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We propose a compressed ghost imaging scheme based on differential speckle patterns, named CGI-DSP. In the
scheme, a series of bucket detector signals are acquired when a series of random speckle patterns are employed to illumi-
nate an unknown object. Then the differential speckle patterns (differential bucket detector signals) are obtained by taking
the difference between present random speckle patterns (present bucket detector signals) and previous random speckle pat-
terns (previous bucket detector signals). Finally, the image of object can be obtained directly by performing the compressed
sensing algorithm on the differential speckle patterns and differential bucket detector signals. The experimental and sim-
ulated results reveal that CGI-DSP can improve the imaging quality and reduce the number of measurements comparing
with the traditional compressed ghost imaging schemes because our scheme can remove the environmental illuminations

efficiently.
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1. Introduction

Ghost imaging (GI) is a special optical imaging

=71 where one of the two spatially correlated optical

scheme, !
beams illuminates an object and is detected by a bucket detec-
tor without any spatial resolution, and the other beam is mea-
sured by a spatially resolving detector or computing offline.
Then the object could be imaged by correlating the speckle
patterns and corresponding bucket detector signals. However,
the number of measurements are required much more to ob-
tain a clear image. Subsequently, compressed ghost imaging
(CGDB! was proposed to obtain a high quality image of ob-
ject by exploiting the compressed sensing (CS)!! algorithm
from far fewer measurements than what is usually considered
necessary in traditional GI schemes. CS can be used in CGI
to reduce both the acquisition time and the number of mea-
surement significantly by the aid of the redundant structure of
the images. Since then, CGI has been received much attention
and considerable number of methods and applications based
on CGI has been proposed. [10-14]

However, the imaging quality of CGI is susceptible to the
environmental illuminations. Complementary CGI (CCGI)!!3]
is proposed to solve this issue, which uses the complementary
speckle pattern pairs!!®!7] consisting of the speckle pattern
and its inverse speckle pattern to illuminate the object and then
acquire the differential signals by taking the difference among
two bucket detector signals corresponding to the speckle pat-
tern and its inverse speckle pattern. Instead of the bucket de-
tector signals, the differential signals are used to reconstruct
the images. Due to the inference of environmental illumina-
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tions can be removed efficiently in the differential signals, the
image quality can be dramatically improved. However, the
number of measurement of this method is large, which is twice
as much as the traditional CGI (TCGI).

In this paper, we present a compressed ghost imaging
scheme based on differential speckle patterns, named CGI-
DSP. In the scheme, a series of bucket detector signals are
acquired when an unknown object is illuminated by a series
of random speckle patterns, and then the differential speckle
patterns (differential bucket detector signals) are obtained by
taking the difference between present random speckle patterns
(present bucket detector signals) and previous random speckle
patterns (previous bucket detector signals). Finally, the im-
age of object can be obtained directly by performing the com-
pressed sensing algorithm on the differential speckle patterns
and differential bucket detector signals. The advantage of the
CGI-DSP scheme is that the number of measurements could
be reduced and the imaging quality can be improved com-
paring with traditional CGI (TCGI) and complementary CGI
(CCaGI).

The remainder of the paper is arranged as follows. CGI-
DSP is presented in Section 2. In Section 3, the performance
of CGI-DSP is discussed by simulations and experiments. Fi-
nally, the paper is concluded by Section 4.

2. Scheme description

The schematic diagram of the CGI-DSP is shown in
Fig. 1. A series of random speckle patterns ;(x,y) are pro-
duced from the light source and then are modulated by a
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digital micro-mirror device (DMD), where i represents the
i-th speckle pattern, the resolution of the speckle pattern is
Ny x Ny, the value of speckle pattern for each coordinate (x,y)

is either white 1 or black 0, and x = 1,...,N; y = 1,...,N,;
N = N, x Ny. Additionally, the ratio of white value 1 and black
value 0 of each speckle pattern is close to 1: 1.
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Fig. 1. A schematic diagram of the CGI-DSP scheme.

