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It is generally believed that, in ghost imaging, there has to be a compromise between resolution and visibility. Here
we propose and demonstrate an iterative filtered ghost imaging scheme whereby a super-resolution image of a grayscale
object is achieved, while at the same time the signal-to-noise ratio (SNR) and visibility are greatly improved, without
adding complexity. The dependence of the SNR, visibility, and resolution on the number of iterations is also investigated
and discussed. Moreover, with the use of compressed sensing the sampling number can be reduced to less than 1% of the
Nyquist limit, while maintaining image quality with a resolution that can exceed the Rayleigh diffraction bound by more

than a factor of 10.

Keywords: ghost imaging, bandpass filtering, compressed sensing, iteration

PACS: 87.57.cf, 87.63.Im

1. Introduction

Ghost imaging (GI)!'~® is a recent newly-developed tech-
nique which can recover the spatial information of an ob-
ject via the correlation measurement of two beams, neither
of which can image the object independently. This powerful
technology enables a high-quality image to be obtained even
in a harsh environment such as a scattering medium! and tur-
bulent atmosphere;!'"! it has many promising applications in

[12] optical encryption, 3] and

microscopy,''!! remote sensing,
various other fields. Although thermal GI had some draw-
backs of low visibility, low signal-to-noise ratio (SNR) and
long acquisition time in the original approach, after almost
twenty years of development these problems may now be re-
solved through various methods, such as high-order GI,'#!
differential GI,[!%] computational GI, U617 correspondence

[18

imaging,!'8! and compressed GI.!'”! Meanwhile, its ability to

reconstruct a high resolution image exceeding the Rayleigh
diffraction limit has been verified by many groups.?%-%7]
Resolution, visibility and SNR are the three most impor-
tant parameters that characterize the quality of an image. In
particular, much research has concentrated on how to increase
the SNR. In 2014, an iterative GI scheme 28! was demonstrated
that can greatly enhance both SNR and resolution based on
computational GI. Shortly thereafter Yao et al. presented a
new technique to denoise the traditional ghost image by it-
erative GI algorithms.!*® A few years later, motivated by the

1301 3 novel

first application of deep learning in optical imaging,
deep learning method was introduced to improve the image
quality in GI, with an extremely low sampling rate.>!3%] Re-
cently, another new approach for recovering super-resolution

ghost images of objects in a lensless filtered GI (FGI) system

fCorresponding author. E-mail: xi-haochen@163.com
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d,[26:27:331 where the spatial resolution can

was demonstrate
greatly exceed the Rayleigh diffraction bound by more than
a factor of 10.13] However, the latter papers mainly focused
on the improvement of imaging resolution and left the issues
of SNR and visibility untouched, so these require further con-
sideration. Previously, the general view was that one had to
compromise between resolution and visibility,™* but with our

scheme we can overcome this difficulty.

2. Theory and method

In this letter, we propose an iterative FGI method to real-
ize a ghost image of a grayscale object, performed by iteration
of the filtered intensities of different thresholds and their cor-
relations in the FGI equation for a given sample number (see
Egs. (3) and (4) below). The imaging quality is then evalu-
ated through inspection of the three most important parameters
mentioned above. It is somewhat surprising that high resolu-
tion can be achieved, while the SNR and visibility are greatly
improved. In particular, under certain conditions the visibility
can be almost as high as 100%, which is much better than the
visibility limit of 1/3 in traditional GI.**! The dependence of
the SNR, visibility, and resolution on the number of iterations
is also analyzed.

The experimental scheme is depicted in Fig. 1. Here, for
convenience and without loss of generality, in the following
theoretical introduction we only consider the intensity along
the horizontal direction. To begin with, if both the spatial fil-
ters BF; (i =1,2) and the object are removed, the setup will
become a traditional Hanbury Brown and Twiss (HBT) sys-
tem. When the data are recorded in a discrete form in time by
charge-coupled devices (CCDs), the normalized second-order

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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intensity correlation function for HBT can be written in the
form of a summation instead of an integration as

(1/N) T (e l(x2)
= n=1 = ’ (l)
(/M) £ RGN T ()

g (x1,x0) =

where I, (x;) (i=1,2) are the n-th intensity distributions at
distances x; (i =1,2) on the X; and X, planes, respectively,
and the distances z; and z» from the light source to the CCD
planes X; and X, are equal; N represents the total sampling
number. If only two filters are removed and the object is still
left in front of CCD1, which we take to be the bucket detec-
tor, the corresponding ghost image in a traditional GI system
is given by

(I/N) % Sn[n(XZ)
e : 2)
(1/N)n§15n(1/N)n)£11n(XZ)

¢ (x1,x2) =

where S, = Y., I (x1) T (x1) is the total intensity of the n-th
measurement collected by CCD1 and T (x;) is the transmis-
sion function of the object.

z2 [

! !

