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Ghost imaging based on the control of light source bandwidth
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A scheme to improve the quality in ghost imaging (GI) by controlling the bandwidth of light source (BCGI) is
proposed. The theoretical and numerical results show that the reconstruction result with high quality can be obtained
by adjusting the bandwidth range of the light source appropriately, and the selection criterion of the bandwidth is analyzed
by the power distribution of the imaging target. A proof-of-principle experiment is implemented to verify the theoretical
and numerical results. In addition, the BCGI also presents better anti-noise performance when compared with some popular
GI methods.
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1. Introduction
Ghost imaging (GI) is a nonlocal imaging technology to

reconstruct the information of an unknown object by calcu-
lating the intensity correlation of two spatially independent
beams. The test beam is interacted with the object and is re-
ceived by the single-pixel detector or a bucket detector. The
reference beam is directly measured by a pixel array detector.
GI was put into practice in laboratory for the first time by us-
ing entangled photon pairs generated by spontaneous paramet-
ric down-conversion in 1995.[1,2] Discussions about the prop-
erties of the light source had aroused wide attention, which
finally reached an accepted conclusion that classical sources
can also be used to realize GI.[3–8] Next, many meaningful
studies have been carried out to deepen the understanding of
GI or improve the imaging quality, such as the light source
properties,[9–15] transmission path,[16–20] algorithms of corre-
lation calculation,[21–26] etc.

Transform domain analysis is an important method in the
field of signal analysis, and it has been proved that the corre-
sponding methods can be used to improve the performance of
GI.[27–34] Jack et al. demonstrated the contrast enhancement
of images by the use of phase filters in frequency domain.[27]

Later, the method based on wavelet trees is presented to re-
duce the reconstruction time and measurements required for
any image size.[28] More recently, Sprigg et al. reported an
experimental demonstration of a nonclassical imaging mech-
anism beyond the Rayleigh limit by using spatial-frequency
filters.[30] In the same year, a GI scheme with fast Walsh–
Hadamard transform is proposed to greatly reduce the recon-
struction time.[31] In the above works, transform domain anal-
ysis focused on the detection end, which are post-processing
methods. In this paper, we firstly propose a scheme to obtain

a high quality GI by using the transform domain method on
the light source, i.e., the pretreatment method. The numeri-
cal and experimental results show that controlling the rang of
bandwidth of light source can improve SNR of ghost-image
greatly, and show good anti-noise performance especially for
the noise from the light source.

2. The model and theory
Ghost imaging system by controlling the bandwidth of

light source (BCGI) is shown in Fig. 1. The laser illuminates
the spatial light modulator (SLM) controlled by the computer
to produce the filtered patterns. The origin of filtered patterns
is shown on the left in Fig. 1. A speckle pattern is converted to
spatial frequency domain through the Fourier transformation
(FT) for low-pass filtering, and then the filtered pattern is ob-
tained by the inverse Fourier transformation (IFT). Then, the
modulated light illuminates the object and the light transmitted
by the object is received by the bucket detector (BD).
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Fig. 1. Scheme of BCGI.

In the framework of conventional GI, the corresponding
measurement value Bk from BD for a speckle pattern Ik(x,y)
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can be expressed as[23]

Bk =
∫∫

dxdyIk(x,y)T (x,y), (k = 1,2, . . . ,N) , (1)

where T (x,y) is the transmission function of the object and
k represents the number of measurements. The object image
O can be retrieved by calculating the intensity correlation be-
tween the speckle patterns I and the bucket detector data B,
i.e.,

O = ⟨IB⟩−⟨I⟩⟨B⟩, (2)

where ⟨·⟩ means the ensemble average.
Compared to the transmission function T , the reconstruc-

tion O is often accompanied by a large amount of background
noise, which comes from the GI system itself. In general, the
noise is evenly distributed across all parts of the frequency do-
main and it provides the basis for image denoising. In digital
image processing, frequency domain filtering based on FT is
a simple and effective denoising method. As we all know, the
power of an image chiefly concentrates in the lower frequency
part, and the power in the medium-high frequency could only
supplement the details to the image. Therefore, the noise can
be reduced with losing some image’s details by low-pass fil-
tering of the data from the detection end. Then, we can put
this operation on the front end, i.e., the light source to reduce
the hardware requirements. To analyze the possibility, the fol-
lowing operations are implemented.

