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Microfluidic chip technology is a research focus in biology, chemistry, and medicine, for example. 
However, microfluidic chips are rarely applied in imaging, especially in ghost imaging. Thus in this work 
we propose a ghost-imaging system, in which we deploy a novel microfluidic chip modulator (MCM) 
constructed of double-layer zigzag micro pipelines. While in traditional situations a spatial light modulator 
(SLM) and supporting computers are required, we can get rid of active modulation devices and computers 
with this proposed scheme. The corresponding simulation analysis verifies good feasibility of the scheme, 
which can ensure the quality of data transmission and achieve convenient, fast ghost imaging passively.
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I. INTRODUCTION

In recent years imaging technology has been continu-
ously developed, due to the development of information 
technology and the use of nanomaterials and other new 
materials. Ghost imaging is a new, high-resolution imaging 
technology developed with quantum technology; it utilizes 
spatial intensity association or quantum entanglement char-
acteristics to obtain object imaging [1–4]. This theory and 
its corresponding applications have been extensively stud-
ied in the spatial domain by using multiple light sources, 
such as entanglement light sources, thermal light sources, 
and the random light field generated by a spatial light mod-
ulator (SLM) [5–7], and scientific researchers have suc-
cessfully realized spatial ghost imaging using an artificial 
thermal light source [8]. Based on the study of ghost imag-
ing, temporal ghost imaging (TGI) has also been developed 
[9–12]. Reference [13] proposed the concept of blind ghost 
imaging, which uses the correlation between reflected and 

transmitted light in the scattering layer to reconstruct the 
image of an object hidden behind the scattering layer with 
reflected light that never actually interacts with the object. 
With the further development of ghost imaging, in this pa-
per a new method based on a microfluidic chip is proposed 
for the modulation characteristics of a digital micro-mirror 
device (DMD).

With the deepening of research on microfluidic chips 
in recent years, application of such chips has continuously 
expanded. The microfluidic chip can miniaturize the ba-
sic functions of chemical laboratories to a chip just a few 
square centimeters in area. The microfluidic chip, also 
known as lab-on-a-chip, has shown important application 
prospects [14–17]. In recent years research on microfluidic 
chips has developed rapidly, technological innovation has 
emerged, and applications have been expanding continu-
ously. As a new interdisciplinary field, the basic charac-
teristics and greatest advantages of the microfluidic chip 
are the flexible combinations and large-scale integration of 
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multiple cell technologies on a microscale platform [18–20]. 
Lab-on-a-chip is an important part of micro and nanotech-
nology that can significantly reduce cost over the whole 
application range, and because of its small size, such a de-
vice offers more flexibility than a traditional desktop device 
[21–23]. Lab-on-a-chip has a variety of flexible combina-
tions of unit technology plus large-scale-integration charac-
teristics, so that not only may one obtain a large amount of 
information with a very small number of samples (likely to 
exceed the information from any single analysis function), 
but also with a whole microscale multi-operational platform 
attitude to face the market [24–26].

At present, the research on microfluidic chips mainly 
focuses on detection methods and chip structural design, 
while research on applying microfluidic chips to imaging is 
relatively rare. Therefore, a method of information imaging 
based on a microfluidic chip and a ghost-imaging algorithm 
is proposed here. The conventional ghost-imaging scheme 
usually employs a DMD or SLM and supporting comput-
ers, thus introducing considerable cost. In this proposed 
scheme with a microfluidic chip modulator (MCM), active 
modulation devices (such as DMD, SLM, and support-
ing computers) are not required. This scheme has the key 
advantage of low cost, mainly using a computer to directly 
control the cost-effective and portable microfluidic chip, 
taking full advantage of the easy use of the microfluidic 
chip, microchannels, unit integration, and access to higher 
data quality. We apply the MCM to a ghost-imaging operat-
ing system for testing, and the simulation results indicate 
that, beyond significant savings, the proposed method also 
offers good feasibility.

II. PRINCIPLES AND METHODS

2.1. Ghost Imaging
Ghost imaging, also known as correlated imaging, is a 

new imaging method. In ghost imaging one uses quantum 
entanglement properties or spatial intensity association to 
attain object imaging. Unlike traditional imaging, ghost 
imaging is a nonlocal method for image separation. It uses 
high-order correlation to measure the light-strength dis-
tribution of the light path, and then performs correlation 
operations by using detectors to obtain object information, 
breaking through the traditional imaging concept of linear 
optics. The modulation and demodulation of the image 
information about the object gives ghost imaging a series 
of advantages, such as excellent channel noise resistance, 
image optical encryption, and weak signal imaging. A sche-
matic is shown in Fig. 1.

