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ABSTRACT: When light passes through a multimode fiber, two- Multimode Fiber

dimensional random intensity patterns are formed due to complex  Shaped { { { D 0 S(,/))
interference within the fiber. The extreme sensitivity of speckle patterns to ~ Wavefront

the frequency of light paved the way for high-resolution multimode fiber \
spectrometers. However, this approach requires expensive IR cameras and Si .

. . . . . ingle-Pixel
impedes the integration of spectrometers on-chip. In this study, we Intensity
propose a single-pixel multimode fiber spectrometer by exploiting

wavefront shaping. The input light is structured with the help of a spatial S
light modulator, and optimal phase masks, focusing light at the distal end &C}\
of the fiber, are stored for each wavelength. Variation of the intensity in Reoo(\é\

the focused region is recorded by scanning all wavelengths under fixed
optimal masks. Based on the intensity measurements, we show that an
arbitrary input spectrum having two wavelengths 20 pm apart from each
other can be reconstructed successfully (with a reconstruction error of ~3%) in the near-infrared regime, corresponding to a
resolving power of R & 10°. We also demonstrate the reconstruction of broadband continuous spectra with varying bandwidths.
With the installation of a single-pixel detector, our method provides compact detection and a lower budget alternative to
conventional systems, with potential promise to operate at low-signal levels.

KEYWORDS: spectrometer, single-pixel, multimode fiber, wavefront shaping, fiber optics, spatial light modulator

1. INTRODUCTION an arbitrary input spectrum based on the measured intensity
distribution.

Among all scattering-based systems, the multimode fiber
spectrometers” * have been particularly attractive by offering
high resolutions with reduced scattering losses (keeping the
light collimated inside the fiber and preventing scattering to
higher angles). Since fibers can be wrapped, higher spectral
resolution can be achieved without enlarging the system. It was

Spectrometers achieve spectral-to-spatial mapping, which
allows spectral decomposition of the input light. Conventional
spectrometers use dispersive media such as gratings or prisms,
and they can achieve resolving powers around R < 10* and can
reach up to R < 10° only with the installation of complex triple-
grating systems (the spectral resolution is 54 = 1y/R, where 4,

is the operating wavelength). However, such spectrometers shown in ref 7 that high resolving powers R > 10° in the near-
generally require moving parts (gratings and mirrors) and a infrared regime are possible with fibers of 100 m length. Yet
line array detector for scanning whole wavelengths of interest. the signal-to-noise ratio (SNR) is the main limiting factor for
Moreover, the inverse proportionality between spectral the resolution at low signal levels and increased fiber length.17
resolution and optical path length leads to bulky systems Single pixel detection together with compressed sens-
when high-resolution is demanded. The fundamental need for ing'®~*° have been revolutionizing imaging methods. Surpris-
high resolution spectral analysis in various lines of research and ingly, the penetration of this method in spectroscopy has been
applications triggers new concepts that are built on the basis of very limited due to mechanical resolution limits; that is, due to
scattering media, which create complex spatial intensity the requirement of rotating optics such as gratings or mirrors
distributions (speckle patterns) captured on a multipixel in single-pixel spectroscopic analysis.”' The single-pixel
detector such as a charged couple device (CCD) or a focal imaging (SPI) systems are compact systems based on the

plane array (FPA).' ' In such systems, wavelengths use of a spatial light modulator (SLM) and a single-pixel

experience different propagation constants inside the scattering
medium, thus forming distinct spatial intensity profiles on the Received: November 12, 2022 Phdtonics
detector, which provide the required one-to-one spectral-to- Published: July 13, 2023 ;
spatial mapping. Before the use of the spectrometer, a
calibration matrix is measured by scanning all wavelengths in
the operational range, and storing the corresponding speckle
patterns. The calibration matrix is then utilized to reconstruct
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detector, and employing the SPI method is particularly useful
when working in the infrared regime since CCDs and FPAs get
extremely expensive at longer wavelengths