The speckle pattern I;(x,y) interacts with an object
through a projector lens and then is measured by a bucket de-

tector to get a bucket detector signal B;,
Bi=1 [ 1ny)T (v y)dxdy +n, (M)

where n is the noise from environmental illuminations, 7 (x, y)
represents the distribution function of the object, and 7 repre-
sents the responsivity of bucket detector.

Furthermore, we can obtain a differential speckle pattern,
Ali(x,y), by taking the difference between present random
speckle patterns [;(x,y) and previous random speckle patterns

lio1(x,y),
A]i(an):Ii(x7)’)—1i—1(x»y)~ (2)

Due to the ratio of white value 1 and black value O of each
speckle pattern is close to 1 : 1, it is found that the values of
Al;(x,y) are —1, 0, and +1, and the values of Al;(x,y) satisfy

the characteristics of statistical distribution, '8!

—1 with probability 1/4,

Ali(x,y)=< 0  with probability 1/2, 3)
+1 with probability 1/4.

Thus the differential speckle patterns, Al;(x,y), are sparse ran-
dom and satisfies the Johnson—Lindenstrauss lemma. ! It has
the advantages of no floating point arithmetic and easy to com-
pute because half of the computation could be avoided.!®!
Therefore, a differential bucket detector signal AB; be-
tween the present bucket detector signal B; and the previous

bucket detector signals B;_1 is
AB;=B;—Bj-1 = H/Ni(X,Y)T(ny)dxd)h “)

Thus we can see that the noises from the environmental illu-
minations n could be eliminated efficiently.

Above steps are repeated M to accumulate M random
speckle patterns {Z;(x,y)} ! and their corresponding bucket
Therefore, M — 1 differential
speckle patterns {AZ;(x,y)}" and their corresponding dif-

detector signals {B;},'.

ferential bucket detector signal {AB;}* ! are acquired.
Finally, the image of object is reconstructed by com-

pressed sensing algorithm.®l Here, TVAL3 algorithm!?°! is

used, which has the advantage of the reconstruction of a qual-

ity image. Therefore, the object’s image 7'(x,y) can be recon-
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structed by

minY" DT + 5B~ AT, )
J

where B is an (M — 1) x 1 vector containing M — 1 differen-
tial bucket detector signals {AB;} 7!, T is an N x 1 vector
by reforming the two-dimensional (2D) reconstructed image
T (x,y), whose discrete gradient at element j (j = 1,2,...,N)
is denoted as D;T'. A is an (M — 1) x N matrix consisting of
M — 1 differential speckle patterns {A;(x,y)}* |, where each
1 x N row vector is reshaped from a two-dimensional differen-
tial speckle pattern Al;(x,y). p is a coefficient to balance data

fidelity and regularization which is set as 2!2 in this paper.

3. Result and discussion

We discuss the performance of the CGI-DSP scheme by
experiments and numerical simulations in this section.

The experimental system of CGI-DSP is shown in Fig. 2.
A DMD (TI DLPC350) modulates the light from a red LED to
generate a series of the binary random speckle pattern I;(x,y).
The speckle patterns are then projected by a lens onto an ob-
ject. Subsequently, the reflective light goes through a band-
pass filter (633 nm) and then is measured by a bucket detector
(Thorlabs PMMO02). Then detection results B; are recorded by
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e H
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a computer records via an ADC (NI USB-6341). Finally, the
compressed sensing algorithm is used to reconstruct the im-
ages of the object by using the differential speckle patterns
Ali(x,y) and the differential bucket detector signal AB;. In
addition, we use another LED as a background light source,
where the LED is driven by a arbitrary waveform generator to
generate the light with a sinusoidal intensity. The frequency
of the sinusoidal intensity light equals to 1/10 times the fre-
quency of speckle patterns generation.