A SLM is used to modulate the intensity of the light 
field, each modulation producing a speckle field with inten-
sity distribution Ii (x, y) (i = 1,..., N). The modulated speckle 
is illuminated upon the object T (x, y). A bucket detector is 
placed at the end of the optical path to collect the detection 
value, and the result is recorded as Bi (i = 1,..., N). The de-
tector value is calculated according to the Fresnel propaga-
tion function; the calculation formula is shown in Eq. (1) 
[27]:

   =i iB I x, y T x, y dxdy  

  

. (1)

Repeating the sampling N times yields N different mea-
surements Bi, and the reconstructed image can be obtained 
by correlating the light-intensity information of the object 
plane with the data detected by the bucket detector. The ex-
pression for this process is shown in Eq. (2) [27]: 

     = -
N

GI i i
i=

1
G x, y B B I x, y

N 
1

 

  

. (2)

Among these terms, <B> is the average of the bucket-
detector detection values. 

FIG. 1. Schematic diagram of computational ghost imaging.
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2.2. Double-layer MCM
Microfluidic chip analysis takes the chip as the operat-

ing platform and the microchannel network as the structural 
features; this is the key point of the development of the 
current miniaturized total-analysis systems. Based on its 
structural features, the microfluidic chip shown in Fig. 2 is 
designed in this paper. Shown in Fig. 2(a) is the front view 
of the double-layer MCM, which consists of row-wise and 
column-wise single-layer MCMs. Fig. 2(b) is the decom-
position diagram of the double-layer MCM, showing that 
each single-layer chip is made up of two input ports and an 
outlet, which can better replace a DMD.

Since the MCM makes full use of the advantages of be-
ing easy to apply and deploy, as well as eliminating active 
modulation devices and computers, in this work we mainly 
research the performance of ghost imaging based on the 
MCM. Specifically, we research the design of the micro-
fluidic chip, microchannel, and integration into the ghost-
imaging system. We verify the feasibility of this method by 
simulation. This method can ensure the quality of the trans-
mitted data, and finally achieve an accurate reconstruction 
imaging.

III. BUILDING THE GHOST-IMAGING  
SYSTEM BASED ON A MCM

Accordingly, a structural graph of the MCM is expressed 
in Fig. 3, and a system diagram of ghost imaging based on 
the MCM is expressed in Fig. 4.

According to the signal analysis of a microfluidic chip, 
the signal model of the microfluidic chip can be expressed 
in Eq. (3): 

     =i ri ciB I x, y I x, y T x, y dxdy  [ ]  

  

. (3)

Here Iri (x, y) = [I11  I12  …  Ii1  Ii2  …  INN] and Ici (x, y) = 
[I11  I21  …  I1i  I2i  …  INN] (i = 1, 2,..., N) refer to the modu-
lation matrices at each frame of the row-wise and column-
wise MCM respectively. If a certain position of the MCM is 
filled with opaque liquid, the corresponding element in the 
modulation matrices has the value 0. Otherwise, if a certain 
position of the MCM is filled with transparent liquid, the 
corresponding element has the value 1. The opaque and 
transparent liquids are mutually exclusive and insoluble.

We set up the double-layer MCM, each layer consist-
ing of a 64 × 64 matrix. Then, according to the principle of 
matrix point multiplication, the corresponding points in the 
two matrices are multiplied to produce a new matrix, i.e. 
the double-layer MCM. As an analog microfluidic device, 
the double-layer MCM is applied to the ghost-imaging sys-
tem. The MCM receives information from the laser source 
and 4-f system. In the MCM, the information carried by 
the solution in the microfluidic channel is transformed into 
modulation information by the flowmeter and transmitted 
to the computer. Then, the information is correlated with 
the information received by the bucket detector to complete 
the information transmission and realize the reconstruction 
imaging. 

The system implements ghost imaging according to Eqs. 
(1) and (2), and it is easy to deploy and cost-effective. As 
shown in Fig. 4, after passing through the filter the laser 
becomes single-wavelength, and the 4-f system expands it, 
then passes through the double-layer MCM, and finally il-
luminates the object. The beam then passes through lens 2 
again and arrives at the bucket detector, which is placed at 
the end to collect the total intensity of the light diffracted by 
the object. Finally, the image is reconstructed by correlating 
the results and the demodulation matrices computed from 
the flowmeter.

