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The source’s energy fluctuation has a great effect on the quality of single-pixel imaging (SPI). When the method of com-
plementary detection is introduced into an SPI camera system and the echo signal is corrected with the summation of the
light intensities recorded by two complementary detectors, we demonstrate, by both experiments and simulations, that
complementary single-pixel imaging (CSPI) is robust to the source’s energy fluctuation. The superiority of the CSPI struc-
ture is also discussed in comparison with previous SPI via signal monitoring.

Keywords: computational imaging; image reconstruction; complementary detection; correlation function.
DOI: 10.3788/COL202422.031101

1. Introduction

In comparison with point-to-point scanning imaging with a sin-
gle-pixel detector, single-pixel imaging (SPI) can staringly
obtain the image of an unknown object by computing the cor-
relation function between the intensity of the modulation field
and the target’s transmitted/reflected intensity recorded by a
detector without spatial resolution[1–8]. At present, there are
two typical schematics for SPI[7,8]. One is computational ghost
imaging (CGI), where the target is illuminated by a series of
speckle patterns, and the photons reflected from the target are
collected onto a single-pixel detector[9–11]. The other is single-
pixel camera (SPC), where the target is usually imaged onto a
spatial modulation device and the modulated signals are
received by a single-pixel detector[5,6]. Recently, some works
have demonstrated that SPC has some obvious advantages in
comparison with CGI and have attracted much more atten-
tion[7,8,12–14]. For example, the structure of SPC usually satisfies
the process of bucket detection in long-range imaging, and the
reconstruction algorithm via compressive sensing is always
valid[8,12]. For another example, the detection range of CGI
Lidar is limited by the damage threshold of the modulation
device, whereas there is no need for the SPC to be considered
because the reflection signal is usually weak[13]. In addition,
the SPC is superior to CGI in the same light disturbance envi-
ronment, and the structure’s size of the SPC is usually smaller
than that of CGI[14].
Different from conventional imaging, both the property of the

coded speckle patterns and the detection signal-to-noise ratio
have a great influence on the quality of SPI[15–20]. In order to

guarantee a good imaging quality in the case of a relatively low
sampling rate (namely, themeasurement number used for image
reconstruction is smaller than the pixel number of the image),
some common orthogonal encodings, like the Hadamardmatrix
and orthogonal Gaussian matrix, are usually adopted for the
modulation of the light field[15–19]. However, orthogonal-code
patterns are much more sensitive to noise compared with other
random code patterns and the source’s energy is required to be
stable enough during the whole sampling process[20,21]. If the
source’s energy is unstable, then the energy fluctuation is equiv-
alent to a random multiplicative noise, which will lead to rapid
degradation of SPI quality[21]. In order to overcome the issue
above, a monitor is usually introduced to measure the source’s
energy fluctuation and corresponding correction approaches
have been raised[14,21]. In contrast with the method in
Ref. [21], the scheme of Fig. 1(b) described in Ref. [14] is much
better because the energy fluctuation of both the source and the
light disturbance is measured. However, the signal recorded by
the monitor should be strong enough so that the energy fluc-
tuation can be precisely measured, which is difficult in the appli-
cations of remote sensing andweak light imaging. Therefore, it is
natural to ask whether there are other superior SPI schemes
against the energy fluctuation. In this paper, based on the prin-
ciple of complementary detection[22–24], we have investigated
the effect of the source’s energy fluctuation on the quality of
complementary single-pixel imaging (CSPI), and the corre-
sponding signal correction method has been proposed to further
enhance the quality of CSPI. What is more, the validity of
CSPI against the source’s energy fluctuation is verified by
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experiments, and its advantages are also discussed in compari-
son with previous SPI via signal monitoring.

2. Model and Image Reconstruction

The digital micro-mirror device (DMD), as a high-speed light
modulator, is widely used for the SPI system[6–8]. By controlling
the micro-mirrors of the DMD, we can obtain a series of
random binary code patterns with different statistical distribu-
tions[16–20]. However, the energy utilization rate of these ampli-
tude modulation methods is 50%. Based on the modulation
property of the DMD, the approach of complementary detection
is adopted to enhance the quality of SPI[22–24]. Figure 1(a)
presents the standard schematic of CSPI. The light emitted from
a laser uniformly illuminates the target and the target is imaged
onto a DMD by an optical imaging system with the focal length
f 1. By controlling the mirrors of the DMD, the target’s image is
modulated and then the photons reflected by the DMD are col-
lected onto two single-pixel detectors, Dup and Ddown, by using
another two conventional imaging systems with the focal length
f 3, respectively. According to the property of the DMD, the pat-
terns at the plane of the detectors Dup and Ddown are comple-
mentary. In this paper, we consider that the intensity of the
laser on the target plane is spatially uniform, but its intensity
is different for each measurement. The intensity Yi

up recorded
by the detector Dup can be represented as[25]

