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ABSTRACT

Wavelength-to-time mapping (WTM)—stretching ultrashort optical pulses in a dispersive medium such that the instantaneous frequency
becomes time-dependent—is usually performed using a single-mode fiber. In a number of applications, such as time-stretch imaging (TSI),
the use of this single-mode fiber during WTM limits the achievable sampling rate and the imaging quality. Multimode fiber based WITM
is a potential route to overcome this challenge and project a more diverse range of light patterns. Here, we demonstrate the use of a two-
dimensional single-photon avalanche diode (SPAD) array to image, in a time-correlated single-photon counting (TCSPC) manner, the
time- and wavelength-dependent arrival of different spatial modes in a few-mode fiber. We then use a TCSPC spectrometer with a one-
dimensional SPAD array to record and calibrate the wavelength-dependent and mode-dependent WTM processes. The direct measurement
of the WTM of the spatial modes opens a convenient route to estimate group velocity dispersion, differential mode delay, and the effec-
tive refractive index of different spatial modes. This is applicable to TSI and ultrafast optical imaging, as well as broader areas such as
telecommunications.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

There is currently a global drive to develop new techniques
and technologies capable of imaging phenomena with ultrafast (sub-
nanosecond) timing resolutions. The applications for such tech-
niques range from fundamental physics, © such as the study of
how relativistic processes affect image creation, to future real-
world applications such as three-dimensional LIDAR™" and high-
throughput imaging of cells.” One of the key ultrafast imaging
techniques that has been developed over the past decade is time-
stretch imaging (TSI). In TSI, a short (usually femtosecond or

APL Photon. 5, 061303 (2020); doi: 10.1063/5.0006983
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picosecond) spectrally broad pulse of light is spatially dispersed
across an object (a so-called “spectral shower”), for example, by
using prisms or gratings. The wavelength modulated pulse is then
subjected to a large amount of chromatic dispersion to tempo-
rally stretch and chirp the pulses. After this process, the instanta-
neous wavelength of the pulse rapidly changes as a function of time
across the pulse—a process known as wavelength-to-time mapping
(WTM).” ° The spatially varying optical properties (e.g., transmis-
sion) of the object will then be imprinted on the temporal profile of
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the pulse, which can then be detected using a single fast detector. In
comparison to other ultrafast imaging techniques, which use gated
or pump-probe approaches, each time-stretched pulse provides a
full image of the scene. As such, TSI is uniquely well-suited to imag-
ing non-repetitive events with high frame rates (up to the gigahertz
regime) and short frame exposures limited only by the duration of
the pulse scene.

Currently, the WTM function of any TSI system is almost
always performed using a single-mode optical fiber.” In this case,
each wavelength within the pulse is guided by an LPo; mode, which
then samples a similarly shaped region of the scene. This lim-
its the sampling of the scene and fundamentally limits the imag-
ing quality that can be achieved. One promising route to over-
come this limitation is to exploit multimode optical fibers'’™"” to
project a more diverse range of light patterns onto the scene. Exam-
ples of approaches currently being pursued in this area include
using a highly multimode fiber to convert a single-mode time-
stretched pulse into a rapidly varying pattern of light that can then
be projected onto the scene, the data from which can then be pro-
cessed using compressive sensing algorithms."” Another promising
approach is to use a few-mode fiber (FMF) for the time-stretch
process itself.'" In this case, each mode can be used to sample
the scene in a slightly different way, resulting in multiple images
which could then, in principle, be combined to enable higher quality
images.

Regardless of which route eventually proves to be optimum
for a particular application, a key capability for future multi-
mode TSI techniques is the precise calibration of how the output
of the multimode fiber varies with time and wavelength. Mode-
dependent WTM in few-mode fibers was previously demonstrated
utilizing single photodetectors and sampling oscilloscopes.'”'®
More recently, a single pixel camera based on a single detector
and a digital micro-mirror device (DMD) was demonstrated to
observe the temporal evolution of mode patterns at single wave-
lengths in an FMF and an orbital angular momentum mode
conserving optical fiber.'” However, in this paper, we demon-
strate that complementary metal-oxide-semiconductor (CMOS)
single-photon avalanche diode (SPAD) arrays provide a power-
ful multiplexed technology to perform detailed WTM calibra-
tions across a broad wavelength range. More specifically, we are
using a two-dimensional CMOS SPAD array with 32 x 32 pixels,
each with its independent timing electronics, and, therefore, capa-
ble of highly multiplexed time-correlated single-photon counting
(TCSPC) to directly image the arrival of different spatial modes
in an FMF. We then use a time-resolving spectrometer, based on
a one-dimensional CMOS SPAD array with the same multiplexed
TCSPC capability, to demonstrate broadband observation of the
mode-dependent and wavelength-dependent WTM processes in
an FMF.

