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Single-pixel imaging is suitable for low light-level scenarios because a bucket detector is used to max-
imally collect the light from an object. However, one of the challenges is its slow imaging speed, mainly
due to the slow light-modulation technique. We here demonstrate 1.4-MHz video imaging based on com-
putational ghost imaging with a red-green-blue light-emitting diode array having a full-range frame rate
up to 100 MHz. With this method, the motion of a high-speed propeller is observed. Moreover, by use of
single-photon detectors to increase the detection efficiency, this method is developed for ultrahigh-speed

imaging under a low light level.
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I. INTRODUCTION

Ultrahigh-speed imaging under a low light level is an
indispensable diagnostic tool for many disciplines and
applications, such as detecting biodynamics in living cells
or observing microfluidic behavior [1-3]. It requires an
imager having the capabilities of fast storage and pro-
cessing of a large data flow. Simultaneously, that imager
should be sensitive enough to detect a dynamic event
within an ultrashort time. Nevertheless, to meet both of
these requirements is challenging. For repetitive dynamic
events, the second requirement can be worked around by
repeatedly measuring the same event in an ultrashort time
until the accumulated light energy is adequate to recon-
struct a frame. Various high-speed imaging techniques for
repetitive dynamic events have been developed in recent
years, such as the pump-probe technique, use of a fram-
ing streak camera, and tracing the flight of a laser beam
[4-13]. However, these techniques are unable to capture
unique or random events (such as molecular motion in
biological samples), limiting their uses in practical appli-
cations.

To image a nonrepetitive ultrafast event, a method
must have the capability of continually recording images
at a high frame rate and high sensitivity to capture
enough light in a short time. Conventional spatially resolv-
ing detectors such as charge-coupled devices (CCDs)
and complementary-metal-oxide-semiconductor devices
are not suitable for ultrahigh-speed imaging under a low
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light level [14]. This is due to the compromise between
the response speed of pixelated sensors and their sensitiv-
ity. Although a CCD imager with a frame rate of 1 MHz
has been developed, it requires high-power illumination to
acquire enough light for each pixel in the short time of a
frame [15]. This bright illumination may damage samples
in some scenarios, such as biological imaging.

Single-pixel imaging is an alternative way to realize
ultrahigh-speed imaging [1-3,16—19]. It uses a temporal
measurement approach to replace the spatially resolving
detection scheme, and then uses an ultrafast and sensi-
tive single detector to detect the light variance that was
modulated by an object. One of the high-speed single-
pixel-imaging methods is the photonic-time-stretch (PTS)
technique, also named “dispersive Fourier transform and
frequency-to-time mapping.” The PTS technique stretches
the broadband optical spectrum of an ultrashort laser pulse,
and maps it into a two-dimensional (2D) spatial wave-
form that is projected onto the object. The field reflected
from the object is recombined as (transformed into) a
temporal waveform that is able to be measured with a high-
speed single-pixel detector [2,3]. This technique has sev-
eral drawbacks: (i) in each frame, the 2D spatial reflected
light intensities are encoded into a temporal waveform,
and the single-pixel detector is used to decode the spatial
signals, which does not essentially increase the detec-
tion sensitivity; (ii) it is expensive due to the expensive
ultrashort pulsed laser and the optical amplifier; (iii) it
works only at certain optical wavelengths, which limits
its applications, such as in color imaging or in imaging
of some materials that have a bad response at the probing
wavelengths.
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Ghost array as a light source to increase the imaging
speed [29]. Similar research was independently announced
in 2018 [30]. Here we develop a method to overcome the
compromise between sensitivity and a high frame rate, and
enable ultrahigh-speed imaging under a low light level.
As a proof of this proposal, we demonstrate the following
experiments: (i) imaging at a frame rate of 1.4 MHz for
a fast rotating propeller sweeping a letter; (ii) high-speed
imaging of a colored object; (iii) high-speed imaging under
a low light level with single-photon detectors (SPDs) to
increase the detection sensitivity, where the illumination

on the object is less than 3 x 10° photons/s mm?.

