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Abstract: In this paper, we propose a multiple-input single-output ghost imaging scheme,
named MISO-GI. In the scheme, K spatiotemporal speckle pattern sources (multiple input)
simultaneously generate K different spatiotemporal modulated speckle patterns which then
are illuminated on an unknown object at the same time. Then, a non-spatial-resolution
bucket detector (single output) is used to detect the light field interacting with the object.
According to the orthogonality of speckle patterns from different spatiotemporal speckle
pattern sources, the detection signal is separated into K components corresponding to
K spatiotemporal modulated speckle patterns. With the effective recovery algorithm, an
image is reconstructed by using all spatiotemporal modulated speckle patterns and their
corresponding components of detection signals. Both experimental and simulation results
verify the feasibility of the proposed MISO-GI scheme. Moreover, the results also show
that the proposed MISO-GI scheme could reduce the total sampling time by K times and
improve the imaging quality comparing to traditional GI, without the decrease of the number
of speckle patterns and the picture time as well as the consumption of other light field
dimensions. It provides a promising avenue to realize GI with limited sampling time and has
potential for more applications.

Index Terms: Ghost imaging, multiple-input single-output.

1. Introduction
Ghost imaging (GI) is an intriguing optical imaging technique [1], [2], where the images of objects
can be achieved by correlating the fluctuations between the separated optical fields, without the
need to record the image itself. GI offers great promise for its higher spatial resolution [3], [4] and
higher detection sensitivity [5]. Thus, the past years have witnessed a rapidly growing interest
in the applications of GI, ranging from laser radars [6], [7], microscopes [8], [9], object edges
extraction [10]–[13], image hiding methods [14]–[16] to optical encryption schemes [17]–[20].
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The first GI experiment is realized by exploiting the quantum properties of entangled photon
pairs [1]. Then, GI is discussed with classical thermal light or pseudo-thermal light [2], [21]. In
conventional thermal GI configuration [3], [21], there are two spatially correlated optical beams.
One beam, called signal beam, illuminates on an object and then is detected by a bucket detector
without any spatial resolution. The other beam is referred as reference beam, whose light field
(speckle pattern) is measured by a spatially resolving detector, such as a CCD or CMOS camera.
The imaging is achieved by correlating the two detection signals. Subsequently, computational
ghost imaging (CGI) [22] is introduced to simplify the system’s configuration, where the light field
from reference beam is calculated offline, instead of detection, on the basis of the speckle pattern
modulated on the spatial light modulator (SLM) or digital mirror device (DMD).

However, there are still some obstacles in practical implementations of GI. One drawback is that
a long sampling time is required for reconstructing a higher quality image because the imaging
quality of GI is proportional to the number of speckle patterns and thus the sampling time is
required to be long enough to reach a sufficient number of speckle patterns. To overcome this
shortage, extra physical dimensions of light field, such as wavelength [23] and polarization [24],
are utilized in GI system. By multiplexing other physical dimensions, the sampling time can be
reduced. However, it is impossible for these schemes to implement some specific GI applications,
such as hyperspectral GI and polarized GI, because these schemes require the consumption of
additional physical resources.

Inspired by the concepts of multiple antenna technique [25], including multiple-input-single-
output (MISO) technique, in wireless communications, we propose a novel ghost imaging scheme,
named multiple-input single-output ghost imaging (MISO-GI), in the paper. In the scheme, K differ-
ent spatiotemporal modulated speckle patterns are generated simultaneously by K spatiotemporal
speckle pattern sources (SSPS) (multiple input). Each source is composed by an amplitude mod-
ulated source (AM-Source) and a DMD, where the AM-Source generates a light field modulated
by a special temporal waveform and the DMD is used to modulate the light field with a spatial
distribution. Then, these spatiotemporal modulated speckle patterns are illuminated on an object
simultaneously, and the optical intensity interacted with the object is detected by a bucket detector
(single output). Finally, the image of the object is reconstructed by performing signal processing
with the following two steps. (1) By correlation receiving with the special temporal waveform, the
signal of bucket detector is separated into K components, corresponding to the spatiotemporal
modulated speckle patterns from K SSPSs. (2) A high-quality image is reconstructed by using all
spatiotemporal modulated speckle patterns and their corresponding detection signal components.

