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ABSTRACT11

Traditional remote sensing applications are often based on pulsed laser illumination with a narrow linewidth and characteristic

repetition rate, which are not conducive to covert operation. Whatever methods are employed for covert sensing, a key

requirement is for the probe light to be indistinguishable from background illumination. We present a method to perform

single-pixel imaging that suppresses the effect of background light and hence improves the signal-to-noise ratio by using

correlated photon-pairs produced via spontaneous parametric down conversion. One of the photons in the pair is used

to illuminate the object whilst the other acts as a temporal reference, allowing the signal photons to be distinguished from

background noise. This heralding method shows how the noise regime is key to producing higher contrast images.

12

Introduction13

The ability to covertly illuminate a scene is a sought-after goal within remote sensing. For covert imaging, there is a requirement14

that the probe photons be indistinguishable from the fluctuations of the background light. Using a pulsed laser makes this15

disguise difficult since the defined wavelength and repetition rates allows the source to be distinguished from the background16

light. In contrast a source based on spontaneous parametric down conversion (SPDC) creates photons over a range of17

wavelengths at random times, making it a much better candidate for a covert system1. There have been recent developments in18

producing high-flux photon-pair light sources with a broad gain bandwidth that enable this covert probing of a scene to be19

performed2.20

Using quantum correlations to improve the signal-to-noise (SNR) of imaging has been the subject of significant study3–6
21

and with array sensors it has been possible to demonstrate sub-shot noise measurements using a photon-pair light source7–9.22

These correlated photons have also been utilised to distinguish signal photons from the noise photons in the background light23

and has been applied in a LIDAR system for range finding10. Indeed, a further advantage of this approach is since it is based24

upon random, albeit correlated, events that two or more similar systems can operate in the same environment and not suffer25

from cross-talk2, 11.26

Here we quantify the improvement in SNR in a single-pixel imaging (SPI) system12, 13 by utilising the correlations from a27

photon-pair light source. SPI has been demonstrated at a variety of wavelengths14–16, for high speed applications17, 18, and28

performing depth measurements19. In SPI a series of patterns are projected onto a target, the total power of the corresponding29

transmitted or back-scattered light is measured using a single-pixel detector revealing the overlap between the projected pattern30

and the object20. This method of using a single-pixel to image an unknown scene was developed alongside the field of ghost31

imaging, where corrected photons were used to produce images with single element detectors as a heralding system with32

a detector array used to identify the position of the anti-correlated photons21, this was also shown to also be possible with33

classical sources22.34

We demonstrate that there exists a noise regime where there is an improvement in the SNR of the images when using the35

photon-pair, correlated, light source. This will enable the system to be used more covertly in the presence of background light.36

We present a model and experimental measurements to demonstrate the operating regime where there can be an advantage via37

correlation.38
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Figure 1. (a) Time signal showing the first 20 ns of the temporal correlation measurement with our system with minimal

background light present (averaged for 512 seconds). The grey area shows the region determined to be correlated photons. The

counts outside of the correlation peak are from accidental photons from the source and background light. (b) A plot of the

regions where there is higher SNR for the correlated and uncorrelated measurements as calculated from the model, using

variables determined from our experimental system.

Measurement principle39

In a classical SPI system a light source is used with an optical modulator to produce a structured illumination23 or is used40

with a detector to produce a structured detection24. In the system presented here SPDC is used to realise a photon-pair light41

source. The photon-pairs are split such that one is directed to the heralding detector and the other to probe an object with a42

second detector behind the object, in principle this would be applicable to the back-scattered imaging arrangement, but this is43

technologically more challenging to implement due to the high losses involved. Outputs from the two detectors are used as44

stop-start triggers for a coincidence counter. A key parameter to achieve an advantage for the heralding measurement is to45

maximise the number of two-fold correlated photons. In principle the system can be used in two ways: firstly, the correlations46

can be ignored and the signal can be read as the total photon count from the signal detector, or secondly the correlations can be47

used such that the signal is read as only the counts recorded in the coincidence peak. In the first case the signal is maximised48

but is also subject to being confused by any background light, in the second case, the time gating means most of the background49

light is eliminated but at the expense of a reduced signal. It is the interplay between these two competing issues that determines50

the regimes in which using the source correlation might bring an advantage.51

The noise in the imaging system will be proportional to the noise from a non-imaging measurement, such that we can

estimate the noise in our system. The SNR of our measurement for a given integration time is given by SNR = S√
S+N

