
and all the parameters in the PSO are listed and explained in
Appendix A Table S1.

1 . . .
Z/H = (l) 7)rn atC rand(pbestm n_ le‘n) +C2 rand(gfmst mn x,m‘n)v
1
—Umax < Uy < Umax (1)
Kot = X+ Vi Xemin < Xy < Xinax 2)
i 1
@ = Wmax — ((Umax - a)min)i (3)

where ¢/ is the velocity in ith iteration, and vmay is the maximum
allowed velocity of a particle. ', Omax and Wmi, are the inertia
weight in ith iteration, maximum inertia weight, and minimum
inertia weight during the iteration, respectively. m refers to the
mth particle, n is the nth parameter, i is the ith iteration, I is the
number of iteration, and c; and c, are the coefficients for self- and
group-cognition, respectively. ppes; i the personal best found by
each particle and gyes; is the group best found by the entire group.
x is the position of the particle (or the value of the parameter); Xnax
and xni, represent the upper and lower limits of the searching
space, respectively; and rand is a random number between 0 and 1.

The equation governing the velocity contains three terms: iner-
tia, self-cognition, and group cognition. Standard PSO uses only
Egs. (1) and (2), as inertia weight o is fixed. A larger w indicates
a stronger ability to explore a wider area, whereas a smaller o
means a finer search within a small area. When w is constant,
the algorithm may get stuck in local optima and fail to explore
new regions of the search space. To better balance exploration
and exploitation throughout the search process, we choose a lin-
early decreasing . Additionally, the parameter vn.x represents
the maximum allowed velocity of a particle, as we used speed-
constrained PSO, which is believed to have a higher accuracy and
faster convergence rate [26]. A flowchart of the PSO adopted in
our design is provided in Appendix A Fig. S2. In each iteration of
the algorithm, a figure of merit (FOM) was employed to determine
whether the personal and group best solutions were updated. For-
mulating the FoM for simple devices such as Y-junctions and
waveguide bends is relatively straightforward because it primarily
focuses on power transmission levels. However, in our case,
designing an array of spectral responses with sufficient random-
ness and a low CC added complexity to the FoM formulation.
Instead of simultaneously optimizing the entire system using thou-
sands of parameters, we adopted an approach in which each disor-
dered interferometer was individually designed as part of a
correlated design process. To initiate the design process, we
designed the first disordered interferometer to minimize autocor-
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relation (AC) in its spectrum. Therefore, FOM can be expressed as
follows:

FoM = Z ACI( ) (4)
where M is the total number of wavelength points, / is the wave-
length, and j is the jth wavelength point.

By minimizing the AC of the spectrum, we aim to achieve a
spectral response that exhibits a low self-correlation, which con-
tributes to the desired randomness in the overall array of disor-
dered interferometers. After completing the design of the first
disordered interferometer, we designed the second device. The
design objective of the second filter is to minimize the sum of
the AC of its spectrum and the CC with the spectrum of the first
disordered interferometer.

)+ 3 CCa (5)

where o is the factor adjusting relative weights between AC and CC.
The design of the subsequent disordered interferometer follows a
similar principle, in which we aim to minimize the sum of the AC
of the kth spectrum and that of the CC with the spectra of all previ-
ous disordered interferometers:

FoM = ocz Ac2

FoM — afoMAck(;Lj)

4 Z CCk] Z Cckz

k—l

)+ ©... + S CChu ) (49)

(6)

This approach allows us to individually optimize each disor-
dered interferometer while considering its correlations within
the system, thereby enabling us to efficiently achieve the desired
performance characteristics.

2.4. Simulations of disordered interferometers

The parameters that significantly impact the performance of
PSO include M, N, I, ¢;, C2, Wmax, @min, and vmax. N represents
the total number of degrees of design freedom of the device to
be optimized, which was 27 in our case. Increasing the number
of particles helps find the global optimization more quickly and
with greater confidence, albeit at the expense of more computa-
tional time. Fig. 2(c) shows that the FoM achieved using ten parti-
cles after 100 iterations is significantly higher than that achieved
using 100 particles after only ten iterations. Therefore, the number
of particles is set to 100. The parameters governing the velocity-
updated equation were determined through a thorough literature
review and several trial simulations. To ensure convergence, the
total number of iterations was set to 60 (as shown in Fig. 2(c)),
and the FoM stabilized after approximately 50 iterations. All the
PSO parameter settings are summarized in Appendix A Table S2.
During the optimization, the coupling ratios are constrained to
be within the range of 0.05-0.95, whereas the delay length differ-
ences are limited to 0-50 pwm. These boundaries define the search
space for the PSO algorithm, allowing the parameter space to be
explored efficiently to determine the optimal values that satisfy
the desired spectral response. The simulated optical span was
1500-1600 nm with a step size of 10 pm. The optimized coupling
ratios were converted into waveguide structures based on numer-
ical simulations.