From the view of object, multiple SSPSs sending multiple different speckle patterns to illuminate
the object resembles the multiple-input transmitting antenna in the wireless communications, while
one bucket detector detecting the light fields from the object likes the single-output receiving
antenna. Hence, MISO-GI achieves the spatial multiplexing advantages, where it could dramatically
reduce the total sampling time (TST) and improve the imaging quality without the decrease
of the number of speckle patterns and the picture time as well as the consumption of other
physical dimensions of light field. Furthermore, MISO-GI also has the potential to be extended
to hyperspectral GI and polarized GI.

The organization of the paper is as follows. In Section 2, MISO-GI is presented. The performance
of MISO-GI is discussed by numerical simulations and experiments in Section 3 and Section 4,
respectively. Finally, Section 5 concludes the paper.

2. Theory
Fig. 1 shows the schematic diagram of the proposed MISO-GI scheme. There are K SSPSs, each
consisting of one DMD and one AM-Source, to generate K spatiotemporal modulated speckle
patterns simultaneously. Specifically, the AM-Source in the kth SSPS produces an uniform light
field with a special temporal waveform, ϕk (t ), and the DMD modulates the light to form a spatial
speckle pattern, Ii

k (x, y ), where (x, y ) is Cartesian coordinate and i is the ith speckle pattern. Hence,
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Fig. 1. A schematic diagram of the MISO-GI scheme.

the ith spatiotemporal modulated speckle pattern from kth SSPS is

Si
k (x, y, t ) = Ii

k (x, y )ϕk (t ), (1)

where k = 1, 2, . . ., K , i = 1, 2, . . ., M, K is the number of SSPSs, and M is the number of one set
of spatiotemporal modulated speckle patterns. T is the time slot duration of the temporal waveform
ϕk (t ) and 0 < t < T . Here, the temporal waveform ϕk (t ) should satisfy

∫ T

0
ϕk (t )ϕk ′ (t )dt =

{
1, if k = k ′

0, else
. (2)

Then, K spatiotemporal modulated speckle patterns from K SSPSs are illuminated onto the
unknown object simultaneously and are superposed incoherently to form ith superposed spatiotem-
poral modulated speckle pattern, Si (x, y, t ),

Si (x, y, t ) =
K∑

k=1

Si
k (x, y, t ). (3)

After the interaction with object, the resultant light field is detected by a bucket detector. Hence, the
signal of the bucket detector from ith measurement, Bi (t ), is

Bi (t ) =
∫

A
Si (x, y, t )O(x, y )dxdy, (4)

where O(x, y ) is the distribution function of the object. A is the region of the object that reflects or
transmits the light into the bucket detector.

Then the component of bucket detection signals corresponding to ith spatiotemporal modulated
speckle pattern from kth SSPS, Bi

k , is extracted from Bi (t ) by correlation receiving with its special
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temporal waveform, ϕk (t ),

Bi
k =

∫ T

0
Bi (t )ϕk (t )dt

=
∫ T

0

(∫
A

K∑
k ′=1

Si
k ′ (x, y, t )O(x, y )dxdy

)
ϕk (t )dt

=
K∑

k ′=1

∫
A

Ii
k ′ (x, y )O(x, y )dxdy

∫ T

0
ϕk ′ (t )ϕk (t )dt

=
∫

A
Ii
k (x, y )O(x, y )dxdy, (5)

It is shown that all components of bucket detection signals corresponding to various spatiotemporal
modulated speckle pattern can be separated efficiently.

