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Abstract:  Single-pixel cameras reconstruct images from a stream of spatial projection
measurements recorded with a single-element detector, which itself has no spatial resolution.
This enables the creation of imaging systems that can take advantage of the ultra-fast response
times of single-element detectors. Here we present a single-pixel camera with a temporal
resolution of 200 ps in the visible and short-wave infrared wavelengths, used here to study
the transit time of distinct spatial modes transmitted through few-mode and orbital angular
momentum mode conserving optical fiber. Our technique represents a way to study the spatial
and temporal characteristics of light propagation in multimode optical fibers, which may find use
in optical fiber design and communications.
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1. Introduction

Conventional cameras record images using pixelated sensor arrays. In contrast, single-pixel
imaging enables images to be reconstructed using a single-element detector such as a photodiode.
In this approach different regions of a scene are sequentially masked, and the single-pixel detector
measures the correlation of the scene with each masking pattern. Post-processing of these
measurements enables an image of the scene to be reconstructed [1-4], by recording the change
in signal over time for each pattern a temporally changing picture can be reconstructed. The
use of a single-pixel detector enables images to be recorded at wavelengths where conventional
camera sensors do not exist, such as in the THz band [5-7], and the temporal response can vastly
exceed that of conventional camera sensors.

Here we exploit the ultra-fast response times of single-element detectors to image light-in-flight,
we apply the technique to directly observe the spatial and temporal evolution of light propagating
through multimode optical fibers (MMFs). Single-pixel imaging provides a complementary
approach to previously demonstrated ultra-fast imaging techniques, such as those relying on
single-photon avalanche diode (SPAD) arrays, streak cameras or gated intensified charged coupled
devices (ICCD) [8—12]. SPAD detectors measure the arrival time of single photons with high
temporal resolution, by combining individual SPAD detectors into an array a camera with spatial
resolution is created. These SPAD arrays have excellent timing resolution, between 50 ps to
200 ps, and have been created with up to 256 x 256 pixels [9]. Streak cameras have been shown
to produce very fast images, with exposure times of 10 ps for one-dimensional or compressed
sensing measurements. Timing resolution for ICCD systems range from a few nanoseconds to
200 ps by using an intensifier as a shutter to briefly expose the CCD, this produces a large pixel
array that is capable of single-photon imaging. As these methods rely on silicon detectors, they
have no sensitivity to photon wavelengths outside of the visible and near-infrared. Although
short-wave infrared (SWIR) single-element SPAD detectors are commercially available, no
SPAD array has been created that is sensitive at telecommunications wavelengths. Detectors that
are sensitive outside of the visible spectrum can be very expensive, and the cost of fabrication
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Fig. 1. The experimental set-up of our light-in-flight camera system. A pulsed supercontin-
uum laser illuminates the input to the optical fiber under test. The illumination wavelength is
selected with a bandpass filter within the laser assembly (not shown). Light exiting from the
output of the optical fiber is collected by a microscope objective and transmitted to a digital
micro-mirror device (DMD), displaying a series of mask patterns. The light reflected from
the on mirrors of the DMD is transmitted to the single-pixel detector. The photon arrival
time is measured by the time correlated single-photon counting (TCSPC) electronics, timed
with respect to an electronic synchronisation signal from the laser controller.

for pixelated-arrays is much greater than producing a single-element detector. Because of this
relatively cheap cameras can be made using single-pixel imaging. The single-pixel imaging
system presented here represents a comparatively simple method to achieve high temporal
resolution light-in-flight imaging.

Optical fibers have become ubiquitous in communications infrastructure, the accelerating
global demand for telecommunications has propelled research into increasing the transmission
capacity of optical fibers. Multiplexing has been performed in time, wavelength, polarisation
and phase; but the physical limits of a single-mode optical fiber are now restricting further
improvement using these degrees of freedom alone [13, 14]. Research is now focused on
utilising the spatial dimension to increase information capacity, one option is to take advantage
of optical fibers that inherently support multiple spatial modes that can act as parallel channels of
information transmission [15-17].