, where S is

the number of counts due to signal photons and N is any additional counts arising from background noise. For the measurement

where the correlations are not used (uncorrelated photons), the signal S is the total number of counts detected from the source

and the noise is made up from detector dark counts Nd , and the number of measured optical background counts Nb. For any

real-world measurements outside of a laboratory the background levels will fluctuate due to varying frequencies of electronics

and movement in position of illumination sources, this is included as temporal changes in the background level. To emulate

these temporal fluctuations a fluctuation term γ is added, where γNb is the standard deviation in the background level with a

mean value of Nb. The addition of this fluctuation will result in a larger variance than measured from a Poissonian noise source.

Therefore, the SNR of our uncorrelated measurement is given by

SNRuncorr =
S

√
S+Nb +Nd + γNb

The advantage of using the correlation peak is minimising this background noise due to the gate time associated with the

peak, the fraction of the noise falling within the gate time is ε . The coincidence ratio, the fraction of the coincidence counts

divided by the total number of counts, is given by h. When using the correlation peak the number of signal counts is reduced to

hS. Including the correlation ratio and the time-gating noise reduction enables the correlated SNR to be estimated as

SNRcorr =
hS

√

(hS+ ε(Nb +Nd)+ εγNb
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Figure 2. The SPI experimental set up. The SPDC crystal produces 2-photons, one of which is measured by a SPAD detector

as a heralding arm, the other is reflected from the DMD acting as a transparency mask, the photons transmitted through the

target are recorded with a PMT. The coincidence measurement is made with a coincidence counter.

An example of the temporal measurement of the correlated photons is shown in figure 1(a), with h calculated as the counts52

contained in the grey period divided by the total number of counts. Figure 1(b) shows the SNR calculated for a range of53

background and fluctuation levels for both the correlated and uncorrelated cases. For the model the values of S = 1000 counts,54

Nd = 100 counts, h = 0.15 and ε = 0.006 were used. When there is a higher fluctuating background light level the correlation55

measurement will have a higher SNR than the uncorrelated case. As figure 1(b) shows, the correlated measurement does not56

outperform the uncorrelated measurement for all possible parameters. The advantage for the correlated measurement is most57

apparent when the coincidence ratio h is sufficiently large relative to the inverse gate width ε . For the experimental parameters58

we report in this paper, we find there is no measurable advantage when using a static background signal (γ = 0) for noise levels59

lower than 8 times the signal level.60

Experimental methodology61

A schematic of the experimental system is shown in figure 2 Our system comprises of a SPDC source of time-correlated62

photons-pairs, full details can be found in our previous work2. Light from a 405 nm laser diode is focused with an aspheric63

lens into a 30 mm long periodically poled potassium titanyl phosphate (ppKTP) non-linear crystal. The size of the crystal64

poling structures are linearly chirped between 9.0 µm and 13.0 µm, such that a continuous spectrum is produced to mimic the65

spectrum of background light, with both signal and idler photons spanning the range 700 nm to 950 nm. Anti-correlation in the66

wavelength of the pair-photons due to the energy conservation could be used with separate wavelength bandwidth channels67

to improve measurement sensitivity, however this was not performed in this experiment. The pump light is removed with a68

long-pass filter, the orthogonal polarized signal and heralding photons are subsequently separated on a polarizing beam-splitter69

(PBS). These photons are focused into optical fibres to allow distribution from the system. For heralding photons, the light is70

focused into a multi-mode fiber (MMF) that is connected to a fiber-coupled single-photon avalanche detector (SPAD) detector71