The experimental setup we used to image the time-resolved
arrival of the different spatial modes in a fiber is shown in Fig. 1.
SMF-28 fiber is used which has a core diameter of ~8.2 ym and an
NA of 0.14. It is designed to be single-mode at A = 1310 nm but sup-
ports between six linearly polarized (LP) modes at 500 nm and five
LP modes at 610 nm, so it is used here as an FMEF. The refractive
index profile of the fiber exhibited a smooth core-cladding interface
and a central dip (see Fig. 1 in the supplementary material), which
are important for mode propagation behavior.' "
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FIG. 1. Experimental setup for the light-in-flight spatial mode-imaging system. Two
different arms enable TCSPC measurements. In the start-arm, the signal from the
fiber starts the TCSPC timer on the SPAD array, while the periodic trigger signal
from the laser stops the TCSPC measurement in the stop-arm.

Spectrally narrow tunable pulses of light were selected from the
broadband output of a supercontinuum laser (SuperK EXTREME
EXW-12, NKT Photonics, pulse repetition rate =19.5 MHz) using an
acousto-optic tunable filter (AOTF) in combination with an angle-
tunable Fabry-Pérot (FP) filter (Delta Optical Thin Films). The
AOTF covers a wavelength range from 455 nm to 700 nm, with a
passband bandwidth ranging from 2.5 nm to 8.5 nm, respectively.
The spectral power of the light after the AOTF output within the
500-600 nm wavelength range was measured to be ~2 mW/nm, with
a pulse repetition rate of 78 MHz. The FP filter was used to further
reduce the bandwidth of the light after the AOTF, narrowing the full
width at half maximum (FWHM) to ~1 nm. The central wavelength
of these pulses was measured after the FP filter using a commercial
spectrometer (QE Pro, Ocean Optics Inc.). Due to the narrow spec-
tral bandwidth of the pulses, temporal broadening due to chromatic
dispersion is minimized, and the temporal resolution of the SPADs
is sufficient to resolve the arrival of the individual spatial modes. The
filtered light from the FP filter was focused onto one end of a 981.5 m
long length (measured using an optical time domain reflectome-
ter) of the FMF (SMF-28) using a lens L1 (f = 8 mm). The output
of the FMF was imaged using lens L2 (f = 4.51 mm) onto a two-
dimensional multipixel SPAD array (Megaframe 32), which consists
of a 32 x 32 array of SPADs spaced on a 50 x 50 ym? square grid."”’
Each SPAD has a photosensitive area of ~6 ym in diameter. Cru-
cially, for our application, each pixel has a dedicated time-to-digital
converter (TDC) for independent TCSPC with a dynamic range of
54 ns and a timing bin duration of ~53 ps.””*' The TCSPC imag-
ing capability and sensitivity of the Megaframe SPAD array have
recently resulted in the realization of key demonstrations in applied
and fundamental physics.”* >’

For TCSPC, the arrival times of photons are measured as differ-
ences between start and stop signals. To reduce the overhead on the
timing electronics and enable fast acquisition times, the SPAD array
is configured to work in the “reverse start-stop” mode,”® where the
detection of a single photon by any SPAD starts the clock on its spe-
cific TDC. The clock then stops when it receives a stop signal, which
for our purposes was generated by directing a portion of the light
from the laser onto an optical constant fraction (OCF) discrimina-
tor. Due to the variability in the individual TDCs for each SPAD,
the full width at half maximum instrument response function (IRF)
was found to vary from 137 ps to 174 ps, with a standard deviation
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of +18 ps. Furthermore, because the stop signal arrives at different
times to the TDCs across the SPAD array, the TCSPC signals are
aligned non-uniformly across the pixels.”* This shift was taken into
account and corrected for during the post-processing of the data.

Figure 2 (Multimedia view) presents the imaging data obtained
from the SPAD array using the light centered at 532 nm with a full
width at half maximum (FWHM) bandwidth of ~1 nm. To reduce
the temporal broadening of the signal at the detector due to degen-
erative LP modes, a polarizer (P) was used just after the output
imaging lens L2. In the experiments, we obtain the spatial inten-
sity distribution as a function of time; Fig. 2(a) shows the summed
counts in each pixel for the entire duration of the TCSPC trace
(51 ns, the laser pulse period), while Fig. 2(b) shows the time evolu-
tion of the signal acquired for two representative pixels in which well
resolved peaks are observed. The spatial intensity profile of the LP
modes is then simply obtained by identifying the peaks in the inten-
sity pattern [Fig. 2(b)]; Fig. 2(c) shows normalized images of the
spatial intensity distributions summed over the peaks in Fig. 2(b),
and the title of each frame represents the peak arrival time of the
mode pattern. The six distinct mode patterns are recognizable as
the LP modes supported by the fiber, which are, thus, labeled on
the peaks in Fig. 2(b). The fiber is wrapped firmly on a fiber drum
to minimize time-varying disturbances of the fiber during the mea-
surements. This minimizes phase variations between modes during
the measurement, enabling us to record the easily recognizable mode
patterns we report.

