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Abstract: Infrared up-conversion single-photon imaging has potential applications in remote
sensing, biological imaging, and night vision imaging. However, the used photon counting
technology has the problem of long integration time and sensitivity to background photons,
which limit its application in real-world scenarios. In this paper, a novel passive up-conversion
single-photon imaging method is proposed, in which the high frequency scintillation information
of a near infrared target is captured by using the quantum compressed sensing. Through the
frequency domain characteristic imaging of the infrared target, the imaging signal-to-noise ratio
is significantly improved with strong background noise. In the experiment, the target with flicker
frequency on the order of GHz is measured, and the signal-to-background ratio of the imaging
reaches up to 1:100. Our proposal greatly improved the robustness of near-infrared up-conversion
single-photon imaging and will promote its practical application.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Near-infrared (NIR) optical imaging has essential applications in meteorological monitoring, gas
analysis, medical imaging, and other fields [1–3]. However, the existing commercially available
NIR imaging products suffer from low detection sensitivity, slow response, and susceptible to
background noise, which limits their applications in extreme environments [4]. In contrast, silicon
single-photon detectors (SPD) have the characteristics of high detection efficiency, low dark
count rate and small time jitter, and can realize extremely sensitive imaging at the single-photon
level [5,6]. Therefore, to convert infrared photons to visible wavelength and imaging with the
high performance visible light sensor is a feasible technical route to improve the infrared imaging
performance [7,8].

Since 1968, Midwinter from Malvern Royal Radar Institute demonstrated up-conversion
imaging using lithium niobate crystal [9], the development of this technology has been continuously
concerned by researchers [10]. In recent years, researchers have developed parametric mode
sorting and gated filtering technologies based on up-conversion imaging, which effectively
improve the imaging practicability in strong background environment [11,12]. However, the
current NIR up-conversion single-photon imaging still uses the traditional photon counting
technology, which has long integration time and low imaging frame rate, and unable to respond
to the high frequency flicker of the measured target. Compressed sensing can recover the sparse
signals in the transform domain with the sampling rate much lower than the Nyquist sampling
rate, which has the potential to realize real-time, broadband signal detection [13–15]. However,
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the existing CS imaging technology mainly studies the data compression in the two-dimensional
space domain to improve the imaging frame rate, but does not realize the compression sampling
in the time domain directly, and the ability to capture high-frequency flicker is still limited by
low imaging frame rate [16–18].

In this paper, a novel passive up-conversion single-photon imaging method based on the
quantum compressed sensing (QCS) is proposed, in which the characteristic spectrum information
of high frequency flicker target can be obtained directly. By converting the NIR photons of
the target to visible band, a mature visible SPD is used for single-photon detection. Although
both the background noise photon and the signal photon are detected by the SPD, since the
background noise does not have spectrum characteristics and presents as white noise distribution
in the frequency domain, the signal can be distinguished from the background by frequency
domain transformation, thus significantly improving the imaging signal-to-noise ratio (SNR).
In the experiment, a single-photon imaging setup based on the point-by-point scanning is built.
And the high frequency flicker target is constructed by an intensity modulated laser projection.
NIR photons were detected by a visible SPD after frequency up-conversion through an optical
nonlinear crystal, and the arrival time of each photon was recorded using a time-interval analyzer.
The frequency domain information of the target is obtained and imaged by the data recovery
algorithm, and the noise immunity of the imaging system is verified. In the experiment, the
characteristic spectrum of high frequency flicker target on the order of GHz is successfully
captured, and based on this, the imaging under the condition of 1:100 signal background ratio is
realized. The proposed high-frequency up-conversion single-photon imaging scheme has the
characteristics of high sensitivity, high frequencies and noise immunity, which opens a new
technical path for the application of near-infrared single-photon imaging in real scenes.

2. Theoretical model of the quantum compressed sensing imaging

The high frequency NIR up-conversion single-photon imaging based on the QCS proposed in
this paper is a combination of compressed sensing quantization and up-conversion imaging
technology to improve the NIR imaging performance from both theoretical and technical aspects.