After the detector performs M measurements for M superposed spatiotemporal modulated
speckle patterns, Si (x, y, t )|i=1,2,...,M , we can obtain MK components of bucket detection signals
Bi

k corresponding to MK speckle patterns Ii
k (x, y ). Thus the reconstruction algorithms are used to

recover the image of the object by using all speckle patterns Ii
k (x, y )|k=1,2,...,K

i=1,2,...,M and corresponding

components of bucket detection signals Bi
k |k=1,2,...,K

i=1,2,...,M . Here the second-order correlation (2C) algo-
rithm [18] and the fast Walsh-Hadamard transform (FWHT) algorithm [26] are used for the random
speckle patterns and Walsh-Hadamard speckle patterns, respectively, where the reconstructed
images of the object are

Ô2C (x, y ) = 1
MK

M∑
i=1

K∑
k=1

(Bi
k − Bi

k )Ii
k (x, y ), (6)

and

ÔFW HT (x, y ) = FWHT
{

Bi
k |k=1,2,...,K

i=1,2,...,M

}
, (7)

where Bi
k = 1

MK

∑M
i=1

∑K
k=1 Bi

k and FWHT{•} represents the FWHT operation with a butterfly compu-
tation structure.

Note that the total sampling time (TST) of MISO-GI, T ST MISO−GI , is determined by the number
of measurements M and the picture time Tpic, where the picture time Tpic is the time of display of
speckle patterns and synch processing for DMD. Furthermore, we set T equal to Tpic. Therefore,
the TST of MISO-GI, T ST MISO−GI , is

T ST MISO−GI = M × Tpic = M × T. (8)

However, traditional ghost imaging scheme (TGI) requires sending the speckle patterns from the
DMD one after another and performing a measurement for each speckle pattern in turn, so the TST
of TGI with M ′ (M ′ = MK ) speckle patterns, T ST T GI , is

T ST T GI = M ′ × Tpic = MK × T. (9)

It is shown that we can decrease T ST T GI by reducing the number of speckle patterns or the picture
time Tpic. However, the decrease of the number of speckle patterns will deteriorate the imaging
quality. On the other hand, the minimum value of picture time Tpic is limited by the property of DMD.
For example, the existing fastest DMD with high resolution and flexibility has an upper limitation
of 22 kHz modulation rate, that is the picture time Tpic ≥ 1/22 kHz = 45.5 μs. Additionally, the
decrease of picture time Tpic will shorten the time of display of speckle patterns for DMD, which
resulting in bucket detection signals greatly affected by noise and a lower quality imaging.
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Fig. 2. The numerical simulations results of the “Cameraman” using MISO-GI schemes with four SSPSs
(K = 4).

Hence, the TST can be reduced by K times by using MISO-GI comparing to TGI without the
decrease of the number of speckle patterns and the picture time as well as the consumption of
other physical dimensions of light field.

3. Numerical Simulations
In this section, we discuss the performance of the proposed MISO-GI scheme by numerical
simulations. In order to compare the quality of the reconstructed image quantitatively, mean square
error (MSE) is used as an objective evaluation, which is defined as

MSE = 1
N

∑
x,y

(Ô(x, y ) − O(x, y ))2, (10)

where O(x, y ) and Ô(x, y ) denote the intensity values of the original image and the reconstructed
image, respectively. N is number of pixels of the image.