First of all, the speckle pattern is filtered, which can be
expressed as

Ĩk(x,y) =
∫∫

dx′dy′Ik(x′,y′)h(x− x′,y− y′), (3)

where Ĩk(x,y) represents the filtered patterns, h(x,y) is the con-
volution kernel used to control the bandwidth of the initial pat-
terns, and it can be obtained from

h(x,y) =
{

1, (x2 + y2)≤ r2,

0, (x2 + y2)> r2,
(4)

where r represents the filter bandwidth.
Then, the bucket detector data Bk is rewritten as

B̃k =
∫∫

dxdy
[∫∫

dx′dy′Ik(x′,y′)h(x− x′,y− y′)
]

T (x,y). (5)

When h(x,y) satisfies the equation h(x,y) = h(−x,−y),
the order of the two integrals in Eq. (5) can be exchanged,[35]

and Eq. (5) can be rewritten as

B̃k =
∫∫

dx′dy′
[∫∫

dxdyT (x,y)h(x− x′,y− y′)
]

Ik(x′,y′). (6)

For a low-pass filter, h(x,y) = h(−x,−y) is obviously sat-
isfied. The reconstruction image O can be directly obtained by
low-pass filtering the light source, by which we can acquire
some unanticipated benefits. On the one hand, it can be found

that when a convolution kernel satisfies some conditions, us-
ing the convolution kernel to perform a convolution operation
on speckle images is equivalent to performing a correspond-
ing convolution operation on the object’s image. On the other
hand, our scheme may has unexpected anti-noise performance
when compared with directly processing the reconstruction
image.

In practical applications, the convolution operation is of-
ten time-consuming for Eq. (3). So the filtered patterns can
also be calculated by Ĩ = ℱ−1[ℱ(I)ℱ(h)].

3. Results and analysis
In this section, we numerically and experimentally inves-

tigate the effect of controlling spatial frequency bandwidth of
light source on the imaging quality. The signal-to-noise ratio
(SNR, in units of dB) is quoted to quantitatively evaluate the
quality of reconstruction images[24]

SNR =
∑

m
i=1 ∑

n
j=1
[
T (i, j)−T

]2
∑

m
i=1 ∑

n
j=1 [O(i, j)−T (i, j)]2

, (7)

where T = ⟨T (i, j)⟩, T (i, j) and O(i, j) are the transmission
matrices of the object mask of size m× n and the reconstruc-
tion image, respectively.

To better show the performance of BCGI, two objects
with 128×128 resolution are used in simulations. The one is a
triple slit in Fig. 2(a1) and the another one is a binary graphic
called blobs consisting of rich points and lines in Fig. 2(c1).
Figures 2(a2)–2(a7) represent the reconstruction images in
conventional GI, DGI, CSGI, and BCGI with different band-
width being 0.4, 0.2 and 0.1, respectively. Figure 2(b) rep-
resents the corresponding spectrum distributions in Fig. 2(a).
By comparing Figs. 2(b1) with 2(b2) and 2(b3), it is found that
the frequency domain information of the object is almost sub-
merged in the system noise when traditional GI and DGI are
used. While the high frequency noise is effectively removed
as CSGI is used, as showed in Fig. 2(b4). After BCGI scheme
is used in Figs. 2(b5)–2(b7), the low frequency information of
the object is more obvious as the bandwidth decreases. So,
imaging quality in CSGI and BCGI is better than conventional
GI and DGI. Here, it is noted that there are some overlaps in
Fig. 2(a4) although CSGI can obtain a higher SNR for the sim-
ple object when compared with BCGI in most cases. Then, for
the complex object in Fig. 2(c1), BCGI has better performance
than CSGI. As a supplement, a proof-of-principle experiment
is implemented to prove the numerical results. A double slit
in Fig. 2(e1) is chosen as imaging object, and the correspond-
ing results are shown in Figs. 2(e) and 2(f). Here, the double
slit has a slit width 0.8 mm and center-to-center separation
1.4 mm. Obviously, BCGI has better performance than DGI
and CSGI, which agrees well with the numerical results. In
other words, imaging quality can be improved significantly by
choosing appropriate source bandwidth.
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GI DGI CSGI BCGI0.4 BCGI0.2 BCGI0.1

SNR=1.0968 1.1268 1.4096 1.7648 1.6677 1.5918

Object

(a1) (a2) (a3) (a4) (a5) (a6) (a7)

(b1) (b2) (b3) (b4) (b5) (b6) (b7)