(Excelitas Photon Counting Module SPDM CD 3416 H). For the signal photon a single-mode fiber (SMF) is used such that,72

after collimation with a lens, a well-defined near Gaussian beam is obtained for illuminating the object. A digital micro-mirror73

device (DMD), Vialux V-7001, acts as a transmission mask to pattern the light projected on to the object. The transmission74

object used was a three-sided star cut into cardboard. For collection of the signal photons a Horiba PPD900 photomultiplier75

tube (PMT) is used. The photon counting is performed with a Picoquant TimeHarp260, acting as a coincidence counter. To76

ensure the background light level can be controlled the DMD, target, and detector are installed within a light-tight enclosure.77

The background light is adjusted using a red LED (λ = 650 nm), which is connected to a National Instruments USB-621178

DAQ. The voltage on the LED is used to set the intensity level, which was calibrated from measurements from the number of79

photons measured by the PMT for a given voltage. As the signal measurement is not spatially resolved the measured data is80

largely unaffected by the exact positioning of the LED within the enclosure.81

Careful alignment of the SPDC system is required to ensure a high correlation ratio, a value of 15% was achieved with82
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Figure 3. An example of the images produced for both the correlated and uncorrelated measurements with the SPDC system.

The data shown are for the fluctuation magnitude γ = 30% and varying background photon level. The root mean squared error

(RMSE) calculated for each measurement is shown below each image.

the experimental system presented. For our source, the heralding photons were measured via a MMF (50 µm core diameter),83

the average photon level measured is 8× 106 cps (counts per second). For target illumination a SMF is used (5.6 µm core84

diameter), which transmits 6 times fewer photons. The PMT for detection has a much lower quantum efficiency than the SPAD85

(1% compared to 65% for our wavelength range), there is loss due to the DMD (20% reflected) and the target is approximately86

50% transparent. Therefore, the average signal after the losses is 1000 cps. Optimal collection of photons for maximising the87

correlation ratio will occur when SMF are used in both the signal and heralding arm. However, there is an increase in heralding88

photons if a larger optical fibre is used, but this reduces the correlation ratio.89

The pattern set implemented on the DMD is the Hadamard basis13, 25, where for each pattern a measurement is made for90

both the positive and photographic negative patterns, the difference between these two values being the signal used in the image91

reconstruction. For the uncorrelated case the signal is the total number of counts and for the correlated case the signal is the the92

number of counts in the coincidence peak. The SPI images is calculated as the differential signal for each pattern multiplied by93

the Hadamard matrix, the subsequent vector of the pixel values is reshaped to a square image. The Hadamard pattern size and94

number of illumination trials were chosen to generate a final combined output image of 16×16 pixels. With SPI compressive95

sensing can be used to reduce the number of measurements required12, this would make a comparison of noise more difficult so96

a full sampling basis was performed for these measurements.97

To produce fluctuations in the background the LED voltage was adjusted for each individual pattern measurement. The98

LED voltage is set to give a signal with a mean equal to the background level Nb and a standard deviation of the fluctuation level99

γ multiplied by Nb and a random value determined by a normal noise distribution, this value is truncated to zero for negative100

numbers of photons. The background light from the LED is set at the start of each measurement of a new pattern to simulate a101

varying photon background level. Changing at a faster rate than this would nullify the effect of the changes due to averaging,102

therefore this is a ‘worst case’. For the measurement each pattern was recorded over a 1 second acquisition for 512 patterns for103

a 16×16 image (8½ minutes per acquisition). The measurement was repeated for each background level and each fluctuation104

level between 0% and 100%. As the fluctuation level is a percentage of the background, for a zero background level there was105

no background fluctuation.106

To enable a comparison of the results obtained from uncorrelated or correlated measurements a ground truth image was107

acquired. The existing SPI system was used with a significantly higher illumination light level, a Helium-Neon laser was108

input into the single-mode fibre and was adjusted to give approximately 106 cps at the signal detector. This ground truth109

image of our target therefore naturally incorporates the Gaussian shape of the illumination beam that contributes to the varying110

intensity within the image and any image degradation due to finite resolving power of the optical system, allowing for a direct111

comparison of the correlated and uncorrelated strategies under the same realistic conditions of image degradation.112

Results113

SPI measurements were performed for a range of values of the background and fluctuation levels. Without background114

illumination an average signal level of 1000 cps was recorded for each measurement. The background photon level was115

increased from 0 up to a level of 20 000 photons, the fluctuation size was adjusted between 0% and 100%.116