Yi
up = Ii

Z
Ai�x�T�x�dx� Iin−up, ∀i = 1, : : : , K , (1)

where Ii and Ai�x� denote the intensity of the laser on the target
plane and the distribution of the pattern modulated by the DMD
for the ith measurement, respectively. In addition, T�x� is the
intensity reflection function of the target, and K is the total mea-
surement number. Iin−up is the detection noise of the detector
Dup for the ith measurement.
Because the detection process of Fig. 1(a) is complementary,

the intensity Yi
down recorded by the detector Ddown can be

described as

Yi
down = Ii

Z
�1 − Ai�x��T�x�dx� Iin−down, ∀i = 1, : : : , K ,

(2)

where Iin−down is the detection noise of the detector Ddown for the
ith measurement.
According to the principle of SPI, the target’s image OSPI can

be reconstructed by computing the correlation function between
the pattern’s intensity distributions Ai

s�x� modulated by the
DMD and the detector recorded intensities Yi

s
[8,14],

Os
SPI�x� =

1
K

XK
i=1

�Ai
s�x� − hAs�x�i�Yi

s, s = up, down, (3)

where hAs�x�i = 1
K

P
K
s=1 A

i
s�x� represents the ensemble average

of Ai
s�x�, Ai

up�x� = Ai�x�, and Ai
down�x� = 1 − Ai�x�. Previous

works have demonstrated that the quality of both Oup
SPI�x� and

Odown
SPI �x� will be rapidly degraded when the intensity fluctuation

[namely, δ = std�Ii�
hIii , where std�Ii� denotes the standard deviation

of the vector Ii] of the light field illuminating on the target is
increased, especially when δ > 0.05[14,21]. Based on the idea of
complementary detection[22], the image of CSPI [namely,
OCSPI�x�] is the summation of the reconstruction results of
Oup
SPI�x� and Odown

SPI �x�. By some deviations, OCSPI�x� can be
achieved by computing the correlation function between the
pattern’s intensity distributions Ai�x� and Yi

CSPI, namely,

OCSPI�x� = Oup
SPI�x� � Odown

SPI �x� = 1
K

XK
i=1

�Ai�x� − hA�x�i�Yi
CSPI,

(4)

where Yi
CSPI = Yi

up − Yi
down, and

Yi
CSPI = 2Ii

Z �
Ai�x� − 1

2

�
T�x�dx� Iin−up − Iin−down,

∀i = 1, : : : , K: (5)

In comparison with Eq. (1), the random disturbance Yi
d =

Ii∫ T�x�dx cased by the source’s energy fluctuation is removed
for the signal Yi

CSPI, and thus the quality of the CSPI will be bet-
ter than Oup

SPI�x�.

Fig. 1. (a) Proof-of-principle schematic of complementary single-
pixel imaging against the source’s energy fluctuation and (b) a
previous method used for discussion.
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In addition, thanks to the specific structure of CSPI, the
energy fluctuation of the laser can be measured by the detectors
Dup and Ddown, namely, Ii ∝ �Yi

up � Yi
down� = Iic. Similar to the

signal correction approach described in Ref. [21], the correction
result CSPIcorrection can be expressed as

OCSPIcorrection�x� =
1
K

XK
i=1

�Ai�x� − hA�x�i�Y
i
CSPI

Iic
: (6)

From Eqs. (4)–(6), it is clearly seen that the quality of CSPI will
be further enhanced because the source’s energy fluctuation is
corrected.
In order to verify the superiority of the CSPI structure,

Fig. 1(b) presents a common scheme of SPI to acquire the
source’s energy fluctuation for comparison, which corresponds
to the SPI with signal monitoring described in Ref. [14]. We
emphasize that the energy of the reflection light is divided into
50:50 by the beam splitter (BS) in Fig. 1(b). Therefore, compared
with the schematic of Fig. 1(a), the light intensity detected by the
detector Dt in Fig. 1(b) is half of that detected by the detector Dup

when the other parameters are the same. What is more, the light
intensity recorded by the monitor Dm is also smaller than
Yi
up � Yi

down. Similar to the idea described by Eq. (6), the cor-
rection result SPIcorrection can be represented as