According to the classical sampling theorem, the sampling rate is required to be more than
twice the bandwidth of the measured signal in order to recover the measured signal correctly
[19]. The ideal signal sampling can be expressed as:

f(kT) =

N∑︂
k=1

f(t)δ(t − kT) (1)

After the sampling, the original signal f (t) is converted to f (kT) with sampling rate fs= 1/T,
where k= 1, 2,. . . , N represents the sequence samples, and N is the total number of samples.
After the sampling and quantization, the Discrete Fourier Transform of the signal could be
expressed as:

F(ω) =

N∑︂
k=1

f(kT)e−jωkT (2)

Therefore, a high sampling rate is required for real-time measurement of broadband signals,
which causes great pressure on the hardware, including signal detection, data storage, and
processing. Especially in imaging, the capture of high frequency flicker requires a high imaging
frame rate. The real target often has sparse frequency domain characteristics. Compressed
sensing can recover the sparse signals in the transform domain with the sampling rate much
lower than the Nyquist sampling rate, which has the potential to realize real-time, broadband and
high-resolution spectrum sensing. The QCS is a quantization of the classical compressed sensing,
which realizes compressed sampling of the measured signal through quantum state preparation,
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evolution and detection. Specifically, in this paper, QCS is realized by using random collapse
behavior of photon wave function detection, and the measurement process can be intuitively
expressed as follows:

F(∆) =
∑︂
ω∈Ω

aωe−j2π∆t (3)

where, aω represents the weights of different frequency components, ∆ represents the spectral
resolution; Ω denotes the set of K frequency components Ω={0,± 1,± 2. . . ±K/2,}, denoted the
measurement bandwidth by W, the compressed sensing collected signal could be expressed by
R= log(2, C(W/∆, K)) bit information, where C(W/∆, K)= (W/∆)!/(K!(W/∆-K)!). Therefore, in
principle, only R samples are needed to obtain the required information.

In the experiment, we set the measured target as a pattern with periodic flickering, so it presents
as a single frequency component in the frequency domain, which meets the prerequisite for
sparsity of transform domain required by CS. Suppose that the imaging integration time is T ‘,
and a pixel in the image detects N photons within the integration time, the arrival time t= t1,
t2,. . . tN (0 ≤ t ≤ T ‘)of each photon was recorded by the time interval analyzer. Since photon
detection is a completely random process, corresponding to the random measurement matrix of
CS, it satisfies the incoherence requirement of CS. The spectrum of the target signal was obtained
by executing the Discrete Fourier Transform algorithm on the discrete random time series of
each pixel:

F(ω) =
N∑︂

n=1
Aeiωtn (4)

where A represents the amplitude coefficient, tn is the arrival time sequence of photons. Since
the SPD used in our experiment does not have the capability of photon number resolution, we
normalize it here, that is, A= 1. Please refer to Ref. 20 for more details on the algorithm. Next,
we extract the spectral characteristic peaks of all imaging pixels to obtain the frequency domain
imaging of the target, for more detail please refer to Refs. [20,21]. Of course, the photon counting
imaging can also be performed based on the collected data.

3. Experimental setup

Figure 1 shows the experimental setup of high-frequency NIR up-conversion single-photon
imaging based on the QCS, which includes two parts: the target and the imaging system. In the
experiment, the target is a fan pattern, where the mounting bracket is the static part and the fan
blade is the flashing part of the pattern. The 1550 nm continuous lasers (DFB-1550-10-PM-FA-M)
was divided into two beams by a beam splitter, one for projecting a static mounting bracket and
the other for projecting a flashing blade. The high frequency scintillation is generated by an
intensity modulator with sine function. The fan pattern is projected on a white board to form a
projection image of 2cm*2 cm.