II. EXPERIMENT

The experimental setup is shown in Fig. 1. The light
source is a self-made 10 x 10 LED array. Each element
consists of a red, a green and a blue LED light bulb.
A field-programmable-gate-array circuit is designed to
simultaneously control all the LED bulbs to be on or off
with a full frame rate up to 100 MHz. A sequence of arbi-
trary patterns can be loaded into the memory of the circuit
from a computer via a USB port. Afterward, the stored pat-
terns are emitted with a time interval of 10 ns (100 MHz),
and are projected onto an object via a lens (lens 1 in Fig. 1).
In experiments, we use Hadamard patterns. Since the order
of a Hadamard matrix must be 1, 2, or a multiple of 4, the
best base fitted to the LED array is of 8 x 8.

In the first experiment, a full set of 8 x 8 Hadamard
patterns is prestored in the circuit. Immediately before the
Hadamard patterns, we place a mark that consists of three
sets of full white and full black patterns, which helps to
precisely determine the start time of sending the patterns.
All the patterns (64 4+ 6 = 70 in total, where “6” represents
the flag patterns) are successively displayed. After the dis-
play cycle ends, another cycle keeps repeating until the
end of the experiment. The light distribution on the object
plane can be formulated as

M(x,yit) =Y Pi,y) Welt = Tny). (1)
J

LED array

Here P; (x,y) is the j th projected pattern. W (t — T,,;) is a
window function: it is 1 over an interval of [7},,;, T,,; + 7]
(where 7 is the time for which a pattern lasts), but 0 outside
this region. 7,,; = m x T. +j x Tj, is the starting time of
the jth pattern in the mth cycle, where 7. is the total time
of a cycle and 7} is the time between two adjacent patterns.

The object is a hollow letter T, immediately in front
of which a propeller is rotating at 40 000 revolutions/min.
The length of the propeller is about 5 cm. Thus, the linear
speed at the edge is about 200 m/s. The light transmit-
ted through the object is collected by a bucket detector (a
photomultiplier tube with a bandwidth of 250 MHz). The
bucket detector senses the intensity variance, which rep-
resents how the projected patterns were modulated by the
object:

B(t) = f/M(x,y; HO(x,y; tydxdy. (2

Here O(x,y;t) is the intensity-attenuation function of the
object and M (x, y; t) is the light-distribution function from
Eq. (2). The integral indicates all the transmitted light from
the object collected by the bucket detector. The second-
order correlation is calculated as

1+T;
G(x,y;t =mT,) = M(x,y;)B{@)Yd!, (3)
t

where B(¢') is the collected intensity as expressed in Eq.
(3). G(x,y;t = mT,) represents the image of a dynamic
object at time ¢t = mT,, which means that we reconstruct
an image frame in every cycle. With the help of a mark,
we are able to locate the time of the first pattern from the
bucket signal, which is used to synchronize the times of
the bucket signal and the projected patterns.

The motion of the propeller swapping T is captured with
frame rates of 0.014 and 1.4 MHz (modulation rates of 1
and 100 MHz), as shown in Figs. 2(a) and 2(b), respec-
tively. Please see the corresponding videos aclMHz.avi
and ac100MHz.avi. As shown in Fig. 2(a) frame by frame,
the imaging speed of 0.014 MHz is not fast enough to cap-
ture all the motion of the propeller. Therefore, the frame
rate of 1.4 MHz is necessary for such fast motion.

FIG. 1. The experimental setup
for moving detection. The object
consists of a static mask and a
propeller rotating at 40000 rev-
olutions/min. Lens 1 is used to
project the illumination patterns
onto the object. The transmitted
light from the object is collected
by a photomultiplier-tube detector
via a focusing lens (lens 2).
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FIG. 2. The video frames of the imaging results: (a) imaging video with a 1-MHz speckle modulation rate; (b) video with 100 MHz
modulation rate. Note that the images are enhanced with a background-removal process.