In this article, we develop a high-resolution single-pixel
multimode fiber spectrometer and demonstrate its ability to
reconstruct arbitrary spectra. The single-pixel detection is
achieved by focusing light on a selected target region of a focal
plane array, which is employed as a bucket detector. The input
wavefronts are structured using a spatial light modulator, which
provides distinct output intensities at the detector.”*>’ The
intensity variations at the target position as a function of input
wavelength are used to reconstruct the spectra at a resolution
of 20 pm. Replacing an FPA with a single-pixel detector
reduces the cost in infrared applications enormously, and it
may also provide a new method for on-chip compressed
imaging, which is brought by the compact size of a single-pixel
spectrometer. Furthermore, the increased intensity at the
focused point has the potential to increase the performance of
the multimode fiber spectrometer in low-signal regimes.

2. RESULTS AND DISCUSSION

The spectrometer is built based on the system given in Figure
1. The light is phase-modulated via an SLM and focused on the
distal end of a 20-m-long multimode fiber. The intensity at the
focus spot is then integrated to reconstruct the input spectrum
from single-pixel data. Since the whole spectrometer is built
upon the intensity measurements of the target region, which
effectively covers an area around 0.07 mm?, the bucket
detector can safely be replaced with commercial photodiodes
which generallgf have active areas larger than the size of our
target region.

Bucket i 47/»
Detector .lm""" , %ﬁo” m
- |EE:
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Figure 1. Schematic of the setup. The intensity of the input
wavelengths provided by a tunable laser is optimized at the end of a
20 m long multimode fiber by using a spatial light modulator. Unique
SLM patterns are used to focus on distinct wavelengths. L: lens, PMF:
polarization maintaining fiber, HWP: half-wave plate, BE: beam
expander, PBS: polarizing beam splitter, SLM: spatial light modulator,
SE: spatial filter, MMF: multimode fiber.

In order to calibrate the spectrometer, we have modified the
calibration process in ref 6 for an SLM-based single-pixel
system as depicted in Figure 2. We represent the input
spectrum of a single wavelength /; as a unit vector:

S =[Ayy Ay oy Ayl” (1)
where all the elements except 4; = 1 are set to zero (T is the
transpose operator). All M input wavelengths within the scope
of the operating range of the spectrometer are modulated by
the SLM, and the intensities are optimized on the target region
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of the detector. The optimized SLM phase masks, ¢; (i = 1, 2,
., M), are stored. Once the optimization process is completed,
the target region intensities of individual wavelengths are
measured under all recorded SLM patterns, and the intensity
values are then integrated into a single numerical value.

¢ . . .
Throughout the text, I;,’ denotes the integrated intensity of the

target region under input wavelength 4; and optimized SLM
pattern ¢;. For each wavelength 4, (or spectrum vector §;), a
corresponding intensity vector as a function of SLM phase
mask ¢ is created:

[1/11 I(/) vy I;{TM]T 2)

The intensity vectors are then combined into a single M X
M matrix T, which is called the calibration matrix, whose rows
can be used as a measure of the system response to wavelength
variations. With the implementation of advanced wavefront
optimization methods, it is possible to focus light in
milliseconds™ and complete the calibration of the spectrom-
eter in less than a few minutes for many practical spectroscopy
applications.

The entries sitting in the main diagonal of the calibration
matrix are expected to have the highest numerical values in
their row and column, since they correspond to the perfect
match between the input wavelength and the optimized SLM
pattern. In the off-diagonal entries, wavelength and the
optimized phase mask mismatch, and as a result, the integrated
intensity drops for steps out of the diagonal. More contrast
between the diagonal and off-diagonal entries can be produced
when the light is sharply focused on the detector. In this case,
the spectrometer is expected to exhibit more sensitivity to
wavelength variations and thus to have a higher resolution. The
sharpness of the focus can be controlled by involving a
measure of merit (such as the enhancement factor) during the
optimization. In our experiments, we measured an average
enhancement around # = 70, which is approximately 40%
below the theoretical maximum value.*

The calibration process of the spectrometer can be modeled
mathematically as a set of linear propagations where the inputs
are the spectrum vectors S;, outputs are the intensity vectors I,
and the propagation operator is the calibration matrix T,

TS, =1 (3)