Waveguide theory provides a variety of models describing how light propagates through
ideal MMFs [18, 19]. The spatial modes supported by a lossless MMF form an orthogonal
set of 2D monochromatic complex field distributions, each described by a specific intensity
and phase pattern at a given wavelength and polarisation. For a conventional optical fiber the
modes are weakly guided in the core, the transverse components of the electric field are much
larger than the longitudinal components thereby having a distinct spatial distribution, known as
linearly polarised (LP) modes. An LP mode is described by the indices / and m characterising its
azimuthal and radial distributions respectively, usually denoted as LP;,,, mode. In the case of an
ideal optical fiber (perfectly straight with cylindrical symmetry) these spatial modes maintain the
same intensity cross-section at any axial point along the fiber.

Optical fibers have the property of modal dispersion, due to lower-order modes travelling
with a higher group velocity than the higher-order modes, such that modes in a short pulse of
light launched into the optical fiber simultaneously will be emitted at different times. As pulse
separation is linearly proportional to fiber length, with sufficiently long fiber and a detector with
high temporal resolution, the light propagating in each spatial mode will be separated by a large
enough time interval that distinct pulses can be measured. How the light is coupled into the
optical fiber determines which modes are transmitted, the complex spatial overlap between the
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input beam shape and the spatial modes supported by the fiber determines which modes of the
MMF are excited, and the excitation groups can be varied by adjusting the coupling of the laser
source into the optical fiber.

In general, the transmission characteristics of light in a real optical fiber depart from those
predicted due to bends and twists, fabrication tolerances, index variations along the fiber length
and temperature variations [20]. Even very subtle differences from theory can quickly yield large
observed changes in transmission dynamics. While the underlying theory of ideal MMFs is well
established, understanding the full range of propagation characteristics exhibited by real-world
fibers, and how to best mitigate unwanted deviations through design and use, is still a subject of
active investigation. By measuring the effects bending has on a MMF these perturbations can be
predicted and corrected for [21,22].

The existing techniques for measuring optical fiber modes such as spatial and spectral
reconstruction, S2 [23], and cross-correlated imaging, C2 [24], require interference measurements
and complex algorithms to extract the temporal and spatial information. The techniques use
spectral interference between the different modes within an optical fiber, whereas our single-pixel
technique is a measurement of the system using a direct temporal measurement. Single-pixel
imaging schemes acquire a sequence of measurements in a multi-shot process, a method well
suited for analysis of the spatial and temporal evolution of pulsed light repeatedly transmitted
through static optical fiber. Here we perform measurements at both visible and SWIR, at the
telecommunications wavelength 1550 nm. The single-pixel camera does not require any optics
or complex set up to change between different detectors for different wavelength ranges, this
versatility enables the camera to be easily adapted for new field of study. The advantage of our
system is the SWIR sensitivity that conventional streak camera and ICCD do not have, as silicon
is not sensitive at telecommunications wavelengths.

In this work we apply a temporally resolved single-pixel camera, operating with a temporal
resolution of 200 ps, to observe the transit of light pulses propagating through multimode fibres.
This allows direct observation of the transit time of different spatial mode groups supported by the
fibers. We first demonstrate proof-of principle measurements on a stepped index few-mode fibre
in the visible region of the spectrum. Next, by replacing the visible detector with a short wave
infra-red counterpart, we switch our system to operate in the SWIR telecommunication band,
and use it to measure mode group transit time through an orbital angular momentum (OAM)
conserving air-core fiber.

2. Single-pixel camera design

The single-pixel measurement is made by sampling the emitted light from an optical fiber with a
variable mask set and measuring the temporal signal. Figure 1 shows a schematic of our optical
fiber and single-pixel imaging set up. A pulsed supercontinuum laser (Fianium SC-400, pulse
frequency 60 MHz, pulse length 6 ps) illuminates the input to the optical fiber under test, the
wavelength is selected with a bandpass filter at the laser output. Light exiting from the output of
the optical fiber is collected by a microscope objective (Olympus %20, 0.5 NA) and transmitted
50 mm through free-space to a digital micro-mirror device (DMD). A DMD is an array of tiltable
mirrors, by displaying a pattern on the DMD the mirrors tilt to selects if the light for each spatial
position is be directed towards the detector or away to a beam dump. The DMD (ViALUX
V-7001) has 1024 x 768 mirrors with a 13.7 um pitch. The single-pixel detector measures the
total intensity transmitted through the DMD mask as a function of time, which constitutes a
measurement of the level of correlation between the incident light field from the optical fiber
and the mask pattern displayed on the DMD. The time varying signal is measured using a
photon-counting single-pixel detector with a very fast response time. Using the technique of time
correlated single-photon counting (TCSPC), the electronics (PicoQuant TimeHarp 260, time-bin
width 25 ps) produce a histogram of the arrival times of single-photon events from the detector
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with respect to a synchronisation pulse from the laser. This implementation of the single-pixel
technique has been used previously for 3D imaging applications [25,26]. The reconstruction
from the single-pixel image is performed for the data at each time-bin, by considering each
time-bin to be an individual frame in the video the mode image can be reconstructed for that
point in time. The time-bin width is 25 ps but the limitation on our measurement is the temporal
response of the detector used.