To verify the feasibility of MISO-GI scheme, the numerical simulations are performed and the
results are shown in Fig. 2. Here we use four SSPSs (K = 4) in the MISO-GI system, and the
temporal waveforms ϕk (t ) for four SSPSs are sine waves with the frequency 110 kHz, 130 kHz,
150 kHz, and 170 kHz. Both binary random and Walsh-Hadamard speckle patterns with 128 ×
128-pixels are used to illuminate onto the object, where the ith Walsh-Hadamard speckle pattern
is obtained by reshaping the ith row of the natural order Walsh-Hadamard transform matrix (the
number of rows of the natural order Walsh-Hadamard transform matrix is N) [26] and four SSPSs
generate Walsh-Hadamard patterns from first, second, third and last quarter of rows of the natural
order Walsh-Hadamard transform matrix, respectively. Simultaneously, the picture time is set up
as Tpic = 100 μs and the sampling rate of the analogue-to-digital converter is setup as 1 MS/s.
The results of the first row in Fig. 2 are obtained by using Walsh-Hadamard patterns, while results
of the second and third row in Fig. 2 are obtained by using binary random patterns. Additionally,
the results of the first to forth column in Fig. 2 are obtained by using the components of bucket
detection signals corresponding to the spatiotemporal modulated speckle patterns from SSPS1 to
SSPS4, respectively. These components of bucket detection signals are extracted from the bucket
detection signal by correlation receiving with special temporal waveform ϕk (t ) (k = 1, 2, 3, 4). Then
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Fig. 3. The numerical simulations results of the “Cameraman” using MISO-GI schemes with different
number of SSPSs and TGI scheme by using Walsh-Hadamard patterns, where both MSE and TST are
presented.

the full image of the object is recovered by using all spatiotemporal modulated speckle patterns
from all SSPSs and their corresponding components of bucket detection signals and the results
are shown in the last column of Fig. 2. The results show that we cannot reconstruct a clear image
when we only use the detection signals Bi

k corresponding to the spatiotemporal modulated Walsh-
Hadamard speckle patterns from SSPS1, SSPS2, SSPS3, or SSPS4, because only one quarter
of the complete set of Walsh-Hadamard speckle patterns are used. However, a clear image is
able to obtain when a complete set of Walsh-Hadamard speckle patterns and their corresponding
components of detection signals Bi

k |k=1,2,3,4 from all SSPSs are used. Moreover, the results in the
second and third row of Fig. 2 show that the full image can be obtained by using the detection
signals corresponding to the patterns from all SSPSs, where the imaging quality is better and
corresponding MSE is smaller than the results that reconstructed by using the detection signals
corresponding to the patterns from only one SSPS when the TST is the same.

Furthermore, to verify that MISO-GI scheme has the ability to reduce TST by K times for the
reconstruction of the image of the object comparing to TGI without the decrease of the number
of speckle patterns and the picture time, the numerical simulations are performed and the results
are shown in Fig. 3. Here we use Walsh-Hadamard speckle patterns with 32 × 32-pixels, 64 × 64-
pixels, and 128 × 128-pixels, respectively. Simultaneously, we respectively use MISO-GI schemes
with two SSPSs (K = 2 and the corresponding ϕk (t ) are sine waves with the frequency 110 kHz
and 150 kHz), four SSPSs (K = 4 and the corresponding ϕk (t ) are sine waves with the frequency
110 kHz, 130 kHz, 150 kHz, and 170 kHz), and eight SSPSs (K = 8 and the corresponding ϕk (t ) are
sine waves with the frequency 110 kHz, 130 kHz, 150 kHz, 170 kHz, 190 kHz, 210 kHz, 230 kHz,
and 250 kHz) and TGI scheme to do the numerical simulation. The picture time is set up as Tpic =
100 μs and the sampling rate is setup as 1 MS/s. All images are recovered by using a complete
set of Walsh-Hadamard speckle patterns. Due to the number of speckle patterns and the picture
time are the same for all schemes, both the quality and the MSE of reconstructed images are the
same. However, TST of MISO-GI scheme with K SSPSs is 1/K of that of TGI because MISO-GI
scheme with K SSPSs can generate and illuminate K different speckle patterns simultaneously.
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Fig. 4. The numerical simulations results of the “Cameraman” using MISO-GI schemes with different
number of SSPSs and TGI scheme by using binary random patterns.