To test the performance of the spectrometer, an unknown
spectrum SE™" is sent through the system, and the
corresponding intensity vector I, is captured. By inverting eq
3, we obtain the reconstructed spectrum vector Sreconstructed
based on the calibration data and the measured intensity:

reconstructed __ —1
s- =TI,

(4)

The performance of the spectrometer is measured by
comparing the reconstructed spectrum to the actual probe
spectrum, where the comparison is done by calculating the
root-mean-square error:

1 2

K= \/ M[Sprobe - sreconstructed] ( 5)
Using the calibration process explained in Figure 2, we have
calibrated our system with 50 wavelengths around the central
wavelength 1550 nm (from 1549.75 to 1550.24 nm) with 10
pm step size between consecutive wavelengths. After the
calibration matrix is obtained and stored, individual wave-

https://doi.org/10.1021/acsphotonics.2c01766
ACS Photonics 2023, 10, 2488—2493


https://pubs.acs.org/doi/10.1021/acsphotonics.2c01766?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01766?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01766?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01766?fig=fig1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c01766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

SING
SPECTRUM SLM MMF CCD  TARGET z p,XE,_ INTENSITY
¢1 ‘ Ve [ 61 ]
1 0 \ > I/\l
g >‘1 & ﬁ Z target N lj\bf
— — o
0 . bu = e - B om
g it
. S m O : target . . I T
0 ] ¢ ¢,1 . 14’1
0 )‘M ﬁ tharget . I::
0|— 3255: — | m
: ¢M ‘ g I :
1 %) I
E x 10¢ RECONSTRUCTION
[—
<
>3 Input spectrum: Su
z
g Measured intensity: Iu
2 A
3 S|l =T = Iu
U

Figure 2. Schematic explanation of the calibration and reconstruction. The upper rectangle illustrates the process used to obtain the calibration
matrix T. The heatmap of the 50 X SO calibration matrix obtained in the experiment is shown inside the bottom-left rectangle. Using the inverse of
the calibration matrix, an unknown input spectrum can be reconstructed as formulated in the bottom-right corner. The asterisk operator (*)

denotes matrix multiplication.

lengths are sent through the system, and measured intensities
are plugged in eq 4. The reconstructed spectrum vectors of
individual wavelengths in the spectral range are plotted in
Figure 3(a). Since optical signals of different wavelengths do
not interfere, an arbitrary spectrum can be modeled with a
tunable laser by creating the spectrum content separately and
then superposing the measured intensities. In the mathematical
formulation, we sum the individual intensity vectors and plug
the resulting vector in eq 4 as the measured intensity. For two
wavelengths 20 pm apart from each other, the spectrum
reconstruction is shown in Figure 3(b). We show that a single-
pixel spectrometer can resolve the spectral lines accurately and
can reconstruct the unknown input spectrum with a
reconstruction error y = 0.0298.

While the input light entering the system may consist of
sparse wavelengths, it may also carry a broadband spectrum. In
this case, we model the continuous broadband spectrum as a
weighted combination of individual wavelengths. We discretize
the broadband spectrum with 10 pm spacing, which is the step
size between two consecutive wavelengths in our data set. To
test the performance of the spectrometer, we modeled
broadband Lorentzian beams of different bandwidths in the
490 pm spectral range from 1549.75 to 1550.24 nm. Each
wavelength involved in the broadband signal is expected to
contribute to the final intensity by its weight in the spectrum.
Thus, the final intensity measured on the detector is found by
superposing the individual intensity vectors scaled by the
weight of the corresponding wavelength. The reconstruction
results obtained from the final intensity vector for three
Lorentzian beams centered at 1549.99 nm with 20, 100, and
200 pm bandwidths corresponding to ~4%, ~20%, and ~40%
of the total spectral range are plotted in Figure 3(c). It is
observed that the reconstruction error increases with the
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bandwidth of the signal, reaching ~6% (u = 0.0569) when
~40% of the spectral range is covered in the bandwidth.