The root mean squared error (RMSE) of the image reconstruction is calculated with respect to the ground truth image.117

The RMSE is calculated by first normalising the ground truth and reconstructed images by subtracting the mean value from118

each individual pixel and dividing by the standard deviation. The reconstructed N-pixel image x is compared to the ground119
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Figure 4. (a) The RMSE calculated for the reconstructed image for the full range of measurements for varying the average

photon background level and the size of fluctuation in the background during the acquisition of both the uncorrelated and

correlated image. (b) A comparison of the correlated and uncorrelated images to determine under what parameters there is an

advantage to using the heralding.

truth image xgt calculated as RMSE =
√

∑
N
n=1(xn − xgt,n)2/N. Example images from the data set are presented in figure 3, the120

images are shown for a fluctuation magnitude γ = 30%, where the background level is varied. Figure 4 presents the RMSE121

values for all measurements. The values of correlated (RMSEcorr) and uncorrelated (RMSEuncorr) error measurements are122

compared and highlighted in figure 4(b). It is shown that for higher background levels there is higher RMSE in the uncorrelated123

measurement. It was decided that images were too noisy to identify when both RMSE > 1 (an average error greater than 1 for124

each pixel in the normalised image) and neither measurement method is a valid way to acquire the image under this condition.125

It can be seen there are a wide range of values where the correlated measurement has an advantage over the uncorrelated126

measurement. There is significant agreement between our model presented in figure 1(b) and the measurements in figure 4.127

Discussion128

The application of this system would be to enable sensing in a covert manner. For use outside of the laboratory there would129

need to be consideration of the ambient light levels and the fluctuations under these conditions. The key improvement of the130

temporally correlated sensing is for removal of a fluctuating background signal, the straight-forward solution to this would be131

to adjust the measurement time to be longer than the temporal fluctuation time of the background, there by minimising any132

improvement from the correlations. If the methodology were implemented significant improvement in the hardware would be133

required, if we assume a heralding rate h = 1 and assuming relatively small detector noise we would still require a very high134

photon flux from our source. For example, the source would need comparable output to background light, where source levels135

as low as 100 times lower than background could be used. As incident light levels vary with conditions an exact number of136

background photons is difficult to determine, however for an overcast night sky we can assumed irradiance of 107 photons137

per second per square millimetre could be considered. Therefore, for a detection with a 1 mm2 detector a photon flux of 105
138

would be needed at detection, where losses in the projection, scattering and measurement (based on our system of 103 loss)139

would require an initial flux of 108, around 2 orders of magnitude greater than our current system. Another limitation will140

be detector saturation and electronic data transfer, both are limited to the range of 107 to 108, these would be saturated by141

background light with current sources without optical filtering. Suitable optical bandpass filters could be used to reduce the142

ambient light, but the broadband source gives the greatest advantage for covert operations, therefore there is a trade-off between143

removing background light and covertness. To perform this measurement in the back scattered direction we would need to144

consider the Lambertian scattering, with reduction in light reducing as a function of the distance to the object squared, this145

would produce losses of 60-100 dB for measurement in the range of metres to 1 km26. Whilst there may be advantage in the146

correlation method there are significant real-world problems that significantly reduce its effectiveness.147
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Conclusion148

The model and experimental data have both shown the benefit to using a photon-pair heralding system for single pixel imaging149

in the presence of background light. Introducing fluctuating background noise leads to a regime where the correlations in a150

photon pair source can improve the RMSE. Irrespective of using uncorrelated or correlated measurements there is a noise151

level where the RMSE increases to the point where it is no longer able to recover an image of the object. The limitation on152

the correlation measurement is down to the heralding efficiency and the maximum detectable photon rate, limited by either153

the photon source or detector saturation rate. However, in general heralding can give an advantage when heralding rates are154

not high compared to the inverse gate time. There are technological limitations due to the maximum count rate of detectors,155

reducing the heralding rate would increase the heralding efficiency. For remote sensing there is the significant reduction in156

the number of measured photons due to the huge geometrical losses associated with the collection of back-scattered light and157

therefore a source with a greater number of photon-pairs would be required.158
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