Due to chromatic dispersion, the light contained in each mode
is observed to arrive over a #420 ps window. At 532 nm, the LPy;
mode propagates faster and arrives at the SPAD array first. This is
then followed by the LP12, LP11, LPo2, LP21, and LP3; modes, indicat-
ing that the group index of the modes is higher for successive modes.
The time difference between the slowest (LP3;) and the fastest mode
(LPo1) (maximal excursion) in a differential group delay is ~5.5 ns.

The time-resolved mode-imaging process was repeated using
pulses of light with a range of central wavelengths from 500 nm to
610 nm which were selected using the AOTF in combination with
the angle-tunable FP filter. Figure 3(a) presents the measured (sym-
bols) relative arrival times for six spatial modes recorded on one
pixel of the SPAD array. To minimize the measurement fluctuations,
a locally weighted regression (LOESS) is used to smooth the data,
shown as the trend lines. Based on the arrival time of photons, the
values of chromatic dispersion” for the six modes were calculated
from the smoothed data and are given in Fig. 3(b).

Based on the arrival times of the photons, the chromatic disper-
sion at a wavelength (1) in different LP modes was calculated using
the formula Dy = (Ty+ax/2 — Ta-ar2)/(AAL), where T) is the arrival
time of photons with wavelength A, AA is the increment in wave-
length, and L is the length of the fiber. As is conventional, we express
the chromatic dispersion in units of ps/nm/km.

The mode-imaging results can be used to calculate the rela-
tive modal delay with respect to the fundamental mode. Figure 4(a)
shows the experimentally observed (symbols) relative modal delay of

5]
10
10
C Time ( ns)
1.87 ns 3.35ns 3.93 ns 4.99 ns 7.38 ns
FIG. 2. (a) Recorded optical intensity distributions in the entire SPAD array field of view summed over the entire measurement period (10 ns); the color bar represents photon

counts. (b) Two representative pixels showing intensity variation over time with six peaks observed. (c) Evolution of the normalized spatial intensity distribution at the SPAD
array with peak arrival times. The observed peaks in (b) are labeled the modes LPg;, LP12, LP41, LPga, LP21, and LPs4, identified from patterns in (c). Multimedia view:
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FIG. 3. (a) Relative arrival times of photons at the SPAD array for six spatial modes
as functions of wavelength. Symbols show measurement data and smoothed trend
lines are generated with a locally weighted regression. (b) Measured chromatic
dispersion of the modes as a function of wavelength.

five spatial modes compared to the LPy; mode as a function of wave-
length. The SPAD array provides time- and spatially resolved inten-
sity information. This allows each peak in the histogram obtained for
each SPAD to be attributed to an LP spatial mode supported by the
fiber. Using this information, the relative delay of each spatial mode
relative to the fundamental mode can be trivially obtained from T'p
= Trp — To1, where Typ is the arrival time of the LP mode in question
and Ty, is the arrival time of the fundamental mode (LPy; ), respec-
tively. The numerically obtained modal delay (solid lines) is also
shown, calculated using the scalar wave equation for a fiber'’ '*"
and the radial refractive index profile measured for the fiber used in
the experiments.

The effective refractive index differences of the modes can also
be calculated from the mode-imaging results. Based on the refrac-
tive index profile, Fig. 4(b) represents the differences in the effective
indices of the closest modes (A#ef). Both the numerical (solid) and
experimental values (symbols) match well. The measured refrac-
tive index differences are in the order of 10™*, which is compa-
rable with measurements offered by interferometric techniques.”®
Unlike interferometry, the time-resolved imaging technique does
not require complicated calibration or careful measurement accu-
racy, which makes the system feasible for future applications. Our
numerical calculations indicate that the relatively small discrepancy
between the experimental data and numerically obtained results in
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FIG. 4. (a) Relative modal delay between different mode groups with respect to the
LPy1 mode. The solid lines represent the numerical modal delay difference, and the
marked points represent the experimental results. (b) Numerical (solid lines) and
experimental (marked) effective refractive index differences between the closest
mode groups. In addition, see Fig. 2 in the supplementary material.
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Fig. 4 can be caused by differences between the true and experi-
mentally measured refractive index profiles of the fiber due to the
limitations of the experimental apparatus (see the supplementary
material).