To perform color imaging, each Hadamard pattern is
projected three times in red, green and blue, respectively.
Therefore, the total number of subpatterns in a cycle is
6 + 64 x 3 = 198. The object consists of three plates in
the three colors, as shown in Fig. 3. The object is placed on
a moving stage moving from left to right at a speed of 20
mm/s. The blue illumination of our source is weaker than
the green illumination and the red illumination, and the
detector is also less sensitive for blue light. To achieve bet-
ter imaging quality, the LED array is set to work at a frame
rate of 1 MHz. The imaging frame rate becomes 5 kHz.
Selected video frames are shown Fig. 4. See Ref. [41].

Under a low light level, the light intensity in a short
integral time window is very weak. To increase the detec-
tion sensitivity, we instead use SPDs. A SPD will generate
an electronic pulse as a count when photons arrive at the
detector. Nevertheless, there are two drawbacks: (i) a count
can indicate only the arrival of photons but cannot indicate
the number of photons; (ii) after generating a count, it
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stops working for a certain time (so-called dead time). The
dead time of our SPD is 80 ns, which means the maxi-
mum count in 1 us (at a modulation rate of 1 MHz) is
12. This low dynamic range is insufficient to represent the
variance of the intensity. A viable solution is to use multi-
ple SPDs, which expands the dynamic range in proportion
to the number of SPDs. Additionally, if the light-receiving
system has a large field of view, it is hard to focus most
of the light onto the small active area of a single SPD,
and this also limits the range of the spatial modes that
can be detected by the SPD, resulting in some components
being missing in a recovered image. This problem can be
effectively eliminated by use of multiple SPDs.

On the basis of the above analysis, we build an eight-
SPD detection system and experimentally investigate the
high-speed imaging under a low light level by photon
counting. As shown in Fig. 5, eight multimode fibers
(50 wm in core diameter) are close-packed at one end. At
the other end, each fiber is connected to a SPD. The output
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FIG. 3. The experimental setup
for a colorful object. The object
consists of three striplike objects
in red, green, and blue, respec-
tively. Lens 1 is used to project
the illumination patterns onto the
object. The transmitted light from
the object is collected by a

signals from the detectors are fed into a time-correlated-
single-photon-counting device that records the arrival time
of each signal, from which we can know the number of
photons in each time window.

We attenuate the illumination light to a level such that
the light intensity falling on the detection plane is 3 x 10°
photons/s mm?. The focal length of lens 1 is 25 mm, which
results in a spot of 2-mm diameter on the detection plane.
To receive as many spatial modes as we can, a diffuser is
placed 10 mm from the fiber tips, which scatters the light
and mixes the spatial modes before they are incident on
the fibers. On the other hand, the diffuser decreases the
coupling efficiency by a factor of 10. Because of the 50-
um core diameter, the fill factor of the fiber receiver in an
area of 4 mm? is approximately 6 x 10~*. Thus, the total
coupling efficiency is less than 6 x 107>, At the modula-
tion rate of 1 MHz, the average photon number in 1 us is
less than 50. To achieve a better statistical result, we use
ten cycles to recover a frame (i.e., the time of an imaging
frame is 700 us). A recovered imaging frame of a letter T
is shown in Fig. 6.

The imaging speed is limited by the average photon
number per modulation frame, which is influenced both
by the coupling efficiency and the dynamic range. The
dynamic range is defined as the maximum number of read-
out photons in the modulation time window, which is
determined by the number of SPDs and their dead times. In
our eight-SPD system, the dynamic range in 1 us is 100,
which is insufficient to recover a good image. However,
this limitation can be easily overcome by modern detection
technology. Commercial SPD arrays (32 x 32 [31], 256 x

0s 0.386496 s
frame:0 frame:2013

0.963648 s
frame:5019

photomultiplier-tube detector via
a focusing lens (lens 2).

256 [32]) have been announced and used in many fields,
and can provide a dynamic range of more than 40 000.
Meanwhile, a large number of pixels can effectively
shorten the dead time of the whole detection system.
Moreover, the large size of a SPD array will dramati-
cally increase the coupling efficiency. With such SPDs, the
imaging speed could be increased to 1 MHz or higher.