                                      (a) (b)

FIG. 2. Schematic diagram of the double-layer MCM. (a) the front view of double-layer microfluidic chip, (b) the decomposition 
diagram of double-layer microfluidic chip. 
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IV. PARAMETERS FOR EVALUATION OF 
GHOST IMAGING BASED ON A MCM

4.1. Feasibility

4.1.1. Correlation coefficient
The correlation coefficient (CC) [28] is the quantity of 

linear correlation among research variables, and is a statisti-
cal index to reflect the close relationship between variables, 
as expressed in Eq. (4): 
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(4)

Here the correlation coefficient is represented by CC and 
D(x) represents the variance, which describes the degree of 
dispersion of the values of the random variable compared to 

FIG. 3. Structural graph of the MCM.

FIG. 4. System diagram of ghost imaging based on the MCM.
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its expectation value. The higher the CC value, the greater 
the correlation, and the better the image definition and fea-
sibility of the scheme. The calculation expression for the 
pixel correlation coefficient is shown in Eq. 4, where x and 
y respectively represent the pixel values of the correspond-
ing pixel points in the two comparison images, and CC is 
the correlation coefficient of the two images before and 
after the simulation reconstruction.

4.1.2. Structural similarity
The structural similarity (SSIM) [27] algorithm is a 

method to measure the similarity between the image to be 
evaluated and the original image, based on the structural in-
formation. Its calculation is simple, and it is consistent with 
the subjective perception of the human eye; the larger the 
SSIM value, the better. The expression is shown in Eq. (5): 
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(5)

In the structural information of the image, l represents 
the brightness measured by the mean value μ x, μ y ; C rep-
resents contrast, measured by the standard deviation σx, σy ; 
and S represents the structural property, measured as the 
covariance σxy. C1, C2, and C3 are small positive numbers. 
C1 = (K1L)2 ,C2 = (K2L)2 ,C3 = C2/2, and L is the range of pixel 
values.

4.2. Mean squared error
The mean squared error (MSE) [28, 29] is a measure of 

the degree of difference between estimators; in other words, 
the expected value of the square of the difference between 
the parameter estimate and the parameter truth value. MSE 
can evaluate the degree of change of data. The smaller the 
MSE value, the better the accuracy of the experimental data 
described by the prediction scheme. For images of size M × 
N, the mathematical expression for MSE is shown as Eq. (6):

 
M N

'
i, j i, j

i= j=
V - V

MSE =
M N


2

1 1  

  

,
(6)

where Vi, j and V í, j respectively represent the values of pixel 
points corresponding to the original image and the effect 
image. M and N represent the values of the maximum pixel 
point of the images. The smaller the MSE value, the more 

similar are the two images; that is, the higher the recovered 
image quality.

4.3. Signal-to-noise ratio
The signal-to-noise ratio (SNR) [30] is a main techni-

cal index to measure the quality and reliability of a com-
munication system. The signal-to-noise ratio is the ratio of 
useful signal power to the noise power, and so is the square 
of the amplitude ratio. The unit for the signal-to-noise ratio 
is usually the decibel (dB), whose value is the logarithm of 
the ratio of signal power to the noise power, as expressed in 
Eq. (7): 

  singal singal
10 10

noise noise

   
    

   

P A
SNR dB 10log 20log

P A
 

  

, (7)

where Psignal is the power of the signal, Pnoise is the power 
of the noise, Asignal is the amplitude of the signal, and Anoise 
is the amplitude of the noise. The numerical values of the 
above parameters are calculated in Section 5.

V. NUMERICAL SIMULATION OF THE  
GHOST IMAGING BASED ON A MCM

In this work we simulate the imaging performance of the 
ghost imaging system based on a MCM (both double-layer 
and single-layer). We use a random modulation matrix to 
modulate the signal. First, two microfluidic chips are gen-
erated, one for a column chip and one for a row chip. The 
microfluidic pipelines on one chip are arranged in columns, 
while on the other chip, microfluidic pipelines are arranged 
in rows. In the simulation, the row and column random 
modulation matrices are generated by injecting the micro-
fluidic liquid into the row-chip and column-chip pipelines. 
Then we take the dot product of the two matrices to get a 
composite matrix, that is, the double-layer MCM. Finally, 
we use it instead of a DMD to modulate the optical path, 
carry out the image transmission of ghost imaging, and fi-
nally achieve image reconstruction. We choose the letter “B” 
as the transmission image, and obtain the simulation results 
under 100% sampling rate, as shown in Fig. 5; the sampling 
rate (SR) [31] is defined as the ratio of the actual number of 
measurements to the total number of measurements. There-
fore, the expression for the sampling rate is as follows:

= 100%measuremThe actual number of  Sampling rate
The b

ents
m eas url e mf ea nu tr stot n m e o  


 

  

. (8)

In this paper, Eq. (8) can be expressed as

act 100% 
NSR
CR

 

 

, (9)

where Nact is the actual number of measurements corre-
sponding to the number N in Formula 2, and C = 64 and R = 
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64 are the column and row numbers of the original (recon-
structed) images.