OSPIcorrection�x� =
1
K

XK
i=1

�Ai�x� − hA�x�i� Y
i

Iim
, (7)

where Yi = 1
2 I

i∫Ai�x�T�x�dx� Iin−up, ∀i = 1, : : : , K , and Iim =
1
2 I

i∫ T�x�dx� Iin−up, ∀i = 1, : : : , K is the energy fluctuation of
the pulsed laser measured by the monitor in Fig. 1(b).
However, in comparison with the CSPIcorrection, the detection
signal-to-noise ratio (DSNR) of both the signal Yi and the mon-
itor signal Iim for the method SPIcorrection is reduced because of
the injection of the BS, which means that the reconstruction
quality of the SPIcorrection will be worse than that of the
CSPIcorrection.
In order to evaluate quantitatively the quality of images

reconstructed by the methods described above, the
reconstruction fidelity is estimated by calculating the peak sig-
nal-to-noise ratio (PSNR),

PSNR = 10 × log10

��2p − 1�2
MSE

�
, (8)

where the larger the value PSNR, the better the quality of the
recovered image. For a 0–255 gray-scale image, p = 8 and
MSE represents the mean square error of the reconstruction
images Orec with respect to the original object O, namely,

MSE =
1

Npix

XNpix

i=1

�Orec�xi� − O�xi��2, (9)

where Npix is the total pixel number of the image.

3. Simulated and Experimental Results

To verify the idea, the parameters of the experimental demon-
stration based on the schematic of Fig. 1 are set as follows: the
wavelength of the laser is 532 nm, the transverse size of the pat-
terns at the DMDplane is set as 54.6 μm, and themodulated area
of the DMD is 64 × 64 pixels (one pixel is equal to the pattern’s
transverse size). The speckle patterns modulated by the DMD
are Hadamard patterns (where the position of the value “−1”
is set as 0) and the measurement number is K = 4096. In addi-
tion, z11 = z21 = 250mm, z12 = z22 = 1000mm, and f 1 = f 2=
200mm. The imaging target, as illustrated in Fig. 3, is a “star”
diagram (64 × 64 pixels, one pixel corresponds to 218.4 μm ×
218.4 μm). The ideal detection signal of imaging the object
“star,” namely, Yi

t = ∫Ai�x�T�x�dx, is shown in Fig. 2(a). The
DSNR is usually denoted as the ratio between the ideal detection
signal’s ensemble average and the noise’s standard deviation

[namely, ε = 10 log10� hYi
ti

std�Iin−up��]. In the case of ε = 26.5 dB and

δ = 0.24, Figs. 2(b)–2(d) have given the detection signals of
SPIup, CSPI, CSPIcorrection, and SPIcorrection based on the sche-
matic of Figs. 1(a) and 1(b), respectively. By computing the cor-
relation coefficient β between the signal Yt and the signals

Fig. 2. Different experimental detection signals in the condition of
ε= 26.5 dB and δ= 0.24. (a) The target’s ideal detection signal without
noise Yt, (b) the signal Yup detected by the detector Dup, (c) the signal
YCSPI obtained by CSPImethod, (d) the signal YCSPIcorrection =

Y iCSPI
Iic

achieved

by CSPIcorrection method, and (e) the signal YSPIcorrection =
Yi

Iim
achieved by

SPIcorrection method.
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Yup=YCSPI=YCSPIcorrection=YSPIcorrection
[26], the value β of SPIup is only

0.06, whereas it approaches 1 for the CSPIcorrection, which means
that the reconstruction image Oup