Moreover, we consider that the imaging quality and MSE of reconstructed images are influenced
by MISO-GI schemes with different number of SSPSs and TGI scheme by using binary random
patterns under the same condition of TST and the picture time. The reconstructed images from
one realization are shown in Fig. 4 and then the MSEs are the average of 20 simulated results as a
function of TST shown in Fig. 5. Here we use binary random speckle patterns with 128 × 128-pixels,
and we respectively use MISO-GI schemes with two SSPSs (K = 2), four SSPSs (K = 4), and eight
SSPSs (K = 8) and TGI scheme, where the corresponding ϕk (t ) are the same as those of Fig. 3.
The picture time and the sampling rate are set up as Tpic = 100 μs and 1 MS/s, respectively. It is
found that the imaging quality of reconstructed images of MISO-GI schemes is better than that
of TGI and corresponding MSEs are smaller. In addition, the quality of reconstructed images of
MISO-GI schemes improves and corresponding MSEs decrease gradually with the increase of K
when TST is the same, because the number of speckle patterns of MISO-GI scheme with K SSPSs
is K times of that of TGI under the same condition of TST.

4. Experiments
In this section, we discuss the performance of the proposed scheme by experiments.

The experimental system of the MISO-GI scheme with two SSPSs (K = 2) is shown in Fig. 6.
Two red LEDs (LED1 and LED2) are driven by a Arbitrary Waveform Generator (Keysight 33612 A)
with special temporal waveform ϕ1(t ) and ϕ2(t ), where ϕ1(t ) and ϕ2(t ) are the sine waves with the
frequency 100 kHz and 160 kHz, respectively, while both of them have the same amplitude 3V pp
and DC offset 3 V. Both DMD1 and DMD2 (ViALUX V-7001) are controlled by a computer to mod-
ulate the light from LED1 and LED2 to generate two sets of the spatiotemporal modulated speckle
patterns, Si

1(x, y, t ) and Si
2(x, y, t ), respectively. Then two sets of the spatiotemporal modulated

speckle pattern pairs, Si
1(x, y, t ) and Si

2(x, y, t ), have the same size and are superposed incoherently
by adjusting the mirrors and then are formed as the superposed spatiotemporal modulated speckle
pattern, Si (x, y, t ), by using a beam splitter (BS). Then the superposed spatiotemporal modulated
speckle pattern, Si (x, y, t ), is illuminated onto an object, where we use a USAF resolution chart as
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Fig. 5. The numerical simulation results of reconstructed “Cameraman” images’ MSEs as a function of
TST for MISO-GI schemes with different number of SSPSs and TGI scheme by using binary random
patterns.

Fig. 6. An experimental setup for the MISO-GI scheme system. LED: Light emitting diode. DMD:
Digital mirror device. L: Lens. M: Mirror. BS: Beam splitter. PD: Photodetector. ADC: Analog-to-digital
converter.

the object. In addition, to ensure that two DMDs generate speckle patterns at the same time we
make two DMDs work at the slave mode and driven by a square wave with the frequency 20 kHz,
amplitude 1.4 Vpp, DC offset 700 mV and duty ratio 50% from another Arbitrary Waveform Gener-
ator. The transmitting light is detected by a photodetector (Thorlabs PDA100A-EC with 40 dB gain)
after a lens and then a computer records detection results Bi (t ) via an analogue-to-digital converter
(NI USB-6351) whose sampling rate is setup as 1 MS/s. Finally, the component of bucket detection
signals Bi

1 and Bi
2 can be extracted from Bi (t ) and then the images of the object are reconstructed

by using all modulated speckle patterns Ii
k (x, y )|k=1,2

i=1,2,...,M and corresponding component of bucket

detection signals Bi
k |k=1,2

i=1,2,...,M .
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Fig. 7. (a) is the detection result for the tenth spatiotemporal modulated Walsh-Hadamard speckle
pattern, Bi=10(t ). (b) is the tenth Walsh-Hadamard speckle pattern modulated by DMD1, Ii=10

1 (x, y ).
(c) is the tenth Walsh-Hadamard speckle pattern modulated by DMD2, Ii=10

2 (x, y ). (d) is the detection
result for the tenth spatiotemporal modulated random speckle pattern, Bi=10(t ). (e) is the tenth binary
random speckle pattern modulated by DMD1, Ii=10

1 (x, y ). (f) is the tenth binary random speckle pattern
modulated by DMD2, Ii=10

2 (x, y ).