H )

I ==
I

i‘Thermal light '
H G Ay BS

CCD2 C.C.

BF1

Fig. 1. Schematic diagram of experimental setup. G: ground-glass plate;
BS: beam splitter; CCD1 and CCD2: spatially resolving cameras; BF1 and
BF2: spatial bandpass filters.

However, if two spatial filters BF1 and BF2 are inserted
behind the spatially resolving detectors CCD1 and CCD2, re-
spectively before connection to the coincidence circuit, the in-
stantaneous intensity distributions that are actually measured

after filtering are modified as IT (x;) (i =1,2), where F de-
notes the lower and upper bounds Fgy, and Fy,, respectively,
of a bandpass filter of bandwidth B, and B is defined as
B = Fgy — Fgr. + 1. Then the normalized second-order inten-

sity correlation function after bandpass filtering becomes 26271

(1/N) 3 1F (01 (x2)
- n=1 - ) (3)
(1N) £ I Ga)(1/M) X I 1)

g (x1,x2) =

Obviously, this method is also suitable for the highpass and
lowpass filters when F just needs to be defined as the thresh-
old. When CCDI1 together with bandpass filter BF1 play
the usual role of a GI bucket detector, and the object is in-
serted in front, then the total transmitted intensity is St =
Y xiIF (x;)T (x1), and the ghost image reconstructed with
IF (x2) from the normalized second-order intensity correlation

function can be expressed as

(1/N) ¥ SEIF (x2)
gr (1) = —=l . @)
(1/N) ¥ SE(1/N) £ 1f ()

n=

We can see that these equations have the same form as the tra-
ditional GI equations when the filtered intensities are replaced
by thermal intensities.

The principle of iterative FGI is simple in that its formula
has the same form as that in GI and FGI. Suppose that M is
the number of different lower bounds Fy (k=1,2,...,M) of
B, so the effective sampling number actually becomes N x M
if all the filtered intensities are used to reconstruct the image of
an object in the framework of GI. It seems that all the filtered
intensities in the two beams and their correlations are added
according to the different Fy (k=1,2,...,M), so we call the
method iterative FGI. Accordingly, the normalized intensity
correlation functions of the iterative filtered HBT and GI can

be respectively written as

[1/(N x M)] 3. ﬁllfwxl)l,fk(xz)

k=1n=

gl(vz) (x1,X2) =

M N F M N F ’ (5)
[/ BT B[/ V<] E X 1 )
M N
[1/(NxM)| ¥ ¥ SiI* (x2)
k=1n=1 ’ (6)

M N F M N F
[1/(NxM)] ¥ ;Snk[l/(N><M)]k)::1 L ' (x2)

where SHt = Zlf" (x1)T (x1) (k=1,2,...,M) and M is also the number of iterations. It is because the number of samples seems
X1

to have been increased by a factor of M though the actual sampling number is still N, which causes the improvement of the SNR

by iterative FGI. Note that for simplicity the step size of the bandwidth bound is chosen to be a fixed value in our case.
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To characterize the image quality quantitatively, the visi-
bility and SNR?>! can be defined, respectively, as
2 2
V= (g;))Max - (g; ))Min )

2 2
(gj(l«"))Max + (g<F))Min

H.K P =
Zidz:] [To(l,]) =Ty

27
£ 82 0.0) = To )]

]2
SNR =

®)

where Ty (i, j) is the transmission matrix of the object mask
of size H x K, gl(,z) (i,j) is the retrieved image, and T¢ =
(HK)™! Zfljfl Ty (i, j) is the average gray-scale value of all the
pixels of Tp.