Following this procedure, 64 disordered interferometers are
designed. The performance of the first disordered interferometer
designed using PSO was compared with that of a randomly
designed disordered interferometer in a brute-force manner. The
full-width-half-maximum (FWHM) of the AC of the filter designed
by PSO is approximately 0.33 nm, whereas that of the disordered



A. Li, Y. Wu, G. Zhang et al.

interferometer designed randomly is approximately 4.2 nm, as
shown in Fig. 2(d). This suggests a 12-fold improvement in spectral
resolution when using PSO. The CC between the spectral responses
of the second and first disordered interferometers are shown in
Fig. 2(e). Notably, using PSO results in a four-fold reduction in
the CC compared with the design of the device. These results
demonstrate the effectiveness of PSO in optimizing structural
parameters to achieve the desired spectral responses. A contour
plot of the simulated spectral responses of the 64 disordered inter-
ferometers is presented in Fig. 2(f). The disordered interferometer
spectral responses exhibit sharp randomness and notable distinc-
tions. In addition, disordered interferometers have been proven
to have negligible losses because the peak transmission can reach
approximately 1. To further illustrate the value of the inverse
design, that is, to better understand the effects of improvement
on AC and reduction in CC, we compared the simulated perfor-
mance of two spectrometers comprising randomly and inversely
designed disordered interferometers. As shown in Fig. 2(g), the
improvement in AC directly leads to a higher resolution. Two nar-
row peaks separated by 0.2 nm can be successfully resolved by the
inversely designed spectrometer but cannot be captured by the
randomly designed spectrometer. Fig. 2(h) shows that the inver-
sely designed spectrometer leads to a higher reconstruction accu-
racy when reconstructing the broadband spectrum compared
with the randomly designed spectrometer, which is attributed to
the reduction in CC.

3. Results

A spectrometer consisting of 64 disordered interferometers was
fabricated using optical lithography on a 220 nm thick silicon
structure layer. The overall footprint of the spectrometer was
approximately 4.0 mm x 1.6 mm. Each disordered filter had a
footprint of approximately 600 pm x 100 pm. In contrast, the
Y-junction tree occupied a space of approximately 4.0 mm x
0.4 mm, which was drastically suppressed because we inversely
designed the Y-junction so that it is as small as 1.2 pm x 2.0 pm,
over 100 times smaller than a conventional 2 x 2 multimode inter-
ferometer (MMI). The chip was packaged with double-fiber arrays
permanently attached to grating couplers and a temperature-
controller module. The chip was experimentally characterized
using two setups, as shown in Fig. 3, which were used to measure
the transmission spectra of each channel and to test the spectrum
reconstruction quality of the spectrometer.

Tunable Polarization Photonic Optical
) . Detector
laser controller chip switch
feoel L ()
=)
(a)
SLD Circulator FBG

\Q_ o :
I
b - - @

Polarization Optical
controller switch

Photonic
chip

(b)

Amplifier Detector

Fig. 3. (a) Setup used to measure static transmission spectra of each spectrometer
channel; (b) setup used to test spectrum reconstruction quality of spectrometer.
FBG: fiber Bragg grating; SLD: superluminescent laser diode.
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The microscopic images of the structure and photographs of the
packaged chip are shown in Figs. 4(a) and (b), respectively. The
power splitter is composed of a multi-stage Y-junction tree. The
compact Y-junction was also inversely designed using PSO to
ensure a broad bandwidth and low power imbalances. The chip
was characterized using a tunable laser source from 1480 nm (lim-
ited by a laser source) to 1600 nm (limited by grating couplers)
with a 1 pm step size and a low-noise photodetector. Fiber/chip
coupling was achieved by employing vertical grating couplers,
with the measured center wavelength being approximately
1525 nm owing to the fabrication variation (designed at
1550 nm) with a 10 dB bandwidth of approximately 80 nm, as
shown in Fig. 4(c). The outputs from the fiber arrays were con-
nected to an optical microelectromechanical system (MEMS)
switch, which enabled electrical switching between different chan-
nels for ease of measurement. Each configuration of the optical
MEMS switch takes 100 ms. Therefore, the total data collection
requires approximately 6.4 s. In practical applications, 64 photode-
tectors should be connected to 64 channels so that all the outputs
can be collected simultaneously.