LED
?

spatial filter

LED

computer

Fig. 2. A schematic diagram of the CGI-DSP scheme experimental system.
DMD: digital micro-mirror device; BF: bandpass filter; BD: bucket detector,
and ADC: analogue-to-digital converter.
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Fig. 3. The numerical simulation results of the “NUPT” logo by using CGI-DSP scheme, where MSE is presented together.
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Fig. 4. The numerical simulation results of the “NUPT” logo by using CCGI scheme, where MSE is presented together.
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Fig. 5. The numerical simulation results of the “NUPT” logo by using TCGI scheme, where MSE is presented together.
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Additionally, mean square error (MSE) is used to evaluate

the imaging quality quantitatively,“‘”
MSE = 5= 3 (T (x3) = T(x,))%, (©6)
R, D0 ) = Te)

where T (x,y) and T (x,y) are the distribution functions of the
recovered image and the original image, respectively.

To verify the feasibility of CGI-DSP, we first perform the
numerical simulations, and compare the results of CGI-DSP
with those results using CCGI and TCGI with different num-
ber of measurements and SNRs, which are shown in Figs. 3-5.
Here we use 64 x 64-pixels binary random speckle patterns to
illuminate the object.

The simulated results shown in Figs. 3-5 are from only
one realization. We can find that with the increase of the num-
ber of measurements and SNRs, the reconstructed images have
an obvious trend to be clearer and corresponding MSEs trend
to be smaller for CGI-DSP, CCGI, and TCGI. But MSEs of
reconstructed images do not monotonically decrease with the
increase of SNRs because of the fluctuations of noise. How-
ever, images recovered by CGI-DSP trend to be better and cor-
responding MSEs trend to be smaller comparing to the images
reconstructed by using CCGI and TCGI when the number of
measurements and SNR are the same, because CGI-DSP has
the ability of improving the imaging quality.
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Fig. 6. The numerical simulation results of reconstructed the “NUPT” logo images’ MSEs as a function of the SNRs for CGI-DSP, CCGI, and
TCGI, where panel (a)—(e) are results when the numbers of measurements are 164, 328, 492, 655, 819, respectively.
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using CGI-DSP scheme, where MSE is presented together.
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Furthermore, the performance of reconstructed images’
MSE as a function of the SNR for CGI-DSP, CCGI, and TCGI
is shown in Fig. 6, where figures 6(a)—6(e) are results when the
numbers of measurements are 164, 328, 492, 655, 819, respec-
tively. All the MSEs are the average of 100 simulated results.
It is found that the larger the SNR, the better the image quality
and the smaller the MSE. Moveover, the MSEs of CGI-DSP
are smaller than those of CCGI and TCGI with the increase of
SNR.

In addition, we perform the experiments and the results
are shown in Figs. 7-9, where the object is the “NUPT” logo.
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Here we use 64 x 64-pixels binary random speckle patterns
to illuminate the object. It is seen that the experimental results
are similar to simulated results shown in Figs. 3—6, where with
the increase of the number of measurements, the images re-
covered by CGI-DSP are clearer and the corresponding MSEs
are smaller comparing with CCGI and TCGI. When images
recovered by three schemes under the same condition of the
number of measurements, the imaging quality of CGI-DSP is
better than that of CCGI and TCGI because CGI-DSP could
improve the imaging quality comparing with CCGI and TCGI.
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Fig. 9. The experimental results of the “NUPT” logo by using TCGI scheme, where MSE is presented together.
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4. Conclusion

We have proposed a compressed ghost imaging scheme

based on differential speckle patterns (CGI-DSP) in this paper.
We have verified the feasibility of CGI-DSP by simulations
and experiments. Moreover, we have compared the perfor-
mance of CGI-DSP, CCGI, and TCGI. The results show that
CGI-DSP can improve the imaging quality and decrease the

number of measurements comparing with TCGI and CCGI.
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