3. Experiments and results

Figure 1 shows the experimental setup, which is a generic
FGI system using thermal light. Pseudothermal light is gen-
erated by illuminating a rotating ground-glass plate G with
a laser beam of wavelength A = 532 nm and beam diameter
D =3 mm. The pseudothermal beam is divided by a 50:50
nonpolarizing beam splitter (BS) into two spatially correlated
beams; one beam is transmitted into the reference arm and the
other is reflected into the test arm, to be detected by cameras
CCD2 and CCD1 (Imaging Source DMK 42BUQ2), respec-
tively. The data from each detector is fed into an electronic
filter and then saved to a computer. However, for simplic-

ity the data from each detector are actually saved to a com-
puter first, and then the procedure of filtering the intensity dis-
tributions is performed by means of data processing through
matrix manipulation.?0->7-33] The actual operations are as fol-
lows: first, we choose two different numbers Fgr, and Fgy as
the lower bound and upper bound, respectively. Their differ-
ence plus 1, i.e., Fgy — FpL + 1, is the bandwidth B. Second,
each instantaneous intensity value of thermal light is compared
with a given lower and upper bound; if this value is lower than
the lower bound or larger than the upper bound, it will be set
to O; if it is smaller than or equals the upper bound and larger
than or equals the lower bound, it will not be changed. Fi-
nally, the filtered data are used to calculate the second-order
correlation functions, as in traditional GI.

To test our method, a digital grayscale object!*®! was
used to simulate traditional GI, lowpass, highpass and band-
pass FGI in an autocorrelation scheme according to Eq. (4).%6]
The object was a simulated grayscale butterfly transmission
mask of size 101 x 101 pixels, as shown in Fig. 2(a). The re-
constructed images after averaging over N = 5 x 10* exposure
frames for GI, lowpass, highpass and bandpass FGI are shown
in Figs. 2(b)-2(e), where the SNR values are 2.67, 1.95, 2.58,
and 1.82, respectively. The thresholds of the lowpass, highpass
and bandpass filters were set to i, =5, Fyy = 100, and Fpp, =
20 at a bandwidth B of 1, respectively. Although it seems

Fig. 2. (a) Digital greyscale object; reconstructed image(s) with SNR(s) of (b) 2.67 by traditional GI; (c) 1.95 by lowpass FGI (F1, = 5); (d)
2.58 by highpass FGI (Fy = 100); (e) 1.82 by bandpass FGI (Fr. = 20 at a bandwidth B of 1); (f) 1.82 by iterative bandpass FGI with 15
iterations with no change of thresholds; (g), (h), and (i) 2.07, 4.02, and 8.14 by iterative bandpass FGI using 5, 11, and 21 iterations with

different thresholds, respectively.
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Fig. 3. (a) Relationship between SNR and lower bounds of bandpass band-
width. (b) Relationship between SNR and number of iterations.

that the SNRs decrease a little bit after filtering, the recovered
images are still much clearer compared with GI, especially af-
ter bandpass filtering, mainly because FGI has much better
resolution. Furthermore, FGI also gives much better visibil-
ity than GI; in Figs. 2(b)-2(e) the visibilities are 2.8%, 10.6%,
20.4%, and 5.4%, respectively. The retrieved images shown in
Figs. 2(f)-2(i) were obtained from Eq. (6), and have an SNR
of 1.82, 2.07, 4.02, and 8.14 after 15, 5, 11 and 21 iterations,
with a visibility of 5.4%, 5.5%, 5.3%, and 8.0%, respectively.
It is evident that the image quality gradually becomes better
and better as the number of iterations increases; in particular
Fig. 2(i) is almost as good as the original object. Figure 2(f)
was recovered according to Eq. (6) after 15 iterations using a
fixed lower and upper bound of 20 and 22, respectively, at a
bandwidth of 1. It appears to be exactly the same as Fig. 2(e),
which can also be inferred from Eq. (6). Therefore, none of the
quality parameters (SNR, visibility and resolution) can be im-
proved by iterations for an unchanged lower bound at a fixed
bandwidth. This is also true for traditional GI. However, both
the SNR and visibility of the images in Figs. 2(g)-2(i), re-
constructed by iterative FGI with different lower bounds at a
fixed bandwidth of 1 are greatly enhanced. This fully proves
the effectiveness of our iterative method in improving image
quality. It should be noted that the lower bound is changed in
step lengths of 5, though of course any other step length can
also be used. To further verify how iterative FGI can enhance
image quality, the dependence of the SNR on the lower band-
pass bound and the number of iterations were measured. As

illustrated in Fig. 3, the black solid line and diamonds repre-
sent the SNR of GI; the red dots, blue stars and green triangles
represent the SNR of FGI with bandwidths B of 5, 10, and 15,
respectively. It can be seen from Fig. 3(a) that, as the lower
bound increases, the SNR of the FGI images fluctuates and
decreases somewhat compared to GI in most cases. It seems
that the SNR increases with the increase of bandwidth but not
so significantly. However, iterative FGI can greatly improve
the SNR as shown in Fig. 3(b), in which as the number of iter-
ations increases the SNR stays below that of GI and does not
increase obviously at the beginning, but later increases rapidly
to a maximum and then gradually deceases. Here, the increase
is largely due to the increase of the effective sampling number.
However, a thermal field has a negative exponential statistical
probability for its intensity, so as the lower bound is raised and
the bandwidth decreased the amount of signal data collected is
reduced, resulting in a lower SNR.