We perform the experiment to verify the feasibility of MISO-GI scheme. Here we use two SSPSs
(K = 2) in the experiment, and both binary random and Walsh-Hadamard speckle patterns are
64 × 64-pixels, where DMD1 and DMD2 generate Walsh-Hadamard patterns from first and last half
of rows of the natural order Walsh-Hadamard transform matrix, respectively. Additionally, the picture
time is set up as Tpic = 100 μs. In the experiment, Fig. 7(a) and (d) are the detection results Bi (t )
for the tenth spatiotemporal modulated Walsh-Hadamard and binary random speckle patterns, re-
spectively, both of which are sampled by the ADC. In addition, we show the tenth Walsh-Hadamard
speckle patterns modulated by DMD1 and DMD2 in Fig. 7(b) and (c), respectively. Fig. 7(e) and
(f) are the tenth binary random speckle patterns modulated by DMD1 and DMD2, respectively. By
computing Eq. (5) with the temporal waveform ϕ1(t ) and ϕ2(t ), we can extract the components
of bucket detection signals Bi

1 and Bi
2 from Bi (t ). Therefore, we can obtain Bi=10

1 = 78.3914 and
Bi=10

2 = 49.9920 from Fig. 7(a) and Bi=10
1 = 67.0875 and Bi=10

2 = 53.8165 from Fig. 7(d).
Fig. 8 shows the experimental results, where the results of the first and second row in Fig. 8 are

obtained by using Walsh-Hadamard patterns and binary random patterns, respectively. In addition,
the first and second column in Fig. 8 show the results obtained by using the components of bucket
detection signals corresponding to the spatiotemporal modulated speckle patterns from SSPS1

and SSPS2, respectively. Then the last column of Fig. 8 shows the results recovered by using all
spatiotemporal modulated speckle patterns from all SSPSs and their corresponding components of
bucket detection signals. It is shown that a clear image cannot be reconstructed when we only use
the detection signals Bi

k corresponding to the spatiotemporal modulated Walsh-Hadamard speckle
patterns from SSPS1 or SSPS2, because only one half of the complete set of Walsh-Hadamard
speckle patterns are used. However, we can obtain a clear image when both a complete set
of Walsh-Hadamard speckle patterns and their corresponding components of detection signals
Bi

k |k=1,2 from all SSPSs are used. Moreover, by using the detection signals corresponding to the
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Fig. 8. The experimental results of the resolution chart using MISO-GI scheme with two SSPSs (K = 2).

Fig. 9. The experimental results of the resolution chart using MISO-GI scheme with two SSPSs (K = 2)
and TGI scheme by using Walsh-Hadamard speckle patterns under the same condition of the number
of speckle patterns and the picture time.

binary random patterns from all SSPSs, the image of object can be reconstructed and shown in the
lower right corner of Fig. 8, where the imaging quality is better and corresponding MSE is smaller
than the results that reconstructed by using the detection signals corresponding to the patterns
from only one SSPS.

Furthermore, we do the experiment to verify that MISO-GI scheme has the ability to reduce TST
by K times for the reconstruction of the image of the object comparing to TGI under the same
condition of the number of speckle patterns and the picture time, where the results are shown in
Fig. 9. Here we use Walsh-Hadamard speckle patterns with 64 × 64-pixels and 128 × 128-pixels,
respectively and all of results are recovered by using a complete set of Walsh-Hadamard speckle
patterns. Simultaneously, we set up the picture times as Tpic = 50 μs. The results show that when
we use the same number of speckle patterns and the same picture time, we can obtain a clear
image by using MISO-GI and TGI scheme, whose imaging quality and MSEs are close. However,
TST of MISO-GI scheme is half of that of TGI because MISO-GI scheme with two SSPSs can
generate and illuminate two different speckle patterns simultaneously.
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Fig. 10. The experimental results of the resolution chart using MISO-GI scheme with two SSPSs (K = 2)
and TGI scheme by using binary random speckle patterns under the same condition of TST and the
picture time. For each column, the number of speckle patterns of MISO-GI is twice than that of TGI.