To fully sample the light field, we must acquire measurements for the number of patterns that
is equal to, or greater than, the number of pixels in the final reconstructed image. A variety of
different pattern sets have been previously demonstrated, such as those drawn from the Fourier
basis or Hadamard basis [27,28]. The Hadamard basis is the simplest to implement using a DMD
as the patterns are binary in nature, they are an orthogonal set of patterns where half the signal
is measured for any one pattern. The Hadamard pattern set comprises of elements taking the
value of +1 or -1, but a DMD can only modulate the intensity by a factor of 1 or 0. To perform a
measurement with the Hadamard patterns the signal is measured for the positive pattern (the +1
values are displayed on the DMD) and then for the negative pattern (the -1 values pattern are
displayed); the negative histogram is subtracted from the positive histogram to give the temporal
measurement for the respective Hadamard pattern. The intensity at each time-bin M (t); is then
used to compute a spatial image Irp(¢) by performing a weighted sum of each of the Hadamard
patterns H;, each weighted by its measured level of correlation. The image is reconstructed as

N
bo(1) = ) M) - H, ()
i=1

where N is the number of Hadamard patterns, also corresponding to the number of pixels in the
reconstructed image. This yields a 3D data-set capturing how the 2D image signal varies with
time.

The detectors used have very low dark signal, the shot noise is the dominant noise in the single-
photon counting measurement. Many single-photon detections are spread over the time-bins
of our histogramming TCSPC system, such that some time-bins contain very little signal. To
reduce the impact of the high signal-to-noise in our images we used a 3D smoothing kernel to
suppress the noise spatially in the x and y spatial dimensions and temporal dimension #; with
the assumption that the measured image is changing relatively slowly in both space and time, in
comparison with the pixel and temporal resolution of the measurement. The smoothing kernel
uses a Gaussian distribution-shape kernel of the form

72 72 72
K(_x,_x/’y,y”[,[’) :exp (@) 'CXp (@) ~exp (@) (2)
20'Xy 20'Xy 20't
with a spatial spread of oxy = 1 pixel, and a temporal spread equal to approximately half the
detector jitter, ot = 4 time bins. The smoothed image Y(x, y, z) is calculated from the original

image X(x, y,t) as

Y(x',y',t) = [// K, x',y,y,t,t") - X(x,y,t)dx dy dt. 3)

As smoothing was performed in the spatial and temporal dimensions many pixels contribute
to each pixel’s value. To reduce the measurement noise an alternative compressive sensing
technique could have been used, such as optimisation of the reconstruction based on image
sparsity [3], however this method did not give better results in our experience.

3. Few-mode optical fiber measurement

The single-pixel system was used to view the modes of a few-mode optical fiber (FMF). The
optical fiber under test was a 50 m long stepped-index optical fiber (numerical aperture of 0.14,
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Fig. 2. The upper plot shows the total intensity transmitted from the FMF as a function
of time, calculated by summing the contributions from all patterns. The normalised 2D
intensity distribution at several different times are shown below, with the raw image and the
image after kernel smoothing, the line colour corresponds to the time of the image frame
shown. The images of the modes have been normalised giving each image the maximum
contrast. The full data is shown in Visualization 1.

core diameter of ~5.8 um) designed to be single-mode at wavelengths longer than 980 nm. By
operating the fiber at wavelengths shorter than this cut-off several modes are supported, making
it a FMF. To select the laser wavelength a bandpass filter with a central wavelength of 450 nm
and a bandwidth of 6 nm was used. The Gaussian mode emitted from the laser was coupled
into the optical fiber via a microscope objective. By the deliberate misalignment of the fiber
coupler the Gaussian excitation field was offset with respect to the optical fiber axis, increasing
the correlation of the excitation field with the higher order modes.