(c1) (c2) (c3) (c4) (c5) (c6) (c7)

(d1) (d2) (d3) (d4) (d5) (d6) (d7)

SNR=0.3321 0.3738 1.6801 0.5793 1.3333 1.8299

(f1) (f2) (f3) (f4) (f5) (f6) (f7)

(e1) (e2) (e3) (e4) (e5) (e6) (e7)

SNR=0.3768 0.4027 0.6139 0.6731 0.8025 0.7467

Fig. 2. Simulative and experimental results. (a1) and (c1) The imaging objects of triple slit and blobs for simulations. (a2)–(a7) and (c2)–(c7)
Reconstruction images of conventional GI, DGI, CSGI and BCGI at different bandwidths. (b) and (d) The corresponding spectrum distributions
of (a) and (c), respectively. (e) and (f) The corresponding experimental results of a double slit (e1). The number of measurements is 5000.

In simulations, note that the SNR increases in Figs. 2(a5)–
2(a7) but decreases in Figs. 2(c5)–2(c7). The reason for the
difference is that the blobs has more complicated detail infor-
mation than the triple slit, and the detailed information has lost
a lot when the bandwidth being 0.2 or 0.1 so that the quality
of retrieved images in Figs. 2(c6) and 2(c7) becomes worse
than the one in Fig. 2(c5). To further explain the phenom-
ena shown in Fig. 2, we investigate the power distributions in
spatial frequency domain of the three objects when different
cut-off frequencies are used. Figure 3 depicts the relationship
between the proportion of object power (the ratio of the object
power within the specified frequency to the total power) and
the normalized cut-off frequency. The square, delta and cir-
cle symbols represent the results for the triple slit, blobs and
double slit, respectively. It is obvious that the power propor-
tion is proportional to the normalized cut-off frequency and
the curve of blobs is relatively smoother than that of the triple
slit and double slit. The proportion of object power is 80%
for the blobs when the cut-off frequency is between 0.3 and
0.4, which corresponds to better imaging quality, as shown
in Fig. 2(c5). So, we can define 80% proportion of the ob-
ject power as the criteria of choosing the optimal cut-off fre-

quency. Then, we use the criteria to analyze the case of an-
other object. As for the triple slit, the corresponding cut-off
frequency is about 0.1 which corresponds to about 80% pro-
portion of object power, and the result is consistent with that
in Fig. 2(a7). Moreover, the maximum SNR of experimental
results is gained in Fig. 2(e6) when the proportion of object
power is about 80%, which is consistent with simulations.
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Fig. 3. The power distribution in spatial frequency domain of three tar-
get objects under different cut-off frequencies.
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Finally, the anti-noise properties of BCGI are analyzed.
Here, we add the additive Gaussian white noise with different
levels into the light source, and the input signal-to-noise ra-
tio (ISNR, in units of dB) is used to character the noise level.
Here, ISNR is defined as[36]

ISNR =
∑

m
i=1 ∑

n
j=1|I (i, j)|2

∑
m
i=1 ∑

n
j=1|N (i, j)|2

, (8)

where I and N represent the signal pattern and noise pattern
of size m×n, respectively. At the same time, we choose three
popular GI methods for comparison, which are GI, differential
GI (DGI),[22] and compressive sensing GI (CSGI).[23] The re-
construction results are shown in Fig. 4. It can be seen that as
ISNR decreases, the object information in the reconstruction
images of CSGI, DGI and GI is gradually submerged in the
noise. While the results in BCGI have almost no changes by
comparing the changes of SNR marked in each picture.

BCGI CSGI DGI GI

Fig. 4. Simulation results after adding the noise into light source. From the
first row to the fifth row, ISNR = 12 dB, 9 dB, 6 dB, 3 dB and 0 dB, re-
spectively. From first column to fourth column, reconstruction images based
on BCGI0.2, CSGI, DGI and GI. The SNR is marked at the bottom of each
reconstruction image.

4. Conclusion
In conclusion, we have proposed a new GI scheme by

controlling the bandwidth of the light source in spatial fre-
quency domain to improve the imaging quality. BCGI with
different bandwidths is numerically and experimentally in-
vestigated to present better performance, and the results can
be explained by the power proportion of the imaging target
under different cut-off frequencies. In addition, it is proved
that BCGI shows significantly better anti-noise property than
CSGI, DGI and conventional GI.
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