As to the imaging system, a high-precision closed-loop scanning mirror (Optotune, MR-E-2)
is used to scan the fan projection pattern point by point. The collected near-infrared photons
were completely coincided with the 1064 nm pump laser (MIL-N-1064-5W) through a dichroic
mirror, and the mixed beam was focused on barium metaborate (β-BaB2O4, BBO, 8× 8× 7
mm3, θ=20.6°, Φ=0°) to convert 1550 nm NIR photons into 629.33 nm visible band. Pump
induced parametric fluorescence background noise was removed by spectral filtering. Finally,
photons were coupled to a 105µm multimode fiber using a 10× objective lens and detected by a
visible SPD. A 631 nm laser is used to simulated the noise photons, and input the SPD directly.
Meanwhile, the time interval analyzer is used to record the arrival time of each photon, and
the high-frequency information of each pixel is extracted and the image is restored according
to Eq. (4). In this experiment, up-conversion detection is adopted instead of using the InGaAs
SPD directly. This is because visible SPD has smaller time jitter, which enables it to capture
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Fig. 1. Experimental setup of the passive up-conversion single-photon imaging. IM: intensity
modulation; FOA: fiber optic amplifier; SM: scan mirror; DM: dichroic mirror; F: filer;
BBO: β-BaB2O4, (8× 8× 7 mm3, θ=20.6°, Φ=0°); SPD: single-photon detector; M: mirror,
L: lens.

higher frequency scintillation information. Meanwhile, mature visible SPD array provides the
possibility for realizing efficient NIR imaging in the future.

4. Results and discussion

4.1. NIR up-conversion characterization

In the experiment, we first characterized the NIR up-conversion module, and the test results are
shown in Fig. 2. After focusing, the 1550 nm signal light is coupled into the BBO crystal with
62% coupling efficiency, which is converted into 629.33 nm visible light under the action of
1064 nm pump laser, the spectral characterization is shown in Fig. 2(a). Frequency up-conversion
efficiency is related to the optical power density of pump laser and signal light. When the
pump power is much larger than the signal power, the up-conversion efficiency hardly varies
with the signal power. However, with the increase of signal optical power the up-conversion
efficiency decreases nonlinearly. In our experiment, when the signal optical power is 0.005 mW
and the pump optical power is 4.16W, the up-conversion efficiency is 4.34%. However, the
up-conversion efficiency drops sharply when the signal optical power reaches the mW level, as
shown in Fig. 2(b), here, the pump optical power is fixedly set to 4.16W.

4.2. High frequency QCS single-photon imaging

The high frequency information extraction capability of the imaging system was characterized
by an artificially constructed fan pattern. The pattern was scanned point by point with a
high-precision scanning mirror, and the image pixel was set to 64× 64. In the experiment, images
were measured when the integration time of a single pixel was 0.005s, 0.01s, 0.05s, 0.1s and 0.2s,
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Fig. 2. Up-conversion performance characterization. (a) Up-conversion spectrum with a
center wavelength of 629.33 nm. (b) Up-conversion efficiency vs signal optical power.

respectively, as shown in Fig. 3. We compared the traditional photon counting imaging with the
QCS imaging proposed in this paper. Here, we set the flicker frequency of the fan blade to 1 MHz.
Therefore, in the frequency domain, the pattern is presented as a single non-zero sequence located
at 1 MHz, which satisfies the sparse condition required by compressed sensing. By recording
the random arrival time of each pixel photon, the frequency domain information of the target is
extracted by Eq. (4). Here, the random detection of photons corresponds to the measurement
matrix in CS. Through comparison, it can be seen that with the increase of integration time, the
image SNR increases significantly. However, photon counting imaging cannot distinguish the
high frequency flicker region from the static region, while QCS imaging can obtain the frequency
information of the image. When 1 MHz characteristic spectral lines are selected for imaging, the
background noise of other frequency components, including static regions, is well suppressed to
achieve high frequency imaging.

Fig. 3. Photon counting imaging and QSC imaging of high frequency flicker pattern. The
first row is photon counting imaging, and the second row is the corresponding QCS imaging.
The integration time of single pixel from left to right is 0.005s, 0.01s, 0.05s, and 0.1s,
respectively.