Fig. 11. The experimental results of the resolution chart using MISO-GI scheme with two SSPSs
(K = 2) and TGI scheme by using Walsh-Hadamard and binary random speckle patterns under the
same condition of TST and the number of speckle patterns.

Moreover, Fig. 10 compares the images reconstructed by MISO-GI to those of TGI experimen-
tally under the same condition of TST and the picture time. Here we use binary random speckle
patterns with 64 × 64-pixels. We find that the imaging quality of reconstructed images of MISO-GI
schemes is better than that of TGI and corresponding MSEs are smaller, because the number of
speckle patterns used in the MISO-GI scheme is twice as much as that of TGI at the same TST. In
addition, by comparing the first and second column in Fig. 10 for both MISO-GI and TGI scheme,
we can find that the imaging quality will be better and corresponding MSEs will decrease when the
picture time is prolonged under the same condition of the number of speckle patterns. Furthermore,
the images will be more clear and corresponding MSEs will decrease with the increase of the
number of speckle patterns under the same condition of picture time for both MISO-GI and TGI
scheme by comparison of the second and third column in Fig. 10.

Lastly, Fig. 11 shows the experimental results to verify that MISO-GI can improve the imaging
quality comparing to TGI under the same condition of TST and the number of speckle patterns.
The results of the first and second column in Fig. 11 are obtained by using binary random speckle
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patterns with 64 × 64-pixels, while Walsh-Hadamard speckle patterns with 64 × 64-pixels and
128 × 128-pixels are used to reconstruct the images shown in the third and last column of Fig. 11,
respectively. The number of speckle patterns used to reconstruct the images shown in the first and
second column of Fig. 11 are 20000 and 40000, respectively. The images shown in the third and
last column of Fig. 11 are recovered by using a complete set of Walsh-Hadamard speckle patterns.
Because we shorten the picture time of TGI by half of that of MISO-GI, TSTs of both MISO-GI
and TGI are the same. The results of Fig. 11 show the MISO-GI can improve the imaging quality
and acquire the smaller MSEs comparing to TGI for both Walsh-Hadamard and binary random
speckle patterns, because with the comparison of TGI, MISO-GI has a longer picture time and thus
MISO-GI has a better ability to resist the impact of noise which resulting in the improvement of the
imaging quality.

5. Conclusion
We have proposed a novel ghost imaging scheme, named multiple-input single-output ghost imag-
ing (MISO-GI) in the paper. In the scheme, multiple spatiotemporal modulated speckle patterns
have been generated simultaneously by multiple SSPSs, representing multiple input, and a bucket
detector has been utilized to detect their incident light fields after interacting with the object
individually (single output). With the designed steps, the image of the object has been reconstructed
by all spatiotemporal modulated speckle patterns and their corresponding component of bucket
detection signals. The experimental and numerical results have shown that the proposed MISO-GI
scheme has dramatically reduced TST and improved the imaging quality without the decrease of
the number of speckle patterns and the picture time as well as the consumption of other physical
dimensions of light field. MISO-GI will become a promising scheme for high-speed GI and has the
potential to be extended to hyperspectral GI and polarized GI. In addition, compressed sensing [27]
algorithm has been used in GI schemes [28]–[31] to reconstruct a high quality image of object and
to reduce both the TST and the number of speckle patterns significantly by the aid of the redundant
structure of the images. Hence, the 2C algorithm and the FWHT algorithm can be replaced by
compressed sensing algorithm in the MISO-GI scheme to further reduce the TST.
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