The single-pixel detector used for the visible light experiment was a photo-multiplier tube
(PMT) in photon-counting Geiger mode. The detector had a timing precision full-width half
maximum of 180 ps (detector jitter) and a 10 mm? active area (PicoQuant PMA 192). Photon-
counting detectors exhibit a period of dead time after each detection, during which they cannot
detect photons. If the incident photon flux is too high, this can lead to a bias towards earlier
regions of the measured histograms. This detection issue can be resolved by limiting the detection
flux to around 5% of the maximum detection rate. Hence, the average detection rate using our
PMT was 5 x 10° photons per second. A 64 x 64 image was captured requiring 8192 mask
patterns, the signal for each pattern was measured for 1 second, and the total acquisition time
was approximately 2.5 hours.

Figure 2 show a series of snapshots depicting how the field intensity of a pulse exiting the
FMF evolves over the course of 1.6 ns. The optical modes are separated simply by the modes
travelling with different group velocities within the FMF. We observe three distinct field intensity
patterns emanating from the FMF, these are recognised as low-order LP;,,, modes but it’s not
possible to determine from our measurement exactly which modes are present. Visualization 1
shows the full time-series for our measurement displaying the modal evolution of the FMF
output. Tests were performed where optical fiber was contorted and the modes were measured,
no obvious changes in the mode pattern were seen due to bending. Mode coupling by changing
the optical input to the fiber did change the mode patterns, this is shown in Visualization 2
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where a different mode-coupling due to laser alignment has been produced (measured at 32 x 32
resolution). The contributing factor of our pulse broadening due to chromatic dispersion (using
the Sellmeier equation [29]) was calculated to contribute 80 ps to the overall convolution of the
mode broadening. The chromatic dispersion is smaller than the detector jitter of 180 ps, and
hence, the jitter of the PMT detector is the largest contributor to the signal spread that would
limit our temporal resolution.

4. OAM optical fiber measurement

The amplitude of a Laguerre-Gaussian mode has an azimuthal angular dependence of exp(il¢),
where [/ is the azimuthal mode index, these modes have a well-defined orbital angular momentum
L that has a value of /7 per photon [30]. The helicity of the optical beam is quantized such that
the angular momentum L is an integer, the radius of the beam intensity distribution increases with
L [31]. Here we consider OAM modes that are characterised by having helical wavefronts that
propagate carrying values of angular momentum L. Specialised optical fibers have been designed
to support the transmission of OAM modes, air-core optical fibers have been shown to conserve
the transmission of OAM modes over long distances with small cross-talk to other modes [32,33].
As the air-core optical fiber has structure they no longer produce the classical LP modes, but the
constrained modes are similar. The higher-order OAM modes travel with a smaller group velocity
within the optical fiber. The OAM mode helicity direction can be defined with respect to the
circular polarisation of the light, such that it can be spin-orbit aligned or spin-orbit anti-aligned;
this is an important characteristic as it affects the propagation velocity of the mode. The previous
work [32] has presented the propagation delay of the different order OAM modes, non-spatial
time-of-flight measurements showed different spin-orbit modes propagate with different group
velocities. By launching a single OAM mode into the optical fiber, the fidelity of the single-mode
conservation was demonstrated by taking a measurement of the temporal signal, any cross-talk
would be indicated by the arrival of photons at times other than the transmission time of the
intended optical mode.

The single-pixel camera was used to measure the transmission of modes through the OAM
fiber where multiple modes were excited simultaneously. The changes made to the system for
the SWIR measurement were to use 200 m of the air-core fiber presented in [32] (radius of the
air-core of 3 pum, outer radius of core of 8.25 pm) and the bandpass filter used had a wavelength
of 1550 nm and a bandwidth of 12 nm. The PMT used for the FMF measurement was not
sensitive in the infrared, instead a SWIR single-photon counting SPAD detector (IDQ230) was
used, sensitivity in the range 900 nm to 1700 nm and a detector jitter of 220 ps. Coupling
to the SPAD detector was via a short multimode optical fiber, to uniformly sample the spatial
information without vignetting the image a ground glass plate was place in front of the detector
input fiber to disperse the signal reflected from the DMD. The SWIR detection had a significantly
lower detection rate compared to the visible wavelength PMT, the average detection rate was
1 x 103 photons per second. Hence a 32 x 32 resolution requiring 2048 mask patterns was used
with a 5 second integration time per pattern and a total acquisition of 2.8 hours.