In order to further clarify the relationship between the measurable bandwidth of the system,
and the signal to noise ratio of the image, the frequency spectrum of single pixel of the image
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was quantitatively analyzed. Here we define the imaging SNR as:

SNR = 10log10(
µ̄signal

σnoise
) (7)

Figure 4 shows the variation of QCS imaging SNR as a function of target flicker frequency and
measurement integration time. The target flicker frequency varies from 1kHz to 2 GHz, and the
imaging SNR gradually decreases with the increase of the frequency, as shown in Fig. 4(a). This
is because the measurement of high-frequency signals requires high-precision time measurement,
and the measurement accuracy of photon arrival time in this experiment is limited by the time
jitter of the SPD and the resolution of the time-interval analyzer, which is in the order of hundred
picoseconds. Figure 4(b) shows the change of imaging SNR when the integration time varies
from 0.1s to 1s. It can be seen from the figure that with the increase of integration time, the
imaging SNR improves. On the one hand, this is because the background noise, such as the
dark count of a SPD, is completely randomly distributed in the time domain, therefore, shows
as white noise distribution in the frequency domain, refer to Ref. [20] for more details. The
signal to be detected is sparse in frequency domain. With the increase of integration time, the
amplitude of white noise in frequency domain shows a square relation with photon counting,
while the amplitude of characteristic spectral line increases linearly with photon counting. On
the other hand, there is quantum shot noise for single-photon detection. With the increase of
photon count, the fluctuation caused by shot noise is gradually weakened, and the imaging SNR
is also improved.

Fig. 4. The variation of QCS imaging SNR as a function of target signal frequency and
measurement integration time. (a) Relationship between target signal frequency and imaging
SNR. (b) Relationship between integration time and imaging SNR, where the mean photon
count rate is set to 15kcps (count per second).

4.3. QCS single-photon imaging with high background

To investigate the noise immunity of the imaging system, on the basis of the high frequency QCS
imaging, we designed an up-conversion single-photon imaging experiment with high background
noise. Specifically, set the signal photon count to 15 kcps, the background is simulated by an
additional light source. The background noise photon count is adjusted through a variable optical
attenuator. In the experiment, the modulation frequency of fan-blade pattern was set as 1 MHz,
and the signal-to-background ratio (SBR) varied from 1:1 to 1:100. The target patterns with
different SBR were imaged, respectively, as shown in Fig. 5, the imaging pixel is 64× 64, and the
integration time of each pixel was set as 0.5 s. We compared the traditional photon counting
imaging and the QCS imaging, respectively. When the SBR is 1:20, the photon counting imaging
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can no longer distinguish the signal from the background, while when the SBR is 1:100, the QCS
imaging is still clear. The experimental results show that the QCS imaging proposed in this paper
can extract the NIR high-frequency information in the extreme case of high background noise,
which is two orders of magnitude higher than the target signal.

Fig. 5. Comparison of photon counting imaging and QCS imaging of fan-blade pattern
with high background noise.

Through the analysis of single pixel data, we quantitatively studied the noise immunity of
QCS imaging and compared it with the traditional photon counting imaging. As shown in Fig. 6,
(a) and (b) are QCS imaging and photon counting imaging, respectively. With the increase of
integration time, the imaging SNR is both improved. However, with high background noise, the
SNR of photon counting imaging is lower than 0 dB, which means that the signal is completely
submerged in the background noise and the imaging cannot be implemented. For QCS imaging,
the SNR is improved by >10 dB compared with photon counting imaging, high frequency
single-photon imaging can still be achieved in high background environment.

Fig. 6. Imaging SNR with high background noise. (a) Relationship between SNR and SBR
of QCS imaging. (b) Relationship between SNR and SBR of photon counting imaging.

5. Summary

In this paper, a novel passive up-conversion single-photon imaging method based on the QCS
is proposed. The spectrum features of high frequency flicker infrared target are extracted by
the QCS algorithm, which improves the imaging bandwidth significantly. With QCS imaging
of infrared target signal, the influence of background noise is effectively weakened, and the
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imaging SNR of the system in the noisy environment is improved. In the experiment, we realized
the target imaging with flicker frequency on the order of GHz, which is 9 orders of magnitude
higher than the existing photon counting imaging. The imaging SBR reaches 1:100, which is two
orders of magnitude higher than photon counting imaging. The proposal can not only be used for
NIR imaging, but also for single-photon imaging of other wavelengths, which will significantly
improve the measurable bandwidth and noise immunity of single-photon imaging, and open up a
new technical path for the application of single-photon imaging in practical scenes.
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