1.00

(:fl) ' .0;00005000050"""
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2 0.00) ¥ xb=3
R B=5
>
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Fig. 4. Relationships between (a) visibility, (b) resolution and iterations.

The dependence of visibility and resolution on the num-
ber of iterations is shown in Figs. 4(a) and 4(b), where the
red dots, blue stars and green triangles represent the visibil-
ity and resolution of the FGI for bandwidths of 1, 3, and 5,
respectively. It can be seen from Fig. 4(a) that the visibil-
ity initially increases rapidly then levels off gradually as the
number of iterations increases. It is significant that the visibil-
ity can greatly surpass the theoretical limit of 1/3 for thermal
GI, and can almost reach 100% when the bandwidth B = 1.
The calculated/measured relationship between the resolution
and number of iterations is shown in Fig. 4(b), which is ob-
tained by calculating the full width at half maximum of the
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2nd-order autocorrelation functions of the intensity distribu-
tion from Eq. (5). The resolution initially decreases sharply
and then levels off to a stable value with increase of the num-
ber of iterations. On the other hand, it can be improved by
decreasing the bandwidth. It is worthy to note that the best
resolution can be as fine as one pixel of a CCD device.? The
light field after filtering does not obey the Bose—FEinstein statis-
tics of thermal light anymore, so the visibility limit of thermal
light GI is no longer valid and may be exceeded. However,
the reason for the improvement of visibility in FGI and iter-
ative FGI is as yet not very clear, and awaits a more precise
analytical investigation.

Though iterative FGI has advantages in many aspects as
discussed above, it still has the traditional GI drawback of long
integration times. It is known that compressed sensing (CS)
can greatly reduce the number of exposures required in GI, so
an interesting question is whether it is also effective for itera-
tive FGI. We therefore performed a simulation experiment to
image the butterfly under the same conditions as above but us-

ing a CS algorithm. The results are shown in Fig. 5, where the
first row shows images retrieved with a sampling number of
1000, which is about 10% of the Nyquist limit. It is evident
that the details of the butterfly cannot be distinguished by CS
applied to traditional GI (Fig. 5(a)), while they become quite
clear in FGI with CS (Fig. 5(b)), and in iterative FGI with
5 iterations plus CS (Fig. 5(c)). The images in Figs. 5(d)—
5(f) are reconstructed with CS by 30, 50, and 100 iterations
for a sampling number of only 100, which is less than 1% of
the Nyquist limit. We can see that the quality becomes bet-
ter and better with the increasing number of iterations, which
again verifies the effectiveness of iterative FGI. As mentioned
above, this is because the effective sampling number is in-
creased through iteration, though the actual sampling number
is still small. Since the detection matrix that is built in the
CS programming of GI can be as large as or even much larger
than in the case of the Nyquist limit, we can make a trade-off
between the number of exposures and iterations, choosing the

optimum values for a particular need.

Fig. 5. First row: images retrieved by (a) CS, (b) FGI with CS, and (c) iterative FGI with CS with 5 iterations for a sampling number of 1000.
Second row: images retrieved by (d) 30 iterations, (e) 50 iterations, and (f) 100 iterations for a sampling number of 100.

4. Conclusions

In conclusion, we have demonstrated an iterative band-
pass filtered GI method that can retrieve a super-resolution
image of a grayscale object, without detriment to the SNR
and visibility. The scheme can be easily implemented with-
out adding any complex equipment, and although more com-
putational time is required this should not be a major prob-
lem since computer processing speeds are always rapidly in-
creasing. Furthermore, by combining iterative FGI with CS,
the sampling number can be reduced to less than 1% of the
Nyquist limit so the computational time is also greatly re-
duced; together this could overcome all of the main bottle-
necks in real applications of GI. We expect that iterative FGI
will be applicable not only to lensless GI of any wavelength
but also to all fields of optical imaging where high quality is

necessary.
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