It is possible to reduce the spectrum reconstruction error of
a multimode fiber based speckle spectrometer by suppressing
the system noise usmg computational methods such as
truncated inversion.® In this study, we show pure physical
results solely based on intensity measurements without any
computational aid. The computational manipulations should
be handled carefully in a single-pixel spectrometer since (1)
the number of data points are fewer compared to a speckle
spectrometer which may immediately dismiss some methods,
and (2) diagonal data are positively biased in the calibration
matrix of the single-pixel spectrometer opposite the speckle
spectrometer where the data are randomly distributed due to
the nature of speckle images. A computational method
preserving the diagonality of the calibration matrix and
simultaneously respecting the correlation between the columns
of T may be a good candidate for reducing the errors.
Increasing the isolation of the system by stabilizing the
multimode fiber is another way of suppressing the system
noise.” In preferred cases, the isolation can be provided by
replacing the multimode fiber with an integrated ridge
waveguide, which is much less susceptible to environmental
variations. With such improvements, we believe the single-pixel
spectrometer will be able to go beyond the resolution limit of a
speckle spectrometer, which is more affected by the detection
noise."”

The single-pixel spectrometer may also be promising to
operate better at low-signal regimes compared to a speckle-
based spectrometer, which, however, needs further inves-
tigations. Specifically, parameters such as the number of
calibrated wavelengths, the number of modes in the multimode
fiber, and SLM insertion loss should be taken into
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Figure 3. Performance of the spectrometer in reconstructing (a) individual wavelengths, (b) arbitrary spectra with two wavelengths, and (c)

broadband Lorentzian spectra of various bandwidths.

consideration, and their effects on the improvement of signal-
to-noise ratio should be studied. Among these parameters, the
insertion loss of the SLM is expected to negatively affect the
SNR of the system, especially at very low signal levels. The
number of modes, on the other hand, can potentially enhance
the SNR at the focused wavelength since a sharper focus can
be obtained with a fiber supporting more modes, which, as a
result, reduces the fraction of light falling on regions other than
the target region. However, when other wavelengths are
scanned (the wavelength is switched from the optimal
wavelength for which the SLM is optimized), a high number
of modes may lead to more light escaping to the outer regions.
Therefore, the mutual effect of the number of modes and
number of wavelengths on SNR may be intricate and requires
thorough examination across different signal levels.

3. CONCLUSION

In summary, we have demonstrated a high-resolution, single-
pixel, multimode fiber spectrometer employing wavefront
shaping of light. The working principle of the spectrometer
is based on the abrupt distortion of the focused intensity when
the wavelength of the incoming light changes. However, the
use of SLM may not be required to build such a system.
Instead, controlled external perturbations can be used to create
a calibration matrix whose columns or rows are distinctive
enough to separate the wavelengths, which may lead to a
similar system under specific arrangements. The use of SLM,
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on the other hand, may be potentially promising in breaking
the low signal barrier of speckle spectrometers. The efforts
regarding the miniaturized wavefront controllers can pave the
way for simultaneous spectral reconstruction at low signal
levels.”*"**The proposed spectrometer is promising in
developing applications across scattering media, and it offers
replacing bulky, expensive cameras with a single-pixel detector
to develop lower budget systems.

4. EXPERIMENTAL METHODS

The experimental setup is provided in Figure 1. A tunable laser
operating around 1550 nm with a 38 nm tuning range is used
for illuminating an SLM (HOLOEYE PLUTO-TELCO) with
a 1920 X 1080 pixel screen resolution. The beam is expanded
to cover the SLM screen, and a half-wave plate is used to
control the incident polarization so that it matches the
alignment direction of the liquid crystals inside the SLM. To
avoid the contribution of the pixelated nature of the SLM on
the measurements, a fixed blazed grating is kept on the SLM
for all measurements and zeroth-order diffracted light is
eliminated with a spatial filter.”” The 20-m-long fiber we used
in the setup has a 105 ym core diameter and 0.22 NA. The
light focused at the distal end of the fiber covers 76 pixels on
the chip of a 256 X 320 pixel resolution FPA detector. The cell
size of the detector is 30 ym X 30 ym. A continuous sequential
algorithm™®* is used in the modulation steps where the SLM is
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divided into 144 superpixels of a size of 16 X 9 and four phase
steps between 0 and 27 are scanned through each superpixel.
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