Currently, the array of our illumination device is only a
10 x 10 array, limiting its applications. Nevertheless, the
resolution can be increased without changing the hardware
configuration in some situations. Usually, the motion speed
of a real object is quite slow in comparison with the mod-
ulation rate. A high-resolution image can be obtained by
scanning an object with illumination patterns. In the exper-
iment, an object of characters XJ is mounted on a 2D
motorized stage, and then the object is scanned by the illu-
minating pattern horizontally and vertically, recording the
coordination at the same time. In each scan, 1/18 of the
object is imaged in 7 us (with a modulation rate of 10
MHz). After scanning, an image with high resolution of
24 x 48 is retrieved, taking 126 us in total. Figure 7 shows
the reconstructed image of the whole object.

II1. DISCUSSION

The imaging frame rate is limited by the modulation rate
of the pattern projection and the sampling number (i.e.,
the number of patterns to recover an image). The modula-
tion rate depends on a circuit’s running speed and the rise
and fall times of light emitters. The state of the art in the

1.34458 s
frame:7003

1.73126 s
frame:9017

1.93901 s
frame:10099

FIG. 4. Video screenshots from the color-imaging process. When the imager is capturing images, the object moves from left to right.
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semiconductor industry can provide a full-range modula-
tion rate of more than 1 GHz. Many light sources, such
as laser diodes, can have a rise or fall time of around
a few tens of picoseconds. Thus, it will not be difficult
to build a light-emitting array with a modulation rate of
more than 1 GHz. In contrast, the sampling number largely
affects the imaging speed. As the required spatial resolu-
tion of imaging increases, the sampling number increases
accordingly, which slows down the imaging speed. How-
ever, with some algorithms such as compressive sensing

0o

0.85

0.65

0.45

0.25

0.00

FIG. 6. Image of a letter T recovered in 700 us. Eight single-
photon detectors are used to collect the low photon flow wit a
modulation rate of 1 MHz.

FIG. 5. Experimental scheme
for low light-level imaging. The
transmitted light from the object
is collected by eight multimode
fibers via a lens. Each fiber is
connected to a SPD to count the
number of photons reaching the
detection plane.

[33-35] or deep learning [36—40], the sampling rate can
be far below the Nyquist limit, which would dramati-
cally increase the imaging frame rate, especially with prior
knowledge of an object.

On the other hand, the high modulation rate is also
subject both to the photosensitivity and the responsive
bandwidth of a detector, especially in low light scenar-
ios. To detect very weak light in a short time, one of the
best types of detectors is the SPD array with a large num-
ber of pixels, which can provide a short overall dead time
and a deep dynamic range. SPD arrays of 256 x 256 pix-
els were applied in a LIDAR system and excellent results
were obtained [32]. We believe with a proper SPD array, a
light-emission array, and a suitable algorithm, the proposed

|1.00

10.85

0.00

FIG. 7. Image of the object of characters X J, which is recon-
structed in 126 us with 18 frames with a modulation rate of 10
MHz.
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ghost-image scheme would become an excellent candidate
method for a ultrahigh imaging frame rate under a low light
level.

To realize colorful imaging, each element of the light-
emitting array has three subpixels, which can display four
states at each time: red, green, blue, and white (all on). If
the circuit emits patterns in white, colorful imaging can be
performed at a full-range modulation rate. To take most
advantage of such fast emission, three bucket detectors
are needed to measure the light intensities in red, green,
and blue, respectively. If only one bucket detector is used,
each pattern must be projected in red, green, and blue
alternately, which reduces the imaging speed by a factor
of 3 (as is done in the experiment). Moreover, the illu-
minating intensities and the detection sensitivities of the
three colors should be prepared in specific ratios to guar-
antee the fidelity of the color reconstruction. When the
above requirements are satisfied, a complete system is con-
structed for colorful imaging with a full modulation rate
and a feasible fidelity of colors.
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