The results presented so far have demonstrated the potential
of using two-dimensional SPAD arrays to calibrate the wavelength-
dependent and time-dependent patterns generated in TSI systems
exploiting multimode and few-mode fibers. We also anticipate that
future multimode TSI systems will exploit spectrometers with ultra-
fast detectors to record in real time how the scene modulates
the signal for each mode at each wavelength. Here, we demon-
strate how multiplexed SPAD arrays can be used to calibrate the
WTM process in multimode fibers. To perform these measure-
ments, the AOTF and FP were removed from the start-arm of
the experimental setup shown in Fig. 1 and the FP was replaced
by a filter set that passes light in the 500-700 nm spectral range.
The broadband transmitted light was then coupled to the FMF.
The output of the FMF was butt-coupled to a multimode fiber
(FGO50LGA, Thorlabs), which acted as an input slit to a TCSPC
spectrometer.z‘)““” The spectrometer consists of a transmission vol-
ume grating (600 grooves/mm, Wasatch) and a SPAD line array with
256 pixels.”” Again, each SPAD has its own TDC facilitating inde-
pendent TCSPC in a reversed start-stop TCSPC modality.”"”* The
TDC resolution of this SPAD array is 420 ps, and the IRF of the
SPADs is 0.6 ns. This limits the resolution of the individual LP
modes in the time domain. Each pixel detects light with a bandwidth
of 5 nm.

Figure 5 presents the wavelength-resolved TCSPC data taken
across the spectral range in a single fast measurement. The over-
laid data points are the spatial mode arrival times recorded with
the imaging SPAD array [same data points presented in Fig. 3(a)].
The energy distribution between the modes and the wavelengths is
extremely sensitive to the coupling conditions, position on the fiber
endface, and incident angle, so the intensities observed over the peak
arrival time evolution of the LP modes are significantly different
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FIG. 5. Arrival time of photons recorded with broadband illumination and the SPAD
line sensor. The color bar represents photon counts. The marked data points repre-
sent the measured arrival times of spatial modes recorded with the imaging SPAD
array [same data points in Fig. 3(a)].
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compared to the results shown in Fig. 2. The evolution of modes
resembles the experimental findings from Fig. 3(a). The total dif-
ference in the arrival time between 520 nm and 600 nm is 30 ns.
For shorter wavelengths, the peak arrival times broaden as more
modes appear. However, due to the lower time resolution of the
line sensor, we are not able to resolve all six LP modes. Regardless,
our results demonstrate the feasibility of using future time-resolved
spectrometers with optimized SPAD arrays to precisely calibrate
the wavelength-dependent and mode-dependent WTM processes in
multimode fibers.

To maximize the number of modes that can be observed by our
current system, a future experiment would aim at using a length of
fiber that generates a mode delay between the slowest and fastest
propagating modes equal to the temporal dynamic range of the
SPAD array (54 ns) and a minimum intermodal delay between two
temporally adjacent modes equal to the instrument response func-
tion (150 ps). Our simulations indicate that a 3.5 km length of
fiber with a core-cladding refractive index contrast of 0.0055 and a
core radius of 11 ym would satisfy these requirements while sup-
porting the guidance of 27 modes. This indicates that our current
system should be capable of observing at least 27 modes, but this
can be increased in the future through the use of improved SPAD
arrays.

In conclusion, we have demonstrated new approaches to
observe, investigate, and calibrate WTM processes in multimode
fibers using multipixel two-dimensional and line array CMOS SPAD
sensors. The demonstrated results provide new and easy to imple-
ment methods to calculate the group velocity dispersion (GVD)
and differential mode delay (DMD) of different spatial modes
and the effective refractive index difference between the closest
mode groups in the FMF from the wavelength-dependent arrival
times of photons. The measured refractive index differences are
in the order of 107*, which is comparable with current inter-
ferometric techniques. The multiplexing capability of the instru-
ment was demonstrated over a broad range of wavelengths from
520 nm to 600 nm. By carefully selecting fiber parameters and
detector design, this technique can also offer simultaneous mea-
surements of GVD and DMD over a broad wavelength region
for optical telecommunication applications. The direct observa-
tion of time evolution and the WIM of the spatial modes will
find applications in areas such as time-stretch microscopy, optical
telecommunication, real-time soliton imaging, and ultrafast optical
imaging.

SUPPLEMENTARY MATERIAL

See the supplementary material for the measured refractive
index profile and the relative modal delay calculation.
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