SPI�x� will be very bad, but the
target’s image can be perfectly recovered by CSPIcorrection method.
When the DSNR ε = 26.5 dB is fixed, Fig. 3 has displayed

the experimental reconstruction results of SPIup=CSPI=
CSPIcorrection=SPIcorrection in the condition of δ = 0.03, 0.07,
0.11, 0.16, and 0.24, respectively. As shown in Figs. 3(a)–3(e),
the quality of SPIup is sharply decreased with the increase of
the source’s energy fluctuation δ (especially when δ < 0.07).
When the method of complementary detection is adopted,
the reconstruction quality is dramatically improved by CSPI.
In addition, it is clearly seen that the method of CSPIcorrection,
as predicted by Eq. (6), can further enhance the quality of the
CSPI, especially when the value δ is greater than 0.1, because
the source’s energy fluctuation is corrected. What is more, sim-
ilar to the results described in Ref. [14], the quality of SPI can be
also enhanced when a monitor is introduced to measure the
source’s energy fluctuation and corresponding correction
approaches is exploited. However, the reconstruction results

obtained by CSPIcorrection are always much better than that
of SPIcorrection.
In order to further demonstrate that the CSPI structure is

superior to the scheme shown in Fig. 1(b), Fig. 4 shows the
performance comparison of CSPIcorrecion and SPIcorrecion at dif-
ferent ε and δ = 0.2 by experiments based on the same param-
eters described in Fig. 2. Here, only the photon shot noise is
considered, and the DSNR can be expressed as ε =

10 log10
������������
hYi

upi
q

. Therefore, the DSNR of both the signal Yi

and the monitor signal Iim for the method SPIcorrection is
1.5 dB lower than that of CSPIcorrection because of the injection
of the BS in Fig. 1(b). It is clearly seen that CSPIcorrecion is always
better than SPIcorrecion, which originates from higher DSNR ε
and higher precision tomeasure the signal’s intensity fluctuation
Ii for the CSPI scheme. As described above in Eq. (7), if the
source’s intensity for the scheme of Fig. 1(b) is twice that of
Fig. 1(a), then the signal Yi of SPIcorrecion is the same as the signal
Yi
up (namely, corresponding to the same DSNR ε for the two SPI

schemes), and the corresponding reconstruction result of
SPIcorrecion is shown in Fig. 5(b). It is observed that the quality
of SPIcorrecion is improved [see Figs. 5(a) and 5(b)], but it is still
worse than CSPIcorrecion with ε = 20 dB, which means that the
signal Iic is much closer to the signal Ii compared with the mon-
itor signal Iim. In addition, as displayed in Figs. 5(c)–5(e), the
quality of SPIup can be dramatically enhanced and even is the
same as CSPIcorrecion when the signal Iic is used to correct the sig-
nal Yi

up, which can be explained by Eqs. (1), (5), and (6), and
further verifies the analysis above.

Fig. 3. Experimental demonstration of the influence of the source’s
energy fluctuation δ on different reconstruction SPI methods when
the DSNR ε is 26.5 dB. (a) δ = 0.03, (b) δ = 0.07, (c) δ = 0.11,
(d) δ = 0.16, and (e) δ = 0.24. (f) The curve of PSNR-δ, where SPIup
is the reconstruction result based on Ai(x) and Yiup, which corre-
sponds to the conventional SPI.

Fig. 4. Effect of DSNR ε on the results of CSPIcorrecion and SPIcorrecion
when δ = 0.2 is fixed. (a) ε = 10 dB, (b) ε = 15 dB, (c) ε = 20 dB,
(d) ε = 25 dB, and (e) ε = 30 dB. (f) The curve of PSNR-ε.
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In order to validate the applicability of CSPI for complex
scenes, Fig. 6 gives a simulation demonstration of testing a
famous picture “Lena”. Using the same simulation parameters
as Fig. 4, except for the DSNR δ = 28 dB, the results of different
reconstruction methods are shown in Figs. 6(a)–6(e), and their
corresponding curves of PSNR-ε are displayed in Fig. 6(f), which
are similar to the experimental results described in Fig. 3.
Therefore, we demonstrate that the method of CSPIcorrecion is
robust to the source’s energy fluctuation and superior to pre-
vious SPI with signal monitoring described in Fig. 1(b). In addi-
tion, similar to the results described in Ref. [14], CSPIcorrecion can
be also used to dramatically enhance the quality of SPC in a light

disturbance environment or in the case where there is intensity
fluctuation between the target plane and the modulation device
plane or the target itself.

4. Conclusion

In summary, we have proposed an approach that can remove the
influence of the source’s energy fluctuation on SPI based on
complementary detection and the correction of a testing signal.
We also show that the scheme of CSPI is superior to SPI with
signal monitoring. This work is very helpful to SPI Lidar in
remote sensing, where the energy fluctuation of the pulsed laser
is usually large, and in SPI in the environment where the phe-
nomenon of atmospheric scintillation is conspicuous.
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