The reconstruction effect of ghost imaging based on a 
double-layer MCM is better than that for a single-layer 
MCM.

5.1. Feasibility
The feasibility of information imaging based on micro-

fluidic chips and a ghost-imaging algorithm is analyzed in 
terms of CC and SSIM. Figure 6 is a diagram of the simula-
tion results. Figure 6(a) shows the values of CC for differ-
ent sampling times, and 6(b) shows the SSIM values for 
different sampling rates.

Figure 6 shows: (1) Under different sampling rates, 
the values of CC and SSIM in the reconstructed image 
both show an upward trend, so the quality of reconstruc-
tion gets better and better. However, compared to a single-
layer MCM, the double-layer MCM provides larger CC 
and SSIM values, and thus better reconstruction quality (a 
reconstructed image more similar to the original image). (2) 
On the whole, the values for the reconstructed image from 
the double-layer MCM are larger than those for the single-
layer MCM, so the reconstructed image of the former is 
more similar to the original image, and the visual effect 
to the human eye is better. In conclusion, the effect image 
of this proposed scheme has good reconstruction quality, 
which proves that it is more effective in feasibility evalua-
tion.

5.2. Mean squared error
MSE values for different sampling rates are shown in 

Fig. 7.
According to the changing trend of the curves in Fig. 7, 

it can be seen that (1) the MSE values for the ghost-imag-
ing system based on the double-layer MCM are lower than 
those for the single-layer MCM, the quality of the effect 
image is better, and it is closer to the original image; and 
(2) with increasing sampling rate, the MSE values become 
smaller and smaller, and the quality of the reconstructed 
image becomes higher and higher. The former has a better 
effect, and the reconstructed image is closer to the original 
image. These experimental results show that this scheme 
offers better image quality, and can greatly reduce the bit-

    (a)

    (b)

FIG. 6. Diagram of feasibility from simulation results. (a) 
CC values for different sampling times, (b) SSIM values for 
different sampling rates.

FIG. 5. Diagram of information reconstruction from simulation results. (a) random matrix, (b) the information of the buckect  
detector received, (c) single-layer MCM (row-wise), (d) single-layer MCM (column-wise), and (e) double-layer MCM.

(a) (b) (c) (d) (e)
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error rate and improve the quality of reconstructed images.

5.3. Signal-to-noise ratio
For different sampling rates, the comparison of SNR val-

ues for the simulations is shown in Fig. 8.
As can be seen from Fig. 8: (1) With increasing sampling 

rate, the SNR value shows an upward trend. For example, it 
can be seen from the change in SNR value of the effect im-
age combining the double-layer MCM and ghost-imaging 
algorithm that the larger the sampling rate, the larger the 
SNR value, the more information contained in the image, 
and the higher the image quality. (2) On the whole, the 
SNR for the double-layer MCM is larger than that for the 
single-layer MCM. The former algorithm has higher SNR 
for the reconstructed image and higher image quality. The 
results show that the scheme offers better image quality and 
is more effective in SNR evaluation.

VI. CONCLUSION

In this paper, we have applied a double-layer MCM to 
a ghost-imaging system and realized good reconstruction 
imaging performance, according to simulations. Since the 
MCM is free from active devices, cost-effective, and con-
venient to deploy, it may have potential in further research. 
In this work we have proposed the system as well as ana-
lyzed and simulated the imaging performance in terms of 
the following aspects: feasibility, MSE, and SNR. As a 
result, the double-layer MCM has proved its capability in 
a ghost-imaging system; according to theoretical analysis 
and simulation performance, it is better than a single-layer 
MCM. The simulation results for the proposed scheme will 
approach the conventional ones with increase of correlation 
among the modulation matrixes at different times, which 
can be realized by increasing the ratio of the area of the 
MCM to the cross-sectional area of the beam incident upon 

the MCM. We are further researching the ratio and perfor-
mance in ongoing work. The whole work provides some 
theoretical value for the study of ghost imaging system.
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