Figure 3 shows the temporal signal and the predicted transit times of the OAM modes.
Visualization 3 shows the full time-series for our measurement with the OAM fiber. The
propagation group velocity for each of the modes was predicted using the model detailed in [34],
for our OAM fiber the propagation delay was calculated for the spin-orbit aligned mode. The
dispersion measured is consistent with the results measured in [33] where modes were created and
input into the optical fiber one at a time; our system has measured these modes simultaneously.
Although the |L| = 3 peak maximum is observed to arrive before the predicted time, the modal
spatial distribution is still correct. The difference in the propagation velocities of the spin-orbit
aligned and spin-orbit anti-aligned modes becomes significant for the higher L modes, hence
the |L| = 5 and |L| = 6 modes having temporally wider peaks due to the propagation difference
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Fig. 3. The upper plot shows the integral intensity transmitted as a function of time from
the 200 m length of OAM fiber. The vertical lines show the predicted arrival time of the
optical modes. For each mode the measured intensity pattern and the respective modelled
intensity of the OAM modes are shown. The unlabelled peaks in the plot are identified as
higher order modes that were not included in the mode predictions. The images of the modes
have been normalised giving each image the maximum contrast. The full data is shown in
Visualization 3.

between the two contributing modes. The predicted difference in the time of transmission for the
|L| = 1 modes is 7 ps, whereas for the |L| = 6 modes is 190 ps. The mode radius is shown to
increase in size as the L increases, the predicted LP;; modes associated with the OAM modes are
shown below the measured image for each of the predicted arrival times, where [ = |L| + 1. The
additional peaks in the image are identified as LP;, modes that were not included in the model
predictions.

5. Conclusion

In this work we have demonstrated a single-pixel camera that is sensitive in the visible and
SWIR with a temporal resolution of 200 ps. The camera has been utilised to image the temporal
evolution of a pulse of light transmitted through a few-mode optical fiber and an OAM conserving
optical fiber. The single-pixel camera uses the reflected signal from a DMD and a single-pixel
detector to measure the temporal signal for each of the patterns displayed, from which the spatial
patterns are calculated. Distinct intensity patterns that are associated to individual spatial modes
with 200 ps temporal separation have been imaged with a visible single-pixel light detector. By
using a detector sensitive in the SWIR the OAM modes of a specially constructed air-core optical
fiber have been imaged at telecommunications wavelengths. The limitation on the temporal
measurement is identified as the detector jitter in both cases, hence the measurement could
be improved by using a different detector such as a SPAD detector that has smaller jitter or a
superconducting nanowire single-photon detector where order of magnitude improvements in jitter
have been shown [35,36]. In addition to detectors with higher count rates, there are techniques
that have been shown to improve the noise performance of single-pixel measurements [37], which
could reduce the current substantial acquisition times.

The cost of a high-quality DMD is much cheaper than the difference between a single-element
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detector and an array detector for the SWIR. However, a significant drawback is the acquisition
time required for the measurement of each pattern shown on the DMD. As single-photon counting
detectors are used here this significantly increases the time required to acquire the intensity signal
compared to conventional optical sensors. There is also a maximum rate the patterns can be
displayed on the DMD and the data acquired, this limits the resolution that can be used without
the length of acquisition becoming prohibitive. As the technique required many repeat

This method of light-in-flight measurement has the advantage over SPAD arrays that the
measurement can be performed at SWIR wavelengths, which would not be possible with
normal silicon detectors. The single-pixel camera based technique we demonstrate in this work
complements existing methods to study pulse transit through multimode fibres [32,33]. Our
technique provides different information: it gives the mode pulse intensity as a function of time
rather than spectrally resolved complex field measurements. However our method avoids the
need for interferometric stability and so is simpler to implement. Nonetheless, this approach
could be extended to temporal complex field measurements by combing single-pixel intensity
imaging with phase stepping holography.
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