Fig. 4(d) shows a contour plot of the transmission spectra of the
64 channels without normalization to the grating couplers, reveal-
ing highly random responses. The transmission at longer wave-
lengths (> 1580 nm) significantly reduced and exhibited strong
ripples, which were attributed to the band edges of the grating
couplers. To address this limitation, fiber couplers with broader
bandwidths can be used to effectively expand the spectrometer
bandwidth. The FWHM of each AC are plotted in Fig. 4(e), respec-
tively. Note that AC is calculated after the channel responses are
normalized to the spectrum of the grating couplers. Notably, each
channel exhibits a narrow FWHM of approximately 0.4 nm, which
is consistent with simulations. This small discrepancy can be
attributed to the presence of parasitic reflections and fabrication
variations, which resulted in slight variations in the FWHMs val-
ues. The 64 channels produced over 2000 CC, making it impractical
to plot all of them. Fig. 4(f) illustrates a few exemplary CC, showing
that the CC maintains a consistently low level across the 120 nm
optical span, indicating distinct differences between the channel
spectra. The peak amplitudes of the 2016 CCs of the spectral
responses of the 64 channels are plotted in Appendix A Fig. S3
and Section S4.

To evaluate the spectral resolution of our spectrometer, we gen-
erated spectra using a broadband superluminescent diode source
(110 nm 3 dB bandwidth at approximately 1550 nm) and fiber
Bragg gratings (FBGs) with varying passbands at different wave-
lengths. The FBG reflection spectra were transmitted to a chip for
reconstruction. The entire optical span, from 1480 to 1580 nm,
was digitized to 5000 points using the CVX algorithm implemented
in MATLAB (MathWorks, USA). CVX is well known for solving con-
vex underdetermined problems and has been frequently applied in
computational spectrometers [9,12,28]. More details regarding the
reconstruction algorithms deserve an in-depth study; however,
they have already been extensively studied [14,29,30]. In addition,
our previous work provided significant details regarding the prin-
ciple of choosing a reconstruction algorithm [12]. During the
reconstruction, the optical span from 1480 to 1580 nm was repre-
sented by 5000 data points. Each reconstruction requires approxi-
mately three minutes on a workstation with a 16-core
Intel®Core™ 19 central processing unit (CPU) and 64 GB random
access memory (RAM). The reconstruction time is strongly depen-
dent on the number of data points; thus, for real applications such
as glucose analysis, the number of data points can be reduced to
less than 100, and the reconstruction time can be greatly sup-
pressed. The results of the reconstruction at 1500, 1525, 1550,
and 1580 nm with a 0.2 nm bandwidth are depicted in Fig. 5(a).
The passbands at 1500, 1525, and 1550 nm were accurately
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Fig. 4. (a) Microscopic images of structures; (b) photo of packaged chip; (c) measured transmission spectrum of straight waveguide; (d) three-dimensional plot of 64-channel
transmission spectra; (e) FWHM of each channel’s AC; (f) exemplar CCs of some channels’ spectra.

reconstructed with a 0.2 nm FWHM, whereas the passband at
1580 nm exhibited greater distortion owing to the strong ripples
and low transmission caused by the band edge of the grating cou-
plers. However, the correct position of the wavelength was accu-
rately captured. To further demonstrate the capabilities of the
spectrometer, we sent two reflection spectra with 25 and 10 nm
bandwidths from the two chirped FBG for reconstruction, as shown
in Fig. 5(b). These results confirm the ability of the spectrometer to
accurately reconstruct the broadband components.

To demonstrate the practical application of our spectrometer,
we used it as a spectrum analyzer for an FBG sensor. FBG can be
employed as sensors such as for temperature sensing, strain sens-
ing, structural monitoring, and fire alarms by tracking the shift of
its passband caused by environmental changes. Therefore, a high-
resolution broadband spectrometer is required to accurately track
the spectral shifts within a broad optical range. We intentionally
caused a spectral shift to a 0.2 nm-wide FBG by either increasing
the surrounding temperature or applying stress. The results are
depicted in Figs. 5(c) and (d), revealing that the spectrometer can
resolve a small change of 0.2 nm. This demonstrates the potential
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of our spectrometer for use in conjunction with FBG in various
sensing applications, such as temperature, stress, and fire sensors.
Although sparse spectral reconstruction is a well-known appli-
cation of computational spectroscopy, the ability of our spectrom-
eter to reconstruct dense spectra is an important aspect of its
capabilities. To evaluate the performance of our spectrometer, we
reconstructed the transmission spectra of the FBG, which exhibited
a narrow notch in the spectrum. The spectra first pass through an
optical bandpass filter with a bandwidth of over 35 nm and then
enter the spectrometer. As expected, the reconstruction of such a
dense spectrum presents a greater challenge; the results are shown
in Figs. 5(e) and (f). Although the reconstruction accuracy was
lower than that of the sparse spectra, we observed that the spec-
trum with a 1 nm-wide notch could still be accurately recon-
structed. Even a parasitic side notch with shorter wavelength can
be captured. This suggests that our spectrometer can accurately
detect and quantify the features of the dense spectra, although it
has some limitations. Nonetheless, most natural spectra containing
useful information are typically smooth and sparse; therefore, the
potential applications of our spectrometer remain extensive.



A. Li, Y. Wu, G. Zhang et al.

Engineering 43 (2024) 81-88

FWHM=0.2 nm —Original
——Reconstruction
1.0
0.8
- [
£ 06
2
¢ 0.4 |
0.2 1500.0 1500.3 1524.9 1525.2 1549.8 1550.1 1579.8 1580.1
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
0
1480 1490 1500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
Wavelength (nm)
(a)
---10 nm original 10 — Experiment 1
12 ---25nmoriginal : M Experiment 2
10 nm reconstruction ] \ Experiment 3
10 fl.“ ~— 25 nm reconstruction 0.8 Experiment 4
c m/\vﬁl c
5 08 { Eo S 06 :
B i b © Spectral shift=0.2 nm
% o8 ‘ ; % 04
4 | ! X
04 |
) l 0.2
0.2 J : |
{, JUULL
0 0
1480 1500 1520 1540 1560 1580 1600 1546 1548 1550 1552 1554
Wavelength (nm) Wavelength (nm)
(b) (c)
— 1560¢ 1.2 —— Original 1.2 — Original
E —— Reconstruction —— Reconstruction
£ 1558} L 0 W
2
o §o08 §o0s8
2 1556+ . 2
= € 06 £ 06
FWHM=0.2 nm FWHM =1
8 1554¢ g 2 nm
5 = 04 = 04
®
5 18Ss 0.2 0.2
O
Q o
o 1550} - 0 0

1550 1552 1554 1556 1558 1560
Original wavelength (nm)

(d)

1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

(e) ()

Fig. 5. Spectrum reconstruction results. (a) Four reflection spectra with 0.2 nm wide passband from FBGs are successfully reconstructed; (b) two broadband spectra from
chirped FBG successfully reconstructed; (c, d) spectral shift of FBG as small as 0.2 nm tracked by our spectrometer; (e, f) transmission spectra of two FBG with 1 nm FWHM

and 0.2 nm FWHM tested for reconstruction.

4. Discussion

We established and validated a reliable inverse design method
for high-performance CSSS. Using this method, a spectrometer that
leveraged a novel disordered photonic chip based on interferomet-
ric effects was developed on a silicon photonic platform. Unlike
previous approaches that employed a brute-force random design
method for disordered photonic media, we utilized a bioinspired
inverse design algorithm at the system level. This resulted in a sig-
nificantly improved spectral resolution for each disordered struc-
ture along with a reduced CC between any two structures.
Experimental characterization confirmed a spectral resolution of
0.2 nm and a bandwidth of 100 nm, limited solely by the measure-
ment equipment and fiber/chip coupling elements. In contrast to
recently demonstrated computational spectrometers that exhibit
picometer-scale resolution or a bandwidth of hundreds of nanome-
ters, our current demonstration might not reach the same level of
performance. However, the primary objective of this study was to
introduce a novel inverse design method for computational spec-
trometers rather than presenting a concrete spectrometer with a
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specific structure and performance. The application of this inverse
design method to other structures can also generate an improve-
ment over the random design approach. Furthermore, the scalabil-
ity of the spectrometer is exceptional given the absence of inherent
bandwidth limitations. The resolution can be further enhanced by
modifying the structure of the disordered photonic chip; for
instance, by incorporating more coupling points or increasing the
maximum delay length differences. We also demonstrate the prac-
tical application of our spectrometer as a spectrum analyzer for
FBG sensors. Our study signifies a substantial leap forward in the
readiness of Si-integrated spectrometers for commercial products,
providing high-performance and scalable solutions for a diverse
range of applications.

5. Conclusions

A reliable inverse design method for high-performance CSSSs
was developed. Using this method, we developed a spectrometer
featuring a novel disordered photonic chip based on interferometric
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effects integrated into a silicon photonic platform. This approach
results in a significantly improved spectral resolution and reduced
CC between structures. This method can also be applied to other
structures, potentially offering improvements over random
approaches. We also demonstrated the practical application of
our spectrometer as a spectrum analyzer for FBG sensors. This study
represents a significant advancement in the readiness of Si-
integrated spectrometers for commercial products, providing
high-performance and scalable solutions for